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Abstract
As robots become more prevalent in the modern era, the field of human robot

interaction (HRI) provides the promise of integrating robots socially into everyday
human life. In many situations, a robot needs to be able to perform several tasks defined
for its role. For example, a shop assistance robot needs to be able to greet customers,
answer questions, and give recommendations. The question of how the interaction logic
and contents should be developed, as well as how interactive robot behaviors can be
generated effectively, remains a core challenge.

My proposed solution is to use a data-driven approach - breaking human-robot
interactions down into sequences of repeatable behaviors (e.g. proxemics formation)
which can be reproduced in a robot using generative HRI models. This simplified
representation opens up the possibility of learning top-down multimodal interaction
logic directly from data, which is an entirely new approach in the HRI field. Learning
directly from data has the potential to be much lower-effort than manual design of
interaction logic or hand-crafted interaction contents, and it has the potential to leverage
“big data”. To demonstrate this approach, I have conducted three studies.

In the first study, I applied a data-driven approach to autonomously generate robot
behaviors for an entire interaction. To that end, my system enabled a robot to learn
an entire social interaction based solely on imitations of completely free-form human-
human interactions observed in a real, physical environment. This was made possible
through a combination of abstractions: the empirical identification of the typical speech
and motion behaviors in the training data, combined with a set of generalizable HRI
models specifying spatial formations. The effectiveness of the system was demonstrated
through a user evaluation, and was also proven to be robust to speech recognition errors.

For the second study, I extended the system to enable a robot not only to respond
to human-initiated inputs, but also to reproduce proactive behaviors. The extensions
included: (1) introducing a concept of human “yield” behaviors, to predict opportunities
for the robot to take proactive action; (2) using interaction history as an input for
predicting context-dependent behaviors; and (3) incorporating an attention mechanism
to learn which parts of the interaction history are important for predicting robot behaviors.
This system was trained from human-human interactions, and its ability to generate
proactive robot behavior was validated through offline analysis and a user study.

In the third study, I developed a model enabling a robot to autonomously generate
multimodal deictic behaviors towards people, such that this model can be used as a
fundamental construct in future data-driven applications. The parameters were calibrated
empirically to attain a balance between understandability and social appropriateness,
based on observed human deictic behaviors. A system evaluation showed that the robot’s
deictic behavior was perceived as more polite, more natural, and better overall when
using my model, as compared with a model considering understandability alone.

With today’s trends towards big data, I believe the demonstration of these three
studies provides an argument that a data-driven approach shows great promise as a
method for collecting, modeling, and learning interactive, multimodal social behavior
for robot applications.





Table of Contents

1 Introduction 1
1.1 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Our Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1 Manual Approach . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3.2 Data-Driven Approaches . . . . . . . . . . . . . . . . . . . . . 5

1.4 Research Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4.1 Variations in human behavior . . . . . . . . . . . . . . . . . . 7
1.4.2 Learning from unlabeled data . . . . . . . . . . . . . . . . . . 8
1.4.3 Learning mixed-initiative interaction . . . . . . . . . . . . . . . 9
1.4.4 Social behaviors . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.5 Proposal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 Organization of Sections . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Learning Interactive Behaviors 12
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.1 Creating Interaction Content . . . . . . . . . . . . . . . . . . . 14
2.2.2 Learning from Data . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2.3 Using the crowd for learning . . . . . . . . . . . . . . . . . . 15

2.3 Data Collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.1 Sensor Environment . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.2 Training Interactions . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.3 Example of human-human interaction . . . . . . . . . . . . . . 18

2.4 Proposed Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4.2 Abstraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4.3 Vectorization . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.4.4 Learning and execution of interactive behaviors . . . . . . . . . 32
2.4.5 Example of Behavior Execution . . . . . . . . . . . . . . . . . 35

2.5 Evaluation Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.5.1 Comparison system . . . . . . . . . . . . . . . . . . . . . . . . 36
2.5.2 Hypotheses . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

i



ii TABLE OF CONTENTS

2.5.3 Experiment Setup . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.5.4 Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.5.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.6.1 Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.6.2 Validation of the Model . . . . . . . . . . . . . . . . . . . . . 50
2.6.3 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.6.4 Generalizability and Scalability . . . . . . . . . . . . . . . . . 51
2.6.5 Tradeoff between Variation and Robustness . . . . . . . . . . . 52
2.6.6 Embodiment of the robot . . . . . . . . . . . . . . . . . . . . . 53
2.6.7 Justification for Comparison System . . . . . . . . . . . . . . . 54

2.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
2.8 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3 Learning Proactive Behaviors 56
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.2 Related work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.2.1 Learning social behaviors from data . . . . . . . . . . . . . . . 58
3.2.2 Proactive robot behaviors . . . . . . . . . . . . . . . . . . . . . 59
3.2.3 Learning from history . . . . . . . . . . . . . . . . . . . . . . 59

3.3 Data Collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.3.1 Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.3.2 Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.3.3 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.3.4 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.3.5 Observed Behavior . . . . . . . . . . . . . . . . . . . . . . . . 62

3.4 Proposed technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.4.2 Abstraction of typical behavior patterns . . . . . . . . . . . . . 65
3.4.3 Definition of yield actions . . . . . . . . . . . . . . . . . . . . 66
3.4.4 Incorporating interaction history . . . . . . . . . . . . . . . . . 67
3.4.5 Learning to attend to history . . . . . . . . . . . . . . . . . . . 68
3.4.6 Examples of using the Attention Mechanism . . . . . . . . . . 72

3.5 Offline Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.5.1 Evaluation procedure . . . . . . . . . . . . . . . . . . . . . . . 74
3.5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.6 User Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.6.1 Comparison System . . . . . . . . . . . . . . . . . . . . . . . 76
3.6.2 Hypothesis and Prediction . . . . . . . . . . . . . . . . . . . . 76
3.6.3 Experiment Setup . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.6.4 Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.6.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80



TABLE OF CONTENTS iii

3.7.1 Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.7.2 Identifying yield actions in turn-taking . . . . . . . . . . . . . . 82
3.7.3 History Representation . . . . . . . . . . . . . . . . . . . . . . 82
3.7.4 Generalizability and Scalability . . . . . . . . . . . . . . . . . 83

3.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.8.1 Action Discretization . . . . . . . . . . . . . . . . . . . . . . . 84
3.8.2 Defining input features . . . . . . . . . . . . . . . . . . . . . . 84
3.8.3 Defining Robot Actions . . . . . . . . . . . . . . . . . . . . . 85

4 An HRI model for Deictic Behaviors 87
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.2 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.2.1 Studies of Human Pointing Behavior . . . . . . . . . . . . . . 89
4.2.2 Human-Robot Interaction . . . . . . . . . . . . . . . . . . . . 89

4.3 Data Collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.3.1 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.3.2 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.3.3 Categorization of Pointing Types . . . . . . . . . . . . . . . . . 91
4.3.4 Categorization of Descriptive Terms . . . . . . . . . . . . . . . 91
4.3.5 Results and Analysis . . . . . . . . . . . . . . . . . . . . . . . 94

4.4 Generative Model for Robot Behavior . . . . . . . . . . . . . . . . . . 95
4.4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.4.2 Understandability . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.4.3 Social Utility . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.4.4 Calibration of Our Model . . . . . . . . . . . . . . . . . . . . . 100
4.4.5 Examples of Using Our Model . . . . . . . . . . . . . . . . . . 100
4.4.6 Model validation . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.5 System Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.5.1 Robot Platform . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.6 Evaluation with a Robot . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.6.1 Comparison System . . . . . . . . . . . . . . . . . . . . . . . 105
4.6.2 Hypotheses . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.6.3 Experiment Setup . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.7 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
4.7.1 Verification of Hypothesis 1(Referent) . . . . . . . . . . . . . . 107
4.7.2 Verification of Hypothesis 2 (Listener) . . . . . . . . . . . . . . 108
4.7.3 Analysis of understandability and social utility on the behavior-

selection process . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.8.1 Interview results from the participants . . . . . . . . . . . . . . 112
4.8.2 Politeness in Pointing . . . . . . . . . . . . . . . . . . . . . . . 112
4.8.3 Limitations and future work . . . . . . . . . . . . . . . . . . . 112

4.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113



iv TABLE OF CONTENTS

5 Discussion and Conclusions 115
5.1 Summary and Achievement . . . . . . . . . . . . . . . . . . . . . . . . 115
5.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.2.1 Future Direction . . . . . . . . . . . . . . . . . . . . . . . . . 116
5.2.2 Behavior modeling in HRI . . . . . . . . . . . . . . . . . . . . 117
5.2.3 Representation of new semantics . . . . . . . . . . . . . . . . . 117
5.2.4 Generalizability . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.2.5 How much control should an interaction designer have? . . . . 119
5.2.6 Robots as customer service representatives . . . . . . . . . . . 119
5.2.7 The potential of data-driven approach . . . . . . . . . . . . . . 120

5.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

Acknowledgments 122

Works Cited 124

List of Publications 137



Chapter 1

Introduction

1.1 Objective

We are living in an unprecedented era of technology development and progress, and
today’s endless array of technology toys, sensors, and gigantic volumes of data would
almost make it seem like we are living something out of a Star Trek movie. We see the
volume of data available to us growing at an extraordinary rate. More data has been
created in the past two years than in the entire previous history of the human race. Some
estimate that by the year 2020, our accumulated digital universe of data will grow from
4.4 zettabytes today to around 44 zettabytes – that’s 44 trillion gigabytes. That’s big by
anyone’s standard! Surely with today’s rate of data acquisition, an interactive robot that
can communicate and talk with us is just around the corner.

Recent years have seen great technological progress in robotics in general, and we
are accustomed to the idea of robots performing heavy loads of continuous work in
factories, power plants, and manufacturing facilities. However, these robots mostly
perform tasks that require little, if any, interaction with casual users. Yet, in recent
years, robots are becoming more common in public spaces such as restaurants, shops, or
hotels, where they often need to communicate and talk with casual users in a natural and
intuitive way.

The field of Human-Robot Interaction (HRI) has demonstrated many promising
results that can endow robots with natural and socially-appropriate behaviors. Thanks to
studies in HRI, we have models for generating robot behaviors, such as how to approach
a person [113], turn its head and gaze [146], and understand when it is its turn to speak
[15].

While we are making great progress towards developing better HRI models for social
robot behaviors, most models are developed in a way that is quite labor-intensive and
time-consuming. Often, a programmer is required to explicitly program the behaviors
the robot should execute, and interaction logic is heavily reliant on the programmer’s
ability to imagine a variety of social situations (for example, anticipating all of the
questions people may ask the robot) and use their intuition to specify social behaviors
and execution rules for the robot.

1



2 CHAPTER 1. INTRODUCTION

So, how can we can leverage today’s trends towards “big data” to ease the develop-
ment process for robot behavior in natural human-robot interaction?

My objective in this dissertation is to address several key challenges that are holding
back the use of data for generating behaviors and interactions in the HRI field. I advocate
a “Data-driven HRI” approach, in which social interaction can be broken down into
common, repeatable HRI patterns. This representation allows us to use sensor data
captured from human-human interaction in a real, physical environment to: (1) abstract
typical action primitives from humans’ behaviors, (2) learn interaction logic to reproduce
social behaviors in human-robot interaction, and (3) develop generative models for robot
behavior.

1.2 Our Approach

As robots become more available in our lives, they need to fulfill a set of defined tasks
for their roles. For example, a shop assistance robot needs to be able to greet customers,
answer questions, give recommendations, guide to various products, and assist the
customers in various situations. The successful completion of these tasks is paramount
for seamless integration of robots in our society.

We can consider these tasks as consisting of sequences of social behaviors. For
example, greeting can be characterized as approaching an individual, followed by
gesturing to an individual an indication to initiate interaction, and then followed by a
verbal acknowledgement. Likewise, other behaviors have also been identified in form of
conversations [132], collaborations [22], and interviews [78].

Assuming that social behaviors are the fundamental constructs for social interac-
tions, what approach should be used for generating social behaviors for robots? The
underlying elements in social behaviors are models of natural behavior. For example,
models for gazing [86], approaching [112], pointing [128], and guiding [121] have been
implemented for robots to engage in interaction.

As the repertoire of behavior models grows, the robots’ ability to interact naturally
with people will also improve. However, research studies typically focus on modeling
only small portions of a whole interaction, raising the question: how should the models
be integrated to enable an entire social interaction?

One approach for designing interaction logic for a robot is to explicitly program
the behaviors the robot should execute, the expected inputs from the environment, and
the execution rules it should follow. However, this can be a difficult process, heavily
dependent on the designer’s ability to imagine a variety of social situations (for example,
anticipating all of the questions people may ask the robot) and use their intuition to
specify social behaviors and execution rules for the robot, which may be difficult to
articulate. This process can be very labor intensive, and it becomes even more difficult
to create robust interactions when natural variations of human behavior and errors due
to sensor noise are considered.

As a solution to many of these problems, if we can consider certain social interactions
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as consisting of repeatable task elements, then a data-driven approach can be applied
to learn the overall social interaction logic. Consider a museum guide who repeatedly
explains about the artist of an exhibit, or a travel agent who repeatedly provides informa-
tion and answers questions about tour packages. In order to complete their “job", there
is some functional requirement which each person needs to complete in a similar way.
If the behaviors required to complete the tasks are repeatable, then the robot can learn
them.

Data-driven approaches fundamentally provide clear advantages in many ways over
hand-crafted interaction logic. Our work does not attempt to prove this fact because it is
well-understood. Many works have investigated such data-driven approaches, although
many are limited to capturing data in a simulated environments [8, 93], require human
annotations [72], only deal with nonverbal behaviors [1, 149], or react only to human
inputs and are unable to take initiative [19, 148]. Our focus here is to address the
question of how a fully end-to-end data-driven approach can be applied to enable a
conversational robot to learn an entire mixed-initiative social interaction based solely on
observations of human-human interaction in a real, physical environment.

In Chapter 2, we first demonstrate how HRI behavior modules developed by other
reseachers can be used as building blocks, so that a large number of real in-situ human-
human interactions can be captured. As a result, it is possible to easily and automatically
collect a set of multimodal behaviors (e.g. speech, locomotion, proxemics formation)
and interaction logic that can be used in a robot. This would reduce the difficulty and
effort of interaction design, and it could enable more robust interaction logic, since
sensor errors and variation of behavior would be implicitly considered. The evaluation
compares other state-of-the-art data-driven techniques (e.g. nearest-neighbor learning) to
our proposed system, which shows our proposed system outperforms the state-of-the-art
data-driven techniques and is also robust to sensor noise.

Chapter 3 focuses on how additional data-driven techniques can be applied, such
that mixed-initiative human-human interaction data can be used to train a robot to both
respond to human-initiated inputs and initiate its own action. This extension is important
for applications of robots in the real world, as we are seeing a growing market in the
service industry for robots which interact with customers. In such situations, the robots
may need to proactively engage with their customers. Our proposed system in Chapter
3 is evaluated against the system from Chapter 2, and demonstrated that the proposed
system indeed learns the behaviors of a proactive shopkeeper.

Chapter 4 focuses on extending this work to new modalities by developing a gesture
model, specifically a behavior model for deictic behaviors towards people. An important
element for social interaction is gesture, which can play a crucial role in the processes
of interaction and communication. Therefore, we believe it is necessary to include
the modality of gesture in future data-driven HRI applications. However, designing
behavior models (i.e. gestures) from first principles and logic are often difficult, since
the principles that govern our behaviors are part of our implicit knowledge and therefore
difficult to articulate. Thus, rather than using a purely data-driven approach, it is useful
to observe how humans manipulate the world, and interpret the data to reason out the
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mechanisms behind the model. Our proposed HRI model for pointing, consisting of
a “understandability” factor and a “social utility” factor is evaluated against a pointing
model that only considers resolving ambiguities in the environment, similar to the ones
proposed by [47, 129].

The objective of this work is to provide a proof-of-concept of a fully data-driven
interaction design methodology and to provide observations and suggest directions for
future development of this powerful concept, as shown in Fig. 1.1.

Figure 1.1: Some important topics for generating social interaction logic for a conversa-
tional robot: (1) a data-driven approach to learning interactive behaviors, (2) extending
data-driven techniques for learning proactive behaviors for mixed-initiative interac-
tion, and (3) a HRI model for generating deictic behavior towards people for future
data-driven application.

1.3 Background

In this section, we will survey two approaches to interaction design: (1) a manual
approach, where a human designer is involved in the integration of behavior models
as well as development of interaction content (i.e. utterances), and (2) a data-driven
approach, where example interaction data may be used partially or completely, in the
integration of behavior models or the development of interaction content.
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1.3.1 Manual Approach
As mentioned in the above section, it is useful for humans to design behavior models
manually to fit the data because we are intelligent, and thus can apply our reasoning
abilities to understand the underlying mechanisms. Therefore, it makes more sense that
models for social behaviors are developed using a manual approach. First, using our own
background knowledge of social constructs, we can study how humans interact with one
another in different situations. Once we understand the basic principles that govern our
behaviors, we can create an engineered solution and follow the same approach to develop
generative models that are appropriate for social robots. These manual approaches for
behavior models are developed for locomotive behaviors [119], gestural behaviors for
pointing to objects [50, 110, 111, 116, 129] and pointing to space [47, 126].

Another aspect of social robots that involves a manual approach is designing interac-
tion logic. Tools, such as graphical user interfaces [24, 26, 36] or example templates
[20] for authoring interaction contents are often used, which help ease the development
process for an interaction designer. In Glas et al.’s work, they presented a system that
allows the designer to integrate “behavior modules”(e.g. approaching) defined by pro-
grammers such that behavior instances (e.g. approaching a waiting person, catching up
to a person) can be created.

Manual approaches have the benefits of fine-tuning behavior contents and interaction
strategies, which may be important for certain domain. For example, robots as performers
may require a human designer to architect the robot’s overall image or personality, and
fine-tuning its dialogue, movement, facial expression, or gestures. This is seen for robots
in theatre performances [21], poetry-reciting agents [91], and news broadcasters [75].

While manual approach provides the designer to fine-tune robot behaviors, this can be
a time-consuming and labor-intensive process, heavily dependent on the designerâĂŹs
ability to imagine a variety of social situations and often require several iterations to
fine-tune the robot’s behaviors. Thus, there is a need to make the process for designing
interaction easier.

1.3.2 Data-Driven Approaches
Considering that social behavior is contextual and involves verbal dialog and nonverbal
behaviors at a high level, then social interaction itself can be seen as the accumulation
of these communicative patterns. These interaction patterns are not only observable in
human-human interaction, but also in human-robot interaction. Kahn et al. identified
some patterns such as “initial interaction" and “didactic communication" by observing
how children interacted with robots [55]. Peltason and Wrede also defined generic
interaction patterns (i.e. “information request” and “clarification”) that combine abstract
task states with robot dialog acts [99].

Repeatable interaction patterns can also be observed in different scenarios. For
example, a museum guide explains factual information about an exhibit, a travel agent
provides pricing information about tour packages, or a receptionist explains the where-
abouts of the washroom. Over the course of a day, the service provider may need to
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re-iterate the same information to different customers. While there may be variations
in the interaction style among each service provider, there is some functional require-
ment which each person needs to complete in a similar way. When enough repeatable
behaviors have been accumulated, it can be used as training data for generative robot
behaviors.

Interaction data has been used to achieve partial autonomy for some robot behaviors,
for example, using a teleoperation system. Knox et al. collected interaction data through
a teleoperation system, and used hierarchical model using binary logistic regression to
learn some robot actions in an educational domain. Their robot was mostly successfully
in learning to emulate the demonstrated interaction heuristics [65]. Similarly, Magyar et
al. also proposed iterative reinforcement learning from data collected from teleoperation
to increase the robot’s level of autonomy [77]. Their preliminary result was tested in
simulation, in which they plan to learn an interactive lecture using a NAO robot in the
future.

Some studies collect interaction data from games [8, 93] or through the web.
Breazeal’s group developed a gamed called Mars Escape in which players role-played
as either a robot or an astronaut to solve collaborative task together. The game data
was logged and used to train a robot in the real world. While crowdsourcing data has
the potential to easily collect large amounts of training data, the difficulty of attaining
immersion still applies, as the operator sits behind a computer screen and types out
interaction commands. Thus, the learnt behavior models may not entirely represent what
a person would have done in real life.

On the other hand, some works have demonstrated that robot behaviors can be learnt
from manually labeled data collected from real human-human interaction. For example,
the JAMES robot [62] used a dialog model along with human interaction data to acquire
the skills of a bartender. Admoni and Scassellati trained a learning model to predict
robot nonverbal actions from labeled interaction data [1]. Similarly, in the work of Leite
et al., they took the approach of a semi-situated learning to train an agent with its own
multimodal language behavior [72]. Their solution was to crowdsource multiple phrase
variations of a line of dialogue. The crowd worker would author and edit a single line of
character dialogue and its manner of expression, which would be later used in a similar
moments in conversation. Their case study showed an autonomous robot interacting
with 200 users using both meaning content and variety of expression. While learning
with labeled data is a valid approach in many data-driven techniques (i.e. “supervised
learning”), the process of labeling data inherently requires time and effort.

Our work also presents a data-driven approach, where we aim to reproduce robot
behaviors for a specific social role. Different from the above works, we adopt a com-
pletely hands-off method, where data is used to generate completely autonomous robot
behaviors. The idea of using natural human-human interactions to enable human-robot
interaction constitutes a promising approach, and could prove to be a much-needed tran-
sition of social robots from manual interaction design towards autonomous development
of interaction logic.
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1.4 Research Challenges

Considering the state of the art in robotics technology today, there are a number of major
challenges that make it difficult to apply a data-driven approach to generate natural robot
behaviors for human-robot interaction. In this section, I will summarize some of these
challenges and introduce how data-driven techniques can be applied to assist social
robots in generating appropriate behaviors despite these limitations.

1.4.1 Variations in human behavior

People don’t walk the same way, or talk the same way. Person by person, situation
by situation, they typically express themselves in different ways. Due to our diverse
background, upbringing, and cultural influences, we often use different phrases to
express even semantically similar ideas. For example, there is already a huge number of
variations even for something as simple as the way we respond to ‘thank you’; we can
respond with ‘sure’, ‘no problem’, ‘you’re welcome’, ‘don’t worry about it’, ‘it’s my
pleasure’, and so on and so forth.

To mitigate this issue, a robot may be programmed to anticipate the different behavior
variations it may encounter. However, behavior variations that may arise from person
to person pose major challenges to the development of interaction logic. Even if a
robot is programmed to handle a great variety of contingencies in an interaction, there
is always a risk that something unexpected will happen, and the robot will have no
ability to interact meaningfully. This creates a strong reliance on a designer’s ability to
anticipate every conceivable problem and generate scripted responses, a time-consuming
and error-prone task which requires substantial imagination and expertise. Thus, the
effort of manual development of interaction logic for robots poses a significant obstacle
to the advancement of research in the field.

Traditionally, a technique which has been used to deal with the difficulties of percep-
tion or of decisions based on social understanding is to offload such task to a remote
human operator, by using a Wizard-of-Oz (WoZ) technique [39]. This involves a re-
mote human operator, who may be unknown to the test subjects, to make a “high-level”
decision of a certain sensor input, based on his social understanding and the scenario
at hand. Some studies have used this as a technique for building a database of robot
behaviors, to gradually increase the robot’s autonomy over time [56, 150]. However,
this approach has several drawbacks. First, it is costly and non-scalable, as it requires
a robot and teleoperation setup. It is also difficult for a teleoperator to attain a high
degree of immersion in a social interaction, making it difficult to generate intuitive and
natural behavior. Finally, the delays associated with teleoperation can cause failures
in interactions, which would not be acceptable in most real-world business or social
scenarios.

Faced with an incoming stream of continuous sensor data from real human-human
interaction, the question remains – how should a robot figure out which of its myriad of
perceptions are relevant to the task, and how to distill these sensor data into a format that
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is understandable and interpretable for it to anticipate and respond to? These "conditions"
for behavior execution may range from sensor input (i.e. speech recognition, human
detection) to implicit knowledge based on social norms. If we can capture the condition
through sensors, as well as the behavior that follows, it may be possible to learn the
necessary behaviors without explicit modeling.

An equally important question is with the problem of generating appropriate robot
behavior given a diverse set of examples – given the variations of demonstrated human
behaviors, which of the demonstrated behaviors should the robot generated in a defined
action space? This is an important consideration when a robot needs to respond with
coherent behavior, given that the search over state space becomes enormous as perceptual
abilities and complexity of the environment and social scenario increase. In a shop
scenario, we define a robot action to be discrete and multimodal, which includes speaking
an utterance and a proxemics formation.

The total dimensionality of the set of possible utterance and movement actions a
human could perform at any time during a social interaction is enormous. In practice,
however, the variation of human behaviors occupies only a small manifold within
this high-dimensional space. Thus, it seems reasonable that by identifying common,
repeatable behavior patterns, a data-driven strategy could become feasible.

In Chapter 2, I will propose a data-driven technique to abstract and cluster human
behaviors captured by continuous streams of sensor data into common, typical behavior
patterns. I demonstrate how typical behavior patterns, both speech and locomotion, can
be used to reduce the dimensionality of the learning problem for the robot. Not only
that, I demonstrate how typical behavior patterns can complement existing HRI models
and be used as abstraction to generate robot behaviors in an interaction.

1.4.2 Learning from unlabeled data

In many learning tasks, dealing with noise from the environment is a nontrivial problem.
For example, low-level manipulation learning tasks such as teaching a robot to stack
block may involve dealing with multiple sources of uncertainty (i.e. camera noise,
robot arm noise) [25]. Similarly, learning social behaviors often involves a human
demonstrator performing a certain social behavior, which is captured by external sensor
systems, using speech recognition system that is susceptible to accent. To sidestep
environmental noise, a system developer may manually label captured sensor data, such
as what objects were recognized or what was spoken.

This problem of using a human-in-the-loop to manually annotate data for abstraction
is a very time consuming and hard task [46]. This often involves familiarizing a human
with the characteristics of the sensors. If the domain in which the data is collected is
a specialized field (i.e. medical), then employing a domain expert to annotate the data
may be needed and can also be expensive. Thus, it takes a lot of knowledge about the
characteristics of the sensors and a lot of time to define good concept descriptions, even
for experts.

Thus, the challenge is how can noisy sensor data be abstracted and used for learn-
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ing interaction logic, as well as for generating interaction contents, without the time-
consuming task of having a human-in-the-loop. For human-robot interaction, this means
data collected from the environment will need to be automatically abstracted to a state
such that the residual noise will not hinder the performance of the learning model.
Given a noisy human speech input recognized by a speech recognition system, a robot
needs to learn the right condition for interaction logic. Likewise, a robot also needs to
learn the right action (i.e. utterance and motion) to execute, despite noises from speech
recognition and motion capturing systems.

In Chapter 2, I will show a combination of data-driven techniques techniques (i.e.
clustering and classification), which enables the robot to learn action policies from
unlabeled data. This allows behaviors to be captured directly from sensor data, without
the time and effort associated with data annotation.

1.4.3 Learning mixed-initiative interaction

Human interactions are complex, and they include rich information exchanges in com-
plex environments. In many scenarios, we often expect that our interaction partner will
act in a proactive way. For example, we would expect that a tourist information guide
would provide us with details about an attraction, or that a museum guide would provide
interesting anecdotes about an exhibit, without the need for us to explicitly ask for this
information.

Thus, it is important for a robot to also reproduce proactive behaviors in human-robot
interaction. While this is usually an easy task for humans, it is difficult for a robot to
know when and what proactive action to take due to the complexity and nuances of a
conversation. Proactivity requires autonomous, anticipatory robot-initiated behavior,
rather than only reacting to the actions or commands of a person. While there have
been some studies that focus on proactive robot behaviors, they are often restricted to
non-verbal task-related behaviors such as handover [51] or locomotion [58].

Here, we describe the challenge of using a data-driven approach to learn proactive
behaviors for a robot. Whereas reactive behaviors can often be modeled in terms of
generating a response to a person’s action, the generation of proactive behavior is more
likely to be dependent upon interaction history or context. However, depending on what
was said by the user, the relevancy of the interaction history may matter. For example,
a reactive response to a question only depends on the most recent utterance, whereas
a proactive behavior, for example, when the robot decides to take the initiative to do
something as a result of the human user yielding his turn, may depend on previous
interaction context. However, such contextual sensitivity is difficult to capture, and the
naïve injection of context information may introduce unnecessary noise and sparse non-
repeatable data to the system, hindering the ability for the robot to learn an appropriate
action.

In Chapter 3, I propose a data-driven approach to learn proactive behaviors from
mixed-initiative human-human interaction captured from sensor data. I will show how
interaction history can be incorporated such that the robot is able to generate not only
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reactive behaviors, but also proactive behaviors when necessary. Lastly, I will show how
the techniques described previously can come together as a system, and demonstrate
how a robot will be able to reproduce the behaviors of a proactive human demonstrator.

1.4.4 Social behaviors

We humans have many behaviors, and collectively these behavior primitives can serve
as a substrate for a basic repertoire of social interactions. Similarly, a social robot with
behavior primitives will benefit from simpler interaction design, simpler descriptions of
high-level tasks,and easier learning of interaction logic.

One challenge is that background knowledge for social interaction is often implicit,
and thus difficult to articulate. We are often not consciously aware of our behavior
when we communicate, such as the rules governing where we direct our gaze or body
orientation. These implicit rules and conventions establish appropriate and acceptable
ways for us to act and respond to each other [101].

As a robotic programmer, one needs to be able to articulate these social conventions
in a concrete way in order to develop generative robot behavior. While it is intuitive
for us to behave according to social conventions, it is often tough for us to explicitly
explain why we do the things we do. Very few programmers are also psychologists or
behavior analysts, and thus it will be difficult for them to describe the reasoning that
governs social behaviors. For example, we often use social cues such as utterances
(“let’s turn here”) when we walk side-by-side, or look away when being asked a difficult
question, but we cannot explain off the top of our head why we act this way. Thus, not
only do programmers need to be able to articulate the rules that govern our behaviors,
they also should be able to translate it into system parameters that are understandable
and interpretable by a robot.

Hence, there are two challenges when it comes to applying a data-driven technique
for interactive robot behaviors, first, how to generate humanlike robot behaviors, and
second, how to respond to human actions. Since many implicit rules that govern our
deceptively subtle behavior are not extrinsically observable by sensor data, one common
approach is to adopt explicit modeling of both the intrinsic and extrinsic parameters. We
need to know what we are looking for and what kind of information to present to the
robot when trying to develop a specific social behavior.

In the last section of this work, I demonstrate in Chapter 4 how a generative robot
behavior model can be developed from observation data of human behaviors, specif-
ically, deictic behaviors towards other people, so that it can be used as a component
in future data-driven applications. The idea is to use collected data of human pointing
behaviors to identify typical pointing patterns, and to develop a top-down model of
generalizable, multimodal deictic behaviors for a robot, consisting of an utterance and
a pointing gesture. I also demonstrate how this model can be used in a real shopping
mall environment, while taking into account crowds of real shoppers, to generate deictic
behaviors that are socially-appropriate for both the referent and the listener.
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1.5 Proposal
The main novel achievement of this work is describing how data-driven HRI approaches
can be applied in robotic applications. My work demonstrates how data-driven approach
can be applied:

• Reproducing multimodal behaviors for a conversational robot

• Extending data-driven techniques for a mixed-initiative social interaction

• Developing a reusable HRI pointing model in order to extend data-driven applica-
tion to other modalities

The end result of this work is a fully end-to-end approach, enabling a robot to learn
both reactive and proactive behavior in an entire multimodal social interaction based
solely on unscripted, natural human-human interaction in a real, physical environment,
without having a human-in-the-loop. While there are many existing data-driven ap-
proaches, many are limited to low-level tasks such as trajectory following [16, 88], joint
motion replication [92], or capturing data in a simulated environment [96], requiring
human annotations [1], learning from text that is typed rather than spoken, or only
dealing with nonverbal behaviors. In contrast, I demonstrate that behaviors can be
captured from real, non-annotated human-human interaction that is completely free form
and contains large amounts of variation in natural speech among the different people.

Once passive collection of sensor data becomes widely available, I believe such
work will not only increase the diversity, and complexity of human-robot interaction,
but which could also realistically be applied to real commercial robot applications.

1.6 Organization of Sections
Chapter 2 addresses the issue of automatic generation of robot behaviors and behavior
rules directly from non-annotated data. This work will cover how data is used for
abstracting typical behavior patterns, generating interaction content for a conversational
robot, and learning interaction logic directly from data.

Addressing the important challenge of generating proactive behavior, Chapter 3
presents a system I developed which uses data-driven techniques to reproduce context-
dependent proactive behavior by automatically learning which elements of interaction
history are important for predicting a robot behavior at any given time.

An example of developing a reusable HRI model for generative robot behavior will
be presented in Chapter 4. This chapter describes how data can be used to inform the
development of generative models for deictic behaviors towards people, and then used
to develop and calibrate a model based on observed human behaviors. Once such HRI
model is developed, it can be used in future data-driven applications to enable a richer
and more complex human interaction.

Finally, the results of this work and its implications for the future are discussed in
Chapter 5.



Chapter 2

Learning Interactive Behaviors

This chapter begins this exploration of data-driven by presenting how human-robot
interaction can be learnt from observations of human-human interaction. This chapter
presents a set of data-driven techniques for using observations of human-human interac-
tions to generate this interaction logic in a fully-automated way, without requiring any
human annotation or programming of the social behaviors.

One set of challenges posed by this problem involves the processing of continuous
and noisy sensor observations, in order to identify discrete and abstracted speech and
movement action primitives in the training data. In order to achieve this, I present several
new techniques, including the use of unsupervised clustering techniques for abstracting
and refining speech actions, spatial and trajectory clustering to discretize locomotion
actions, and the identification of abstracted spatial formations based on established HRI
proxemics models.

The other set of challenges involves the use of machine learning for generating robot
actions in response to human behavior. For this, I propose a technique using a Naïve
Bayesian classifier to predict abstracted robot actions based on a vectorization of the
human’s speech and motion. To generate the actual motor and speech synthesis com-
mands for the robot, I propose techniques for reproducing robot speech and locomotion
behaviors based on clustered abstractions, in order to robustly reproduce human behavior
despite a great deal of sensor noise and natural variation in human behavior.

Finally, I demonstrate this technique in use, training a robot to play the role of a
shop clerk in a simple camera shop scenario, showing through a comparison experiment
that these techniques successfully enabled the generation of socially-appropriate speech
and locomotion behavior. Notably, the robot’s performance in terms of correct behavior
selection was higher than the success rate of speech recognition, indicating its robustness
to sensor noise and showing great promise for the use of this technique in real-world
applications.

12
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2.1 Introduction

As robots become more prevalent in the modern era, the field of human robot interac-
tion (HRI) provides the promise of integrating robots into everyday human life. These
service robots are gaining presence in museums [5, 11, 57, 90], offices [38, 131], elder
care [71, 109], shopping malls [33, 40], and healthcare facilities [85]. The ability of
the robots to socially integrate into those environments will be essential. For exam-
ple, a shop assistance robot needs to be able to greet customers, answer questions,
give recommendations, guide to various products, and assist the customers in various
situations.

One approach for designing interaction logic for a robot is to explicitly program
the behaviors the robot should execute, the expected inputs from the environment, and
the execution rules it should follow. However, this can be a difficult process, heavily
dependent on the designer’s ability to imagine a variety of social situations (for example,
anticipating all of the questions people may ask the robot) and use their intuition to
specify social behaviors and execution rules for the robot, which may be difficult to
articulate. This process can be very labor intensive, and it becomes even more difficult
to create robust interactions when natural variations of human behavior and errors due
to sensor noise are considered.

We believe that a data-driven approach to interaction design could provide solutions
to many of these problems. By directly capturing behavior elements such as utterances,
social situations, and transition rules from a large number of real, in-situ human-human
interactions, it may be possible to easily and automatically collect a set of behaviors and
interaction logic that can be used in a robot. This would reduce the difficulty and effort
of interaction design, and it could enable more robust interaction logic, since sensor
errors and variation of behavior would be implicitly considered.

Thanks to recent advances in sensor technology, this idea of data-driven interac-
tion design based on real-world interactions could soon become a realistic possibility.
High-precision tracking systems are being deployed in public spaces, enabling passive
collection of natural human interaction data [10], and technologies such as microphone
arrays may soon provide usable sound source localization and speech recognition in
noisy real-world environments [69]. Such technologies could allow enormous amounts
of human behavior data to be collected effortlessly. For example, deploying sensor
networks in a chain of retail stores could provide hundreds of thousands of example
interactions in a matter of few months, which could be used to train a robot to perform
the role of a shop clerk.

The possibility of effortless collection of large amounts of interaction data is what
gives importance to this idea of data-driven interaction design. HRI researchers have
recently begun to take advantage of the scalability of the web to train robots based on
collected interaction data from the crowd [8, 135]. We believe that capturing human-
human interactive behavior through sensor networks will prove to be another powerful
and scalable way to leverage the wisdom of the crowd to create interactive robots.

Our objective in this study is to provide a proof-of-concept of such a data-driven
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interaction design methodology and to provide observations and suggest directions for
future development of this powerful concept. We present a fully-autonomous method
for training a socially-interactive robot from observed examples of human-human inter-
action, wherein behavior contents and interaction logic are extracted directly from noisy
sensor data without human intervention.

Included in this work are techniques for (a) identifying typical action elements from
a set of example interactions, (b) reproducing observed human behaviors in a robot
despite high amounts of sensor noise, and (c) robustly selecting context-appropriate
behaviors for the robot to execute in live social interactions.

2.2 Related Work
As mentioned above, our goal is to utilize the crowd, by capturing people’s movement
and speech during live human-human interaction and automatically generating interac-
tion logic for reproducing the observed behaviors based on the set of passively-collected
data. Such ideas of learning from data and using the crowd for learning have been
explored in a number of different areas within the field of social robotics.

2.2.1 Creating Interaction Content

In designing interaction flows for social robots, several custom frameworks have been
developed to explicitly break down interaction into subcomponents, such as state (input)
and behavior actuation (output) components, and specify transition logic to direct the
execution flow based on data from sensor inputs [35, 124]. Teleoperation interfaces have
also been used to iteratively build interaction content over a period of time [56, 150]. In
this work, we use sensors to capture interaction content directly from human interactions.

2.2.2 Learning from Data

In robotic tasks like manipulation, machine learning approaches such as learning by
demonstration are often utilized to learn from a dataset of examples in order to reproduce
a demonstrated task, as it is easier for humans, including non-robotic-experts, to input
poses by moving an arm manually, than to explicitly specify them numerically. Some
examples include trajectory following [16, 88] or joint motion replication [92]. Typically
this is seen as a way to input sensory-motor patterns, but not cognitive and decision-
making skills.

In social robotics, machine learning has been used to teach low-level behaviors,
for example, to mimic gestures and movements [114], and to learn how to direct gaze
in response to gestural cues [87]. In one example, pointing and gaze behaviors were
recognized in an imitative game using a hidden Markov model [13]. The challenge in
using a data-driven approach to learn an entire social interaction is the level of complexity
that goes into decision-making process. The ways we act are often influenced by our
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intentions, and it is still an open question to how we can extract intentions from only
observed behaviors.

Data-driven dialogue systems have been demonstrated in robots which infer mean-
ings from spoken utterances. Rybski et al. developed an algorithm which allowed a
human to interact with a robot with a subset of spoken English language in order to
train the robot on a new task [108]. Meena et al. used a data-driven chunking parser for
automatic interpretation of spoken route directions for robot navigation [79].

Unlike other works, we focus on training examples based on real human-human
interaction, with natural spoken dialogue.

2.2.3 Using the crowd for learning

With the advancement of high-precision tracking systems able to monitor real social
environments [10, 147], it is becoming possible to collect large amounts of detailed
interaction data with little effort. This suggests the possibility of using a “crowdsourcing”
approach, like the distributed techniques used over the web to solve complex problems,
e.g. users on Amazon’s Mechanical Turk helping to annotate images for grasp planning
[125].

The use of real human interaction data collected from sensors for learning interactive
behaviors has been investigated in numerous works. The robot JAMES was developed to
serve drinks in a bar setting, in which a number of supervised (i.e. dialog management)
and unsupervised learning techniques (i.e. clustering of social states) have been applied
to learn social interaction [31]. In contrast, we propose a completely unsupervised
approach for both abstraction and clustering of social states as well as for robot behavior
generation

In Young et al.’s work [148, 149], a person provides an example of an interactive
locomotion style, which is used to teach the robot to generate interactive locomotive
behaviors in real time according to that style. We also propose to use real human
interaction to train the robot, but our focus is not only the robot’s motion, but its speech
as well.

Connectivity to the web has also changed the way interaction data can be collected.
The Robot Management System framework was developed to make learning of ma-
nipulation and navigation tasks easier by collecting demonstrations from remote users
through a browser as a game [135]. The Restaurant Game used annotated crowdsourced
data to generate abstracted representation of data to automate game characters [95].
The Mars Escape online game used crowdsourcing to learn robot behaviors [8, 18, 19].
The idea was to use a data-driven approach to develop HRI behaviors from players of
an online collaborative game to provide large amounts of training data and reproduce
behaviors in a real autonomous robot.

Our work complements these approaches by considering a crowd-based data col-
lection from sensors in a physical environment, where some new challenges include
resolving recognition ambiguities due to sensor noise and natural variation of human
behavior.
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2.3 Data Collection

2.3.1 Sensor Environment

To collect human-human interaction data for our learning study, we prepared a data
collection environment with a sensor network, including a human position tracking
system and a set of handheld mobile phones to use for speech recognition, to capture
participants’ motion and speech.

The position tracking system consists of 16 ceiling-mounted Microsoft Kinect RGB-
D sensors, arranged in rows. Particle filters are used to estimate the position and body
orientation of each person in the room based on point cloud data [10].

Ideally, we would like to collect people’s speech passively. However, modern speech
recognition technology is still not robust enough to use with ambient microphones when
background noise exists in the environment [30, 123]. For that reason, we developed a
smartphone application to capture speech directly from a hands-free headset, and use the
Android speech recognition API to recognize utterances, sending the text to a server via
Wi-Fi. The user wears a hands-free headset and touches anywhere on the mobile screen
to indicate the beginning and end of their speech, so no visual attention is required,
making it possible to conduct natural face-to-face interactions without breaking eye
contact.

Although the study was conducted in Japan, we found a greater variety of tools
available for analysis of English text, so the interactions in this study were carried out in
English.

2.3.2 Training Interactions

We chose a shopping scenario in a camera shop setting, where we asked one person
to role-play as a shopkeeper and one person as a customer. To create a set of training
interactions, we set up three product displays, representing different digital camera
models, in an 8m x 11m experiment space, shown in Fig. 2.1 (a) and (b). Each product
display had a feature sheet with a short list of the camera’s relevant features, such as
“optical zoom” or “megapixels”. We also set up a service counter, where we instructed
the shopkeeper to stand at the start of each interaction.

Participants were members of our laboratory and interacted with each other in
English. Four fluent English speakers role-played as the shopkeeper. 10 participants,
including 7 fluent English speakers, played the role of customer. Each customer took
part in 10-20 interactions, for a total of 178 trials.

In each trial, the customer was instructed to role-play in one of the following
scenarios: (1) a need-based customer, who is looking for a camera with a specific feature
(4 trials), (2) a curious customer, who is interested in multiple cameras (4 trials), or (3) a
window-shopping customer, who prefers to browse around alone (2 trials). In order to
help the participant to naturally role-play as a specific type of customer, we gave the
customer a different feature to look for each time. The shopkeeper was not informed
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(a) Environment for our data collection

(b) Map of the room

(c) Interaction between a shopkeeper and a customer

Figure 2.1: The laboratory environment setup for this study.
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of the chosen scenario, and was instructed to allow the customer to browse, to answer
any questions the customer had, and to gently introduce products when appropriate, as
shown in Fig. 2.1 (c).

Before the experiment, the participants were trained to use the Android phone and
given a list of camera features to ask about. The shopkeeper was given a reference
sheet containing a set of feature specifications for each camera. The practice trials were
designed to help the participants became accustomed to using the Android phone and to
illustrate the differences between the interaction scenarios.

The goal of the data collection was to capture repeatable interactions, so we restricted
the scope of the scenario to focus on providing information about the cameras. For this
reason, we asked the participants to keep the interactions simple by avoiding other topics,
such as negotiating the price of the camera (e.g. “can you give me a better deal?”).

Furthermore, we found it necessary to remind participants not to make up new
information that did not exist in our scenario. For example, if a shopkeeper participant
was asked “what kind of warranty policy do you have?”, which was not defined in the
scenario, they would have had to improvise an answer. These improvised responses
would not be useful for learning because of inconsistency over time (in pre-trials, one
shopkeeper participant said the store had a 1-year warranty policy on one occasion, but
later said it was a 5-year warranty).

2.3.3 Example of human-human interaction

Within the defined scenario, the participants interacted in a free-form way, using natural
conversational language, and a reasonable degree of variation in people’s phrasing and
terminology was observed. Table 2.1 illustrates this variety with transcripts from two
example trials by the same participant: (1) a need-based customer looking for a camera
with large memory storage, and (2) a curious customer interested in cameras with good
battery life.

2.4 Proposed Technique

2.4.1 Overview

We implemented a fully unsupervised data-driven strategy to enable a service robot to
reproduce human behaviors using only captured data from human-human interaction.
Our approach represents interaction data via several abstractions, as follows:

1. Customer speech is vectorized using Latent Semantic Analysis (LSA) and other
text processing techniques (Sec. 2.4.2.1).

2. Shopkeeper speech is similarly vectorized, and it is then categorized into speech
clusters representing lexically-similar, discrete utterances (Sec. 2.4.2.1).
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Table 2.1: Examples from human-human interaction

Example of a need-based customer
S: (Approaches customer) Hi are you looking for anything in particular today?
C: Yes I would like to. . . I am looking for a camera with good storage memory.
S: (Guides to Canon) Ok the Canon Rebel XTi can hold 10000 photos.
C: Ok, that is very good. What about the price?
S: This camera is $400.
C: I see. Is it heavy?
S: Yes, very heavy.
C: How much?
S: Like, a kilogram.
C: I see, that is very heavy. Well I will think about it. Thank you. (Leaves shop)
S: Sure, no problem.
Example of a curious customer
C: (Goes to Sony) Excuse me.
S: (Approaches customer) Yes sir how can I help you?
C: I am looking for a camera that I can use for a long time without changing the
battery.
S: (Guides to Canon) Ok we have a couple of options for that; over here is the Canon
Rebel XTi. It has a 7 hour battery life.
C: I see, and other possibilities?
S: (Guides to Panasonic) Other possibilities for long battery life are the Panasonic
Lumix. . . this can run for 9 hours on standby.
C: So this is longer. What’s the difference between these two?
S: This one is far worse in photo quality and it doesn’t have a replaceable lens.
C: I see, so probably I am more interested in the other model. I will think a little bit
about it. Thank you very much. (Leaves shop)
S: No problem sir.
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3. Customer and shopkeeper trajectories are segmented into stopped and moving
segments, which are then clustered to identify typical stopping locations and
typical motion trajectories (Sec. 2.4.2.2).

4. An interaction state is defined based on the relative positions of the customer
and shopkeeper, based on a set of two-person spatial formations taken from other
HRI and proxemics work (Sec. 2.4.2.3).

We then analyze the training data to identify discrete actions, comprised of speech
and/or movement of the customer or shopkeeper (Sec. 2.4.3.2), and we train a machine
learning classifier to predict the appropriate shopkeeper action output which follows an
observed customer action input.
The input (Sec. 2.4.3.3) to the classifier is the processed training data – a vector
consisting of the customer’s speech vector, spatial states for the customer and shopkeeper
(Sec. 2.4.3.1), and the current interaction state of the customer and shopkeeper.
The output (Sec. 2.4.3.4) is a discretized shopkeeper action comprised of a speech
cluster combined with a target interaction state.
The top part of Fig. 2.2 shows an overview of how the training data is processed
to generate an input vector (”input”) and the corresponding shopkeeper action vector
(”label”) for training the machine-learning classifier (Sec. 2.4.4.1 - 2.4.4.3).

During real-time operation, the sensor data are processed in the same way as they
were during training – a vector is built by combining the LSA vectorization of the
customer utterance with the spatial and interaction states abstracted from motion data.
This vector is input to the trained classifier whenever a customer action is detected. A
shopkeeper action is then predicted, and the speech and spatial formation of the predicted
action are executed by the robot (Sec. 2.4.4.4).

The bottom part of Fig. 2.2 illustrates the processing of the sensor data as an input
to generate robot behavior in real-time.

The following subsections will explain the details of these abstraction and vectoriza-
tion processes, as well as the setup of the learning algorithm itself.

2.4.2 Abstraction
One challenge of using a data-driven approach to learn from human-human interaction is
that human behavior occupies a very high-dimensional feature space, even considering
only speech and locomotion (social behaviors such as gaze, gesture, and facial expression
are not considered in the current study). In practice, however, the variation of human
behavior occupies only a small manifold within this high-dimensional space – people
usually perform actions in predictable ways and follow common patterns. We introduce
here a number of abstraction techniques designed to capture these patterns, in order to
reduce the dimensionality of the learning problem and diminish the effects of sensor
noise.

First, we perform unsupervised clustering to identify sets of typical actions in the
training data. Clustering is performed for speech data to deal with the large amounts of
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Figure 2.2: Overall procedure for human-human interaction (data collection) and human-
robot interaction (online)
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noise associated with speech recognition (Sec. 2.4.2.1), and also for motion trajectories
observed by the tracking system, in order to identify typical stopping locations and
motion paths in the environment (Sec. 2.4.2.2).

Next, we model each interaction as consisting of a sequence of stable interaction
states, which last for several turns in a dialogue, recognizable by distinct spatial forma-
tions such as talking face-to-face or presenting a product. The modeling of interaction
states helps to generate locomotion in a stable way, to specify robot proxemics behavior
at a detailed level, and to provide context for more robust behavior prediction.

2.4.2.1 Speech Clustering

A great deal of variation was present in the speech captured in our training data, including
alternative phrasings, e.g “what is the price” versus “how much does it cost,” as well
as speech recognition errors, e.g. “how much does the scammer cost” rather than “how
much does this camera cost?” The challenge of speech processing is to represent these
utterances in a way that preserves the similarity between phrases with similar semantic
meaning.

The strategy for processing speech elements is shown in Fig. 2.3. As soon as
an utterance was captured, speech recognition was performed. We then extracted
keywords using a cloud-based service and created a vectorized representation of the
speech results and keywords using Latent Semantic Analysis (LSA).

Figure 2.3: The abstraction of speech elements into typical utterances

Further processing was applied to shopkeeper’s utterances only, with the goal of
minimizing errors so that they could be used for generating robot speech. After vector-
ization of the utterances, we used unsupervised clustering to group them into clusters
of similar utterances, and a typical utterance was then chosen from each cluster, to be
used as content for synthesized speech output. Clustering was not applied to customer
utterances, so that the information in the utterance vector could be kept for the purpose
of prediction.

Speech recognition: For automatic speech recognition (ASR), we used the Google
Speech API. An analysis of 400 utterances from the training interactions showed that
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Table 2.2: Dimensions of utterance vectors

TF-IDF Dimension LSA Dimension Instances
Customer Speech 7289 346 1194

Shopkeeper Speech 9181 353 1233

53% were correctly recognized, 30% had minor errors, e.g., “can it should video” rather
than “can it shoot video,” and 17% were complete nonsense, e.g. “is the lens include
North Florida.”

Keyword extraction: Phrases like “I am looking for a camera with large memory
size” and “I am looking for a camera with large LCD size,” have different meanings
despite lexical similarity. To capture keywords in the phrases, we used AlchemyAPI 1, a
cloud-based service for text analysis based on deep learning.

Latent Semantic Analysis: We created a vector to represent each utterance using
Latent Semantic Analysis (LSA), a technique commonly used for classifying document
similarity in text mining applications [70]. To achieve this, we performed several steps
which are standard in text processing: we removed stop words, applied a Porter stemmer
[102] to remove conjugations, enumerated n-grams (up to N=3), computed a term
frequency – inverse document frequency (TF-IDF) matrix, and computed the singular-
value decomposition of the TF-IDF matrix, truncating it to reduce the dimensionality of
the space. The list of keywords returned for each utterance was separately processed
using LSA, and those columns were added to the feature vector.

We chose the dimensionality for the truncated LSA matrix to achieve a 50% “share”
(percentage of cumulated singular values) as described in [142]. The numbers of
dimensions and instances for each group are presented in Table 2.2.

Clustering of shopkeeper utterances: We used dynamic hierarchical clustering
[71] to group the observed shopkeeper utterances into clusters representing unique
speech elements. 166 clusters were obtained.

Typical utterance extraction: From each shopkeeper speech cluster, one utterance
was selected for use in behavior generation. We found that simply choosing the utterance
closest to the centroid of the cluster was often problematic – sometimes this vector was
not actually lexically similar to other utterances in the cluster and contained many errors,
as shown in Fig. 2.4.

We instead choose the utterance with the highest level of lexical similarity to the
most other utterances in the cluster, as this utterance would be the least likely to contain
random errors. For each utterance, we compute the cosine similarity of its term frequency
vector with every other utterance in the same cluster, and we sum these similarity values.
The utterance with the highest similarity sum is chosen as the typical utterance.

1http://www.alchemyapi.com
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Figure 2.4: An example of typical utterance selection from a shopkeeper speech cluster
(ID 292). The utterance vectors have been collapsed to two dimensions using multidi-
mensional scaling (MDS) for visualization. The closest utterance to the centroid and the
typical utterance chosen using our technique are shown.
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2.4.2.2 Motion Clustering

In the abstraction of motion elements, our primary objectives are (1) to identify common
stopping locations in the social space, so that we can discretize our representations of
people’s motion in the joint state vector, and (2) to identify typical trajectory shapes so
that we can estimate people’s motion targets. We do so by analyzing and clustering the
motion data to characterize the overall sets of stopping locations and motion trajectories
that exist in the data.

Using the approach described by Guéguen [43], we analyzed the distribution of
trajectories in the data set and selected 0.55 m/s as a threshold speed for trajectory
segmentation. We then segmented all observed trajectories in the training data into
“stopped” and “moving” segments, and clustered those segments to identify the typical
stopped locations and motion trajectories present in the data set, as illustrated in Fig.
2.5.

Figure 2.5: The abstraction of motion elements into stopped locations and trajectory
clusters

Stopped location: The “stopped” segments were clustered spatially with k-means
clustering to identify typical stopping locations, six for the customer and five for the
shopkeeper. The centroid of each cluster was defined as a “stopped location”. Usually,
these points corresponded to significant locations such as the cameras or service counter,
so for ease of explanation we will refer to these points by the names shown in Fig. 2.6.

Trajectory clusters: We clustered the moving segments into 50 trajectory clusters,
separately for shopkeeper and customer, using k-medoid clustering based on distances
computed between trajectories using dynamic time warping (DTW).

The medoid trajectory for each cluster was designated as its “typical trajectory”, and
the nearest stopped locations to the start and end points of that typical trajectory were
identified. Fig. 2.7 shows some examples of the trajectory clusters.
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Figure 2.6: Customer and shopkeeper stopping locations. Empty circles and triangles
represent individual customer and shopkeeper stopping locations in the raw dataset. Solid
markers show the cluster centroids which define the abstracted “stopped locations”.
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2.4.2.3 Interaction States

We observed that the participants spent the majority of their time in a few static spatial
formations, such as talking face-to-face or standing together at a camera. To capture
this aspect of spatial behavior, we model each interaction as consisting of a series of
interaction states characterized by common proxemic formations, such as talking face-
to-face or presenting a product. The overall movement of the customer and shopkeeper
can be seen as primarily serving as a means for transitioning between these interaction
states. Fig. 2.8 presents example interaction state sequences observed in the training
data.

HRI models have been developed for generating appropriate proxemics behavior in
specific social situations such as initiating conversation [120] or presenting an object
[145]. These models are useful abstractions, as they enable interaction states to be used
not only to describe target destinations for movement, but also to specify proxemics
constraints and other behavior at a detailed level for a robot.

In this work, we use three interaction states related to existing HRI models: present
object, based on [145], face-to-face, based on interpersonal distance defined by Hall
[44], and waiting, inspired by the modeling of socially-appropriate waiting behavior in
[64]. Examples of these states are shown in Fig. 2.9.

We created rules for identifying each of these interaction states, based on the distance
between the interactants and their locations. If both interactants were at stopping
locations corresponding to the same camera, the interaction state was categorized as
present object. If they were within 1.5m of each other but not at a camera, it was modeled
as face to face, and if the shopkeeper was at the service counter while the customer was
not, the interaction state was defined as waiting.

In addition, we also identified the current target for a particular interaction state. The
state target for “present object” can be either Sony, Panasonic, or Canon, whereas the
state target for the interaction states “face-to-face” and “waiting” is ‘none’.

2.4.3 Vectorization

When processing time-series sensor data for offline training or online interaction, these
abstractions are used for creating vectorized representations of discrete customer and
shopkeeper actions, as shown in Fig. 2.10. First, motion analysis is performed based on
a comparison with typical trajectories. It is then possible to discretize actions based on
detections of movement and speech. Each customer action is represented by a joint state
vector describing the abstracted state of both participants at the time of that action, and
each shopkeeper action is represented by a robot action vector containing the necessary
information for a robot to reproduce that action later.

For all processes presented here, the sensor data is sampled at a constant rate of 1
Hz. Except where noted, the same techniques were applied to both the recorded training
data and the live data from the online system.
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(a) Cluster 24 (Moving from Canon to Panasonic)

(b) Cluster 27 (Moving from Sony to Canon)

(c) Cluster 35 (Moving from Service Counter to Canon)

Figure 2.7: Examples of customer trajectory clusters (from a total of 50 trajectory
clusters). The medoid trajectories are highlighted in purple.
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Figure 2.8: Examples of sequences of interaction states from training data for the 3
customer scenarios: curious, need-based, and window-shopping

2.4.3.1 Motion Analysis

We characterize a person’s motion using a vector containing three parameters: current
location, motion origin, and motion target, corresponding to stopping locations from the
clustering.

We identify whether a person is moving or stopped by applying the same speed
threshold used in the offline trajectory analysis (Sec. 2.4.2.2). For stopped trajectories,
current location is set to the nearest stopping location, and motion origin and motion
target are “none”.

For moving trajectories, current location is “none” and motion origin is set to the
most recent current location. For the customer, the motion target field must be estimated,
although as we will explain, estimation is unnecessary for the shopkeeper.

Customer motion target: To estimate the customer’s motion target, we examine the
similarity of the customer’s trajectory to the typical trajectories identified in clustering,
similar to the approach used in [56]. We compute the spatiotemporal distance between
the customer’s trajectory and each of the typical trajectories from the training data using
DTW. The distance calculated for each trajectory cluster is then weighted according to
the number of instances in that cluster, and probabilities are summed for trajectories that
terminate at the same end location. The motion target is output once the probability of
some result is above 50%, usually attained within 2-3 seconds.

Shopkeeper motion target: Estimation of the motion target through sensor data is
unnecessary for the shopkeeper. Since we always know the robot’s target destination
with certainty, based on the commands sent to the robot, the shopkeeper’s motion target
in the training data should also reflect this knowledge of the intended motion target. In
order to do so for the training data, we can determine the shopkeeper’s actual motion
target at any time by looking ahead in time to observe their eventual destination, rather
than relying on estimation from the sensor data. By doing so, the shopkeeper motion
target from the training data and from real-time data will be consistent.
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2.4.3.2 Discretizing Actions

Discrete “customer actions” and “shopkeeper actions” are defined when one of the
participants speaks and/or begins moving to a new location. Speech actions are defined
at the moment the speech recognition result is received, and motion actions are defined at
the moment a motion target is determined. Customer and shopkeeper events are received
within the same 1-second interval are classified as two separate events, so no event can
contain both customer and shopkeeper speech.

2.4.3.3 Joint state vector (Input)

Figure 2.9: Typical interaction states: (a) Waiting: one person is at a designated waiting
area and interactants are not near each other, (b) Face to face: both people near and
facing each other, but not near an object, (c) Present object: both people stopped near an
object.

When a customer action is detected, the state of both interactants is recorded in a
joint state vector. This vector will be used for training the predictor to identify the most
appropriate robot action to perform. The features in the joint state vector are shown
in Fig. 2.10 (a). It includes the customer speech vector (including LSA vectors for
both the utterance and keywords, 346 dimensions in total), customer and shopkeeper
spatial states (each consisting of current location, motion origin, and motion target), and
interaction state (spatial formation and state target).

2.4.3.4 Robot action vector (Output)

When a shopkeeper action is detected, it is represented in a robot action vector, which
can be translated later into commands for the robot. In our case we are concerned
with reproducing only speech and locomotion, so the robot action vector contains two
properties: speech (consisting of a speech cluster) and interaction state (spatial formation
and state target), as shown in Fig. 2.10 (b).

Robot Speech: This field contains information to enable the robot to reproduce a
shopkeeper utterance. It is only populated if the shopkeeper action contains a speech
component; otherwise, it is left blank.
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Definition: Directly using the raw text output from speech recognition is not appro-
priate for generating robot speech, because often it contains speech recognition errors.
For this reason, we record the ID of the shopkeeper speech cluster containing the de-
tected speech. For example, if the recognized utterance is “what does it has 28 different
lenses”, cluster ID 292 would be chosen as the representative shopkeeper speech cluster,
as illustrated in Fig. 2.4.

Generating robot behavior: As described in Sec. 2.4.2.1, a typical utterance is
extracted from each shopkeeper speech cluster, which is expected to contain fewer
random errors than a typical instance of recognized speech. To generate a robot speech
behavior from a cluster ID, we use this typical utterance as the text to be sent to the
robot’s speech synthesizer. In the above example, the chosen robot speech would be
“there are 28 different interchangeable lenses available for this camera”.

Target Interaction State: Recall that the interaction state described in Sec. 2.4.2.3
encapsulates the proxemic formation of the two interactants at a given time. We can use
this information to generate robot motion by recording the “target interaction state” of
the shopkeeper.

Figure 2.10: (Left) Features in joint state vector. (Right) Features in robot action vector.

Definition: If the shopkeeper is not moving at the time the action is detected, then
the shopkeeper’s current interaction state is recorded. If the shopkeeper is moving, then
we look ahead in time to determine the shopkeeper’s destination as described in Sec.
2.4.3.1. We then determine the “target interaction state” by evaluating the interactants’
spatial formation at the time when the shopkeeper arrives at the destination.

The interaction state is identified in the same way as described in Sec. 2.4.3.3, except
that to accommodate the case where the shopkeeper is leading the customer and arrives
first, we classify the target state as “present object” if either the customer’s current
location or the customer’s motion target are the same object as the shopkeeper’s current
location.

Generating robot behavior: Then, to generate a robot behavior in the online system
we can simply compare the robot’s current location with the location necessary to
achieve the target interaction state, and command it to move if necessary. For waiting,
this target location will be the service counter; for present object, the target location
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will be the object of interest; and for face-to-face, the target location will not be a fixed
location but rather a point in front of the customer. If the robot is not already at the
target location, we command the robot to drive to a point near that location. The precise
x,y position near the target location is determined by using the HRI proxemics model
associated with the target interaction state.

2.4.4 Learning and execution of interactive behaviors

Figure 2.11: Example time sequence of customer and shopkeeper actions.

To use machine learning to determine which robot behaviors should be performed in
response to which human actions, we examine the discretized actions to identify action
pairs, that is, sequential pairs of customer and shopkeeper actions, in the training data.
For each action pair, we train a predictor using the joint state vector and robot action
vector corresponding to the customer and shopkeeper actions. Finally, this predictor is
used in the online phase to generate robot behaviors in response to detected customer
actions.

2.4.4.1 Identifying Action Pairs

By examining the time sequence of detected actions (see Sec. 2.4.3.2), we identify
correspondences between customer actions and subsequent shopkeeper actions. How-
ever, social interactions are not always cleanly divided into action-response pairs, e.g.,
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when two customer actions or two shopkeeper actions occur in a row. Consecutive
shopkeeper actions are combined according to a set of rules, and customer actions that
are not followed by a shopkeeper action are associated with “no action” for purposes of
training the predictor.

Fig. 2.11 shows an example time sequence of customer and shopkeeper actions.
The first two, C1 and S1, illustrate the usual case of a customer action followed by a
shopkeeper action, and these are paired as training inputs and outputs for the predictor.
Customer action C2 is not followed by a shopkeeper action, so it is paired with “no
action”. The third customer action is followed by two shopkeeper actions, which are
then merged to produce a single shopkeeper action.

Recall that each robot action is comprised of an utterance (166 possibilities) and a
target interaction state (5 possibilities). After merging shopkeeper actions, we translate
each of the shopkeeper actions into a robot action vector, as described in Sec. 2.4.3.4.
The final list of robot action vectors for our data set contained 467 distinct combinations
of utterance and interaction state.

2.4.4.2 Modeling Delay

There is a natural delay time between customer actions and shopkeeper responses, and
if the robot responds too quickly or too slowly, it is unnatural. To reproduce the delay
time between customer actions and responses from the shopkeeper, we calculated the
average time delay between customer and shopkeeper actions from the training data
corresponding to each robot action, and we constructed a lookup table mapping robot
actions to average delay times.

For most robot actions, such as answering direct questions, the delay time was
usually in the range of 0 - 2.5 seconds. For some behaviors longer pauses were observed.
For example, when a customer entered and moved directly to the Sony camera while
saying nothing, the system predicted that the robot should approach and offer assistance,
after a delay of 17 seconds. If the customer performed another action during this time,
the robot responded to that action. In this way, the robot was able to respond to long
pauses which occurred, e.g., in the “window-shopping” scenarios.

2.4.4.3 Training the Predictor

Once all action pairs in the training data have been identified, we train a naïve Bayesian
classifier, using the joint state vector for each customer action as a training input and the
subsequent robot action vector corresponding to the shopkeeper action as its training
class.

The naïve-Bayesian classifier is a generative classification technique, which uses the
formula below to classify an instance that consists of a set of feature-value pairs.

aNB=argmax
a j∈C

P
(
a j
)
∏

i
P
(

fi=vi|a j
)

(2.4.1)
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a j, denotes a robot action, and fi denotes a feature in the joint state vector. The
naïve-Bayesian classifier picks a robot action, aNB, that maximizes the probability of
being classified to the robot action given the value vi for each feature f .

Each feature fi in the joint state vector is multidimensional, consisting of a set
of terms tik. For example, the customer speech vector has 346 dimensions, whereas
the customer spatial state only has 21 dimensions. Thus, we can rewrite the classifier
equation to consider the partial matches between the values for each feature, as in Eq.
2.4.2, where the conditional probability of each term of each feature, given a robot action
a j, is computed in the training phase:

vi = {ti1, ti2, . . . ,tim}

aNB = argmax
a j∈C

P
(
a j
)
∏

i

(
∏

k
P
(
tik appears in fi

∣∣a j
))wi (2.4.2)

We would like to give higher priority to values in the features that are more discrimi-
native in classifying robot action. Gain ratio tells us how important a given feature in
the joint state vector is. Therefore, wi, calculated from the gain ratio of each feature, is
added as the weighting factor for the classifier.

2.4.4.4 Generating Robot Behaviors

During live interaction between a human customer and the robot shopkeeper, the sensor
network records the customer’s motion and speech at one-second intervals.

When a customer action is detected, we query the trained naïve Bayesian predictor,
passing in the joint state vector corresponding to the social state at that time. The
predictor will then output either the ID of one of the 467 robot actions, or it will predict
“no action”. If a robot action is specified, the system waits for the time specified in the
delay table corresponding to that action, and then commands are sent to the robot to
move to a destination or speak an utterance.

When the robot action includes an interaction state of “present object” or “face-to-
face”, the precise target position is computed according to that formation’s proxemics
model. While in motion, the robot projects the future position of the customer and
recalculates a target location according to the proxemics model every second until it
arrives. Some examples of this calculation are illustrated in Fig. 2.12.

In this example, the first target interaction state is “Present Camera 1”, shown in
Fig. 2.12(a). The robot projects the customer’s destination to be X1, so it computes a
target destination to point O1. The next target interaction state is “Present Camera 2”. In
Fig. 2.12 (b), the robot first projects the customer to be moving towards X2, so it begins
moving towards point O2. However, in Fig. 2.12 (c), the customer chooses to move to
a different location than predicted. The robot dynamically updates its path to move to
point O3.
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2.4.5 Example of Behavior Execution

Figure 2.12: Left: Illustration of the target spatial formation corresponding to the
“present object” interaction state. Right: Examples of dynamic path planning to achieve
the “present object" formation. “X” represents the projected future position of the
customer, and “O" represents the calculated target position of the robot in response.

Fig. 2.13 shows an example of a prediction from a live interaction with a robot. In
this example, the customer approaching the shopkeeper at the service counter is detected
as a customer action, and the predictor is queried with the joint state vector shown in the
figure. The predicted robot action consists of an utterance with cluster ID 170 paired
with an interaction state, “Present Sony”. The recorded delay time corresponding to
“170-Present Sony” action is 2.75 seconds, so the system waits for that duration before
executing an action. Because the current interaction state is “waiting” and the target
interaction state is “Present Sony”, the robot starts moving to Sony. A speech command
is sent to the robot containing the typical utterance from the selected speech cluster,
which in this case causes the robot to speak, “over here we have my favorite which is
the Sony NEX 5 which is a mini SLR and has 28 replaceable lens”.

2.5 Evaluation Experiment
We conducted a comparison experiment to evaluate the quality of the robot’s behavior
in live interactions. Because we consider the proposed abstraction technique to be
the main contribution which makes it possible to learn interactive behaviors despite
high sensor noise, we compared two conditions: (a) proposed, using the abstraction
techniques including clustering and interaction states described in Sec. 2.4, and (b)
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Table 2.3: Differences between proposed system and without-abstraction system

Proposed system Without-abstraction system
Clustering

Cluster shopkeeper speech No clustering
Cluster motion data

Vectorization
Motion target prediction based
on trajectory clusters

Motion target prediction based
on mean motion direction

Abstracted locations Raw position data
Interaction states used No interaction states

Predictor
Naïve-Bayesian predictor to
select an abstracted action

Nearest neighbor-predictor to
select an instance to reproduce

Robot action generation
Motions generated based on
target interaction state

Motion generated directly from
a shopkeeper motion instance

Utterances generated from
shopkeeper speech clusters

Utterances generated directly
from a shopkeeper speech
instance

without-abstraction, a similar technique we developed that does not use our abstraction
techniques.

2.5.1 Comparison system

We designed the without-abstraction system to be similar to other state-of-the-art data-
driven techniques for generating interactive robot behaviors. For example, Admoni et al.
[1] developed a system that matches observed data in real-time to the nearest example
from human-human training data to select a robot behavior, following the idea that
people learn to communicate by mimicking observed behavior in a given situation.

Thus, we created a modified version of our system which also uses the observed
sensor data in real-time to find the most similar example from the training data. If our
data were not susceptible to noise, the behavior generated by the without-abstraction
system would have represented exactly what a human shopkeeper had done in a similar
situation. The differences between the proposed and without-abstraction systems are
described here and summarized in Table 2.3.

Speech elements: Speech is captured and processed using the same standard text
processing techniques in both systems. However, no clustering is performed on the
shopkeeper’s speech in the without-abstraction system, so shopkeeper utterances must
be generated directly from the raw speech recognition results captured in the training
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data. Keyword extraction is also not used in the without-abstraction system, because its
purpose is to assist with clustering of shopkeeper speech.

Motion elements: Our proposed technique uses the results from trajectory clustering
to define stopping locations and to anticipate a person’s motion target. For the without-
abstraction system, a person’s stopping location is represented by their raw x,y position,
rather than the nearest stopping point cluster. When moving, a person’s motion target is
estimated based on their motion direction, rather than using our technique of comparison
to the trajectory clusters. Finally, the set of possible motion targets is defined manually
for the without-abstraction system, rather than using clustering results (we defined five
points: the three cameras, the door, and the service counter).

To estimate a person’s motion target, the person’s mean motion direction θmotion_dir
is calculated over the last 3 seconds, and the motion target is calculated as the x,y
position of the nearest object to the mean motion direction from their position in the
environment.

motion target = arg min(θmotiondir−θob jn

: ob jn∈all ob jects in environment)
(2.5.1)

Feature vector: The stopping locations identified in the clustering phase are not
available in the without-abstraction system, so feature vectors include the following
5 features: the customer’s and shopkeeper’s current x,y coordinates, the customer’s
projected x,y motion target, the shopkeeper’s actual x,y motion target, and the LSA
vector representation of the customer’s speech. Interaction state was not included in the
feature vector for the without-abstraction system.

Prediction: The predictor from the proposed system cannot be used in the without-
abstraction system – since shopkeeper utterances are not clustered, there is no set of
discrete robot actions to be trained. Instead, we created a “nearest-neighbor predictor”
– whenever a customer action is detected, the current raw feature vector is compared
to the feature vectors from all customer actions in the training data. The best match is
identified, and the subsequent shopkeeper action from the training data is returned as a
robot action. Robot actions in this case have two properties: motion target (if moving),
and utterance text (if speaking). A lookup table for delay time between the customer
and shopkeeper actions was also created in the same way as the proposed system.

For our dataset, the set of customer action vectors consisted of 1636 entries in 330
dimensions, so a k-d tree [6], was used to speed up the nearest-neighbor comparisons.

Robot behavior generation: Robot behaviors are generated directly from the spe-
cific instance of shopkeeper behavior output by the nearest-neighbor predictor. For
movement, the robot moves directly towards the x,y position where the shopkeeper had
moved to in the matched instance, instead of using interaction state to generate the target.
For speech, the robot speaks the exact phrase captured by speech recognition in the
matched instance.
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2.5.2 Hypotheses
In the comparison experiment, we made the following hypotheses about the effects of
our abstraction techniques (clustering and modeling of interaction states) in the proposed
system, compared with the without-abstraction system:

Speech clustering: Clustering of shopkeeper utterances will produce more correct
utterance behaviors in the robot, because the act of clustering and our technique for
typical utterance extraction will reduce the effect of noise in the captured utterances.

Stopping point clustering: Representing spatial locations based on abstracted
stopping point clusters, rather than as raw positions, will lead to more efficient learning
through abstraction. This will also be more robust to sensor noise, since the influence of
noise is incorporated in the clustering step.

Trajectory clustering: Estimation of motion target will be more accurate when
similarity to clustered trajectories is used, compared with raw extrapolation of velocity.
This will lead to more appropriate responses to customer motion from the robot.

Interaction states: The modeling of movement in terms of transitions between
long-term-stable interaction states will result in more reliable locomotion behaviors than
reproducing individual movement events.

Based on these hypotheses, we chose to test the following predictions for the com-
parison between the proposed system and the without-abstraction system:

1. Correctness of wording: The robot will produce more correct wording in the
proposed system.

2. Consistency between speech and movement: The robot’s speech and movement
will be more consistent with each other in the proposed system.

3. Appropriateness of robot actions: The robot will respond more appropriately
to the customer’s actions in the proposed system.

4. Social-appropriateness: The robot’s behaviors will be more socially-appropriate
for its role as the shopkeeper in the proposed system.

5. Overall evaluation: The overall evaluation of the robot’s behaviors will be better
in the proposed system.

6. Robustness: The proposed system will be more effective at generating appropriate
robot behaviors even when recognition errors occur.

2.5.3 Experiment Setup
2.5.3.1 Participation

A total of 17 paid participants (11 male and 6 female, average age 34.42, s.d. 13.30)
played the role of customer in the experiments. All of them were fluent English speakers
(9 North and South Americans, 7 Europeans, 1 Russian).
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2.5.3.2 Environment

The experiment was conducted in the same camera shop setting used for the data
collection, with three digital cameras displayed in an 8m x 11m experiment space. The
same sensor network was used for tracking, and the participants communicated with the
robot using an Android phone.

2.5.3.3 Robot Platform

For this experiment, we used Robovie 2, a humanoid robot with a 3-Degree-of-Freedom
(DOF) head, two 4-DOF arms, a wheeled base, and a speaker that can output synthesized
utterances.

Robovie is capable of moving at a speed of 0.7 m/s. For its motion planning, the
dynamic window approach (DWA) was implemented to avoid obstacles [32].

Implicit behaviors were implemented into the robot, where the robot makes small
arm and head movements while idling, speaking, and moving [120]. Automatic face-
tracking of robot’s interaction partner was also implemented, and the robot followed the
customer with its gaze during all interactions.

2.5.3.4 Procedure

We compared the robot’s performance between two conditions: proposed and without-
abstraction, and each participant was asked to role-play for 8 trials in each condition.
As in our data collection, participants played each of the following roles: a need-based
customer (3 trials), a curious customer (3 trials), and a window-shopping customer (2
trials). The order of the conditions was counterbalanced and the order of the trials within
each condition was randomized.

As in our data collection, participants were asked to pretend to be a first-time
customer in the camera shop for every trial and the participants performed scripted
interactions before the experiment to become familiar with the Android phone interface
and confirm their understanding of the instructions.

After the 8 trials in one condition were completed, the participant answered a
questionnaire. The procedure was repeated with the remaining condition (without-
abstraction or proposed). At the end of the experiment, the participants were interviewed
to gain a deeper understanding of their opinions.

Examples of interactions from the experiment using the proposed system can be
seen in the video attachment.

2.5.4 Measurement
2.5.4.1 Questionnaire

The participant rated the following items on a 1-7 scale (1 being very negative and 7
being very positive for the respective items) in a written questionnaire:
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Figure 2.13: Example of a prediction in a live interaction.



2.5. EVALUATION EXPERIMENT 41

1. Correctness of the wording of the robot’s utterance:

2. Consistency of the robot’s speech and movement

3. Appropriateness of the robot’s response to the participant’s action

4. Social appropriateness of the robot’s behaviors as its role as the shopkeeper

5. Overall evaluation

In the experiment, the robot may give an answer to the customer’s question that
makes sense, but may not necessarily be accurate. For example, if the customer asks
“how much is this camera”, the robot may respond with “$600” instead of the correct
answer, “$300”. Because knowledge of these errors could affect the participant’s
evaluation of the robot, we informed participants about any informational errors the
robot made before they filled out the questionnaire in each condition.

2.5.4.2 Interaction analysis

In our scenario, the human shopkeeper greeted the customer, answered customer’s
question, and said farewell to the customer when he left the shop. Similarly, the robot
also learns to greet the customer, answers customer’s questions (correctly), and says
goodbye to the customer at the end of the interaction. Thus, the robot aims to imitate
the decisions made by people in similar situations in the training data. We believe that
by imitating observed actions, we can generate behavior that would be equivalent to a
humanâĂŹs, without knowing the purpose or semantic meaning of those behaviors at
all.

Thus, to evaluate the performance of the robot, we conducted a detailed action-by-
action analysis of the robot’s behavior by asking a coder, blind to the experimental
conditions, to examine each action (speech or movement) made by the participant, and to
judge whether the robot’s response to that action was appropriate. The coder was shown
examples of acceptable and unacceptable behavior in order to calibrate expectations.
Examples of unacceptable behavior included answering a question incorrectly, or failing
to guide a customer to a camera when asked to do so. From this evaluation, we
calculatedbehavior correctness for each condition, for each participant.

A separate evaluator examined all of the customer speech events in each trial and
recorded the number of correct and incorrect speech recognition results. We defined ASR
correctness by whether the sentence-level meaning of the ASR result was understandable
or not. Though some ASR results contained word errors, they were judged as “correct”
if the utterance itself was still understandable on a sentence-level. For example, given
that the customer said “thanks a lot”, the ASR result “thanks a lots” would be considered
correct, whereas “insulet” would be considered as incorrect. Further analysis of the
speech recognition accuracy can be found in the Appendix.

The ASR correctness was then compared with the behavior correctness to evaluate
the robustness of the behavior generation technique to recognition noise.
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2.5.5 Results

2.5.5.1 Observations

It was quite fun for us to watch the robot acting autonomously – since the learned rules
created some interesting variations of behavior, we never knew exactly what how the
robot would respond to any situation. Most of the robot’s behaviors were executed well -
the robot was able to move with the customer to appropriate locations and answer most
questions correctly. Although it did make some errors, it was often able to recover and
continue the interaction. Many of the participants commented that they really enjoyed
the interactions. Table 2.4 shows an interaction example from the experiment.

If the customer was looking for a particular camera feature (e.g. interchangeable
lens), the robot usually responded correctly, guiding them to a camera with that feature
and introducing the camera. The robot also answered most questions about camera
features correctly, even though the customers asked in different ways. For example, one
customer asked, “this one comes in red, right?”, and another customer asked “what color
do you have for this?”, and the robot was able to answer appropriately by saying “we
have red and silver available” to both customers. Likewise, the robot correctly gave the
weight of the camera in response to “how much does this camera weigh?” and “excuse
me is this camera heavy?”

Sometimes the robot responded correctly despite speech recognition errors. The
robot gave correct answers to questions such as the following (correct phrasing in
brackets): “Amanda um, and uh,] how much does it weigh?”, “I’m sorry does this
camera have optimism [optical zoom]?” “How many car what color is coming? [how
many, er, what colors does this come in?]”, “Skewes me [excuse me] what color does a
scammer [this camera] come in?”, “how much does a camel [this camera] weigh?”, and
“I say in the is it a popular vote [I see, and uh, is it a popular model?]”. Many recognition
errors were fairly common, such as “scammer” or “camel” for “camera”, and “OCD”
for “LCD”, and the system appears to have learned to treat these words as synonyms.

Sometimes it failed to respond correctly due to speech recognition errors. For
example, when a customer asked “could you tell me how much this Lumix costs?”, the
word “Lumix” was recognized as “LINE X”, and the robot responded, “yes, sir.” Then
the customer rephrased his question, “could you tell me how much this is?” and the
robot answered correctly. When a customer repeated or rephrased their question, the
robot usually responded correctly the second time.

The robot’s utterances sometimes contained minor errors, as can be seen in the
example in Table 2.4, although some of these mistakes sounded phonetically correct.
For example, the robot sometimes said “my I help you?” when the customer entered the
shop, yet none of the customers noticed the mistake.

The robot was also able to respond to the customer’s motion – when a customer
entered and immediately approached the service desk, the robot would greet them
immediately, whereas if they walked to one of the cameras first, it would often let them
browse for a while before speaking.

When the customer thanked the shopkeeper and left, the robot would respond with
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Table 2.4: Example of the robot interacting with a customer

(1) Customer walks into the shop
Robot: “hi can I help you with anything” (at service counter)

(2) Customer stops at Canon and says “yes I’m looking for a camera with large
memory storage”
Robot approaches customer, saying “yes we have Canon Rebel XTi I over here
this camera has a very large storage memory it can store about 10000 photos”

(3) Customer: “how much is it?”
Robot: “this is $400”

(4) Customer: “and what about the battery life?”
Robot: “7 hours”
The robot answers more questions about Canon (e.g. color, weight)

(5) Customer walks to Panasonic
Robot follows the customer to Panasonic

(6) Customer: “what is the LCD size?”
Robot: “a 3 inch touch screen”
Customer: “that sounds nice. I like it.”
Robot: “also this is very light only weighs 150 grams so you can fit right in
your pocket”
The robot answers more questions about Panasonic (e.g. color, optical zoom)

(7) Customer:“Thank you for your help. I will think about it.” then leaves the shop
Robot returns to the service counter while saying “no problem”
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phrases such as “no problem” or “you are welcome” and returned back to the service
counter. In cases when the customer left the shop without talking to the shopkeeper
(i.e. a window-shopping customer), the robot thanked the customer for visiting the shop.
Three participants commented that the robot was polite in greeting and saying goodbye.

The robot was usually able to move together with the customer or follow them to a
camera, and two participants responded that they liked the fact that the robot followed
them to different cameras. Occasionally it misinterpreted a person’s motion and moved
to the wrong camera, but in such cases it usually corrected itself in the following action.
If the customer asked a question about a camera while the robot was in another place,
it usually moved to the customer’s location while answering the question, in order to
reconstruct the target interaction state learned during training.

2.5.5.2 Environment

The use of proxemics models based on the interaction state to control the robot’s
positioning relative to the customer also seemed to work effectively. Two participants
commented that the positioning of the robot was very good, and the robot had a good
idea of personal space.

2.5.5.3 Questionnaire

Fig. 2.14 shows questionnaire results from the participants. To compare each rating
between the proposed condition and the without-abstraction condition, we conducted a
repeated-measures ANOVA for each of the five questions.

This analysis found significant differences between the conditions for all ratings:
“Correctness of wording” (F(1,16)=9.660, p=.007), “Consistency of robot’s speech and
motion” (F(1,16)=26.947, p<.001), “Appropriateness of responses” (F(1,16)=20.564,
p<.001), “Social appropriateness in role” (F(1,16)=14.222, p=.002), and “Overall
evaluation” (F(1,16)=48.944, p<.001).

These results support our hypothesis that the participant would perceive the overall
behavior to be better with our proposed system. The results also support our predictions
for the correctness of the wording, consistency in the robot’s speech and motion, appro-
priateness of responses to the customer’s actions, and the social appropriateness of the
robot in its role as the shopkeeper.

2.5.5.4 Interaction Analysis

The results of the interaction analysis are shown in Fig. 2.15. We conducted a repeated-
measures ANOVA comparing behavior correctness between the proposed and without-
abstraction conditions. The results showed behavior correctness to be significantly
higher in the proposed condition (F(1,16)=97.507, p<.001). This result further supports
our hypothesis regarding appropriateness of responses to the customer’s actions.

As some of the appropriateness judgments are subjective, we confirmed the consis-
tency of the coder’s evaluations by asking a second coder to independently rate 10% of
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Figure 2.14: Evaluation results of robot behaviors between conditions.

Figure 2.15: Comparison of ASR correctness and robot behavior correctness.
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the same interactions. Their results were compared, and a Cohen’s Kappa value of 0.76
was calculated, indicating good interrater reliability, so we consider the coder’s ratings to
have consistency. Next, we compared behavior correctness and ASR correctness for each
condition with a repeated-measures ANOVA. In the proposed condition, the behavior
correctness was significantly higher than ASR correctness (F(1,16)=10.669, p=.0054).
In the without-abstraction condition, the behavior correctness was significantly lower
than ASR correctness (F(1,16)=30.356, p<.001). Incidentally, no significant difference
was found in ASR correctness between conditions (F(1,16)=.035, p=.854).

These results confirm our hypothesis that behavior generation in the proposed
condition is more robust to recognition errors than in the without-abstraction condition.
We consider this to be an important result, as recognition errors and sensor noise
constitute some of the major challenges to data-driven interaction design.

2.5.5.5 Qualitative Analysis

To better understand the nature of our system’s performance, we investigated the specific
causes of behavior incorrectness. Thus, of the total 1281 robot behaviors observed in
the proposed system, we analyzed the 201 robot behaviors that were judged as incorrect
by the coder. In Table 2.5, we present a qualitative analysis of the errors observed in
our proposed system, including the possible causes for socially-inappropriate robot
behaviors, examples of these errors, and their frequency of occurrence. The results are
derived from open-coding and observation from video data and participant feedback in
the evaluation experiment. The possible causes are:

Lack of repeatability: Some customer behaviors in the human-human interaction
were either only observed once or not observed at all in the training data, thus it was
difficult for the robot to learn to behave well. Questions such as comparison between
two cameras did not often occur in our training data. For this reason, we could not
collect enough examples to train the robot well to answer such questions. The robot
sometimes answered these questions correctly, but it was usually a pleasant surprise
when it did.

We believe that the performance of the system will improve if more data can be
collected, and would help the robot answer questions such as comparison between two
cameras.

Error in ASR: Certain ASR errors would trigger the robot to behave inappropriately,
e.g. when an entire sentence gets misrecognized (i.e. “it’s expensive” as “sixpence”) or
when a word about the camera feature gets misrecognized (i.e. “yes how many colors
does this camera come in” as “how many calories does this camera come in”).

Since our system was trained with real ASR data, it was usually robust to ASR
errors. However, some ASR errors were more frequent than others. For example, ASR
misrecognized “color” as “kara” on several occasions, but only misrecognized “color”
as “calories” on one occasion. In this case, when the customer asked about the camera’s
color, the robot would respond correctly to the misrecognized word “kara”, but not to
the misrecognized word “calories”.
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Table 2.5: Common causes for robot behavior incorrectness with the proposed system

Causes Examples Freq.
Lack of repeatability A customer compares one camera with another cam-

era (e.g. “so is this one better than the Sony cam-
era?”)

54

Error in ASR Misrecognized customer utterance (e.g. “how many
colors does this camera come in” misrecognized as
“how many calories does this camera come in”)

44

Lack of history
representation

A customer already indicated wanting to be left alone,
yet Robovie sometimes offered to help several times
in a row.

23

A customer says “that’s great”, and Robovie repeats
an utterance that had already been said previously

Error in motion
target estimation

Robovie mistakenly estimates the customer to be leav-
ing the shop, when the customer is not planning to
leave yet

17

Error in “farewell”
behavior

When a customer leaves the shop, the robot returns
to service counter without saying farewell (i.e. does
not say “thank you for coming”)

10

Ambiguous shop-
keeper behavior

Robovie addresses the customer with “yes sir” 9

Embodiment A customer asks the robot a question from across the
room (in the training data, most customers first said
“excuse me” to the human shopkeeper in order to call
them over, before asking a product-related question)

7

Error in timing A customer says something new before waiting to
hear Robovie’s response

7

Unexpected
customer behavior

A customer asks about something outside the sce-
nario scope, to which the robot has not learned a
response.

6

Miscommunication A customer asks for clarification, such as “Can you
repeat that please?” or “did you say 10000 photos”

5

Missing information A customer asks “Yes how much is this camera over
there?” while pointing to or gazing to another camera

4

Error due to speech
clustering

Robovie responds with “yeah mazzy’s ball night
hours 515”

1

Other The robot failed to respond due to hardware or opera-
tional errors (e.g.. network failures, customer forgets
to press button on smartphone after speaking)

14
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Lack of history representation: The lack of interaction history modeling some-
times caused Robovie to repeat himself. Sometimes, when a window-shopping customer
asked to be left alone, Robovie would respond with “no problem” and continue letting
the customer browse, but since the system contained no long-term history, Robovie
sometimes offered to help several times in a row. Though such cases were observed
quite a few times (i.e. 15 times), participants did not seem to be mind at all. In fact, one
participant thought the robot was being a very eager shopkeeper.

In another example illustrating lack of history representation, a customer asked
“What about the Canon camera?” just after asking about the color of the Sony camera.
Robovie could not answer correctly, since such question is implicitly referring to the
previous question. This exchange is quite complicated but only happened once in the
evaluation.

Error in motion target estimation: Sometimes the system would misrecognize the
motion target of the customer. When the robot misrecognized the customer’s motion
target as the door (i.e. leaving the shop), the robot might say “thank you for coming”
even when the customer was not planning to leave the shop yet. Sometimes when the
robot misinterpreted the customer’s motion, it would move to the wrong camera, but in
such cases it usually corrected itself in the following action.

Sometimes it may be difficult for the robot to estimate the customer’s motion target.
For example, as the customer enters the shop, it is unclear whether the customer is
going to Canon or to the service counter. However, regardless of whether the robot is
able to correctly estimate the customer’s motion target, it would still greet the customer
appropriately since it learned the customer’s motion origin is more important than its
motion target.

Error in “farewell” behavior: In most interactions, the robot acknowledged the
customer leaving the shop, e.g. by saying, “thank you for coming.” However, in a small
percentage of cases, the robot said nothing when the customer left. We speculate that
such behavior was learnt from a variety of situations where the human shopkeeper did
not verbally acknowledge the customer, e.g., the shopkeeper had already said goodbye,
but the customer continued to browse around before leaving; the shopkeeper smiled
or nodded to the leaving customer instead of a verbal farewell; or the shopkeeper
recognized that a window-shopping customer wanted to be left alone and thus did not
verbally acknowledge the leaving customer. As a result, sometimes the robot would not
acknowledge or say anything to a leaving customer, but would just return to the service
counter.

Ambiguous shopkeeper behavior: There were few instances that it was ambiguous
whether the robot behavior was actually right. For example, some human shopkeepers
would use phrases like “yes sir”. Since we did not track the gender of the customer, the
robot would learn such phrases, despite whether the customer was female or male.

Embodiment: An interesting phenomenon is that customers sometimes acted differ-
ently towards the robot than they did towards the human shopkeeper. In the training data,
when the human shopkeeper was waiting by the service counter, the customer would
usually say “excuse me” first to call the shopkeeper over before asking a question. In the
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evaluation, customers often asked a question to the robot directly, even from across the
room (perhaps because they were speaking to it through the smartphone). These combi-
nations of spatial state and utterance were not observed in the human-human interaction
data, so the robot sometimes did not always respond in an acceptable way. For example,
it often approached the customer, but did not answer the respective question.

Error in timing: Turn-taking is a notoriously difficult problem, and sometimes the
customer and robot would speak at the same time. Once a customer action (utterance)
is detected, the robot may be triggered to take an action. If the customer speaks again
without waiting for the robot to respond, the robot sometimes interrupts the customer
while he is speaking.

Unexpected customer behavior: A customer may ask a question outside the sce-
nario scope, such as a feature that has not been defined for that camera. Since there are
no training examples to handle these questions, the classifier would usually choose the
most talked-about feature of that camera as the output behavior for the robot. In our
scenario, the robot usually responded with the price of the camera if the customer asked
about a non-existent feature.

Miscommunication: There were some situations where a customer asked the robot
to repeat its utterance, and the robot was unable to do so. Most of the time, the
robot spoke understandable and correct utterances, but some customers just wanted a
confirmation. In some instances, Robovie would synthesize its speech in a very robotic
way (i.e. “10000 photos” synthesized as “one zero zero zero zero photos”), and some
customers wanted the robot to repeat for clarification, a situation for which no examples
existed in the training data.

Missing information: Sometimes the customer may stand at one camera and ask
about a feature of a different camera (e.g. “what about the price of that camera?”), while
gazing or pointing to the referred camera. Since the robot does not know where “that”
is, it would often answer with the price of the camera at the customer’s current location.
If reliable sensing of gaze direction and pointing gestures were available, it might be
possible to address this problem by representing that multimodal information in the
feature vector.

Error due to speech clustering: Some clusters were too noisy to produce sensible
speech. For example, the speech cluster ID 179 contains 3 shopkeeper utterances, which
are all very dissimilar from each other and nonsensical. As a result of this bad cluster,
the typical utterance chosen was “yeah Mazzy s ball night hours 515”. However, such
instances were rare, and we only found one instance where such a cluster was chosen.

Other: Sometimes the robot may fail to respond appropriately or not respond at all
due to errors in any of these problems: network connectivity between Google Speech
Recognition engine and our system, hardware, software bugs, or the participant forgets
to press the button on the Android phone to signal the robot that they started or stopped
talking.
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2.6 Discussion

2.6.1 Contribution

In this study, we showed a proof of concept that a purely data-driven approach can be
used to reproduce social interactive behaviors with a robot based on example human-
human interactions. We demonstrated that by collecting interaction data including
natural variation in human behaviors and typical recognition errors, the clustering of
the participants’ motion and speech, enabled the robot to respond in a natural way to
such variations. We saw the robot respond appropriately when people with different
speech styles or accents interacted with the robot. This could be an advantage of our
approach over grammar-based speech systems, which would have difficulty extracting
the meaning from speech recognition results containing errors.

By learning from natural human behaviors, the robot learnt lifelike variation in its
behaviors. Explicitly programming multiple phrasings of utterances requires time and
effort, but our system implicitly learned to use a variety of synonymous phrases, such as
“yes it’s very good in low light” and “and if you like to shoot in the dark this is really
good”, which can help keep interactions interesting and lifelike.

Another merit is that our system naturally learned when speech was location-specific
or generalizable to different locations. For example, “Show me a camera with good
optical zoom” has the same meaning regardless of where it is spoken, whereas “How
much does this cost?” is highly dependent upon the current interaction state target, as
each camera is a different price. The robot was able to derive probabilistically how to
handle these situations correctly.

The robot learned to mimic the interaction styles of the shopkeepers, such as the
casual nature of their speech. We noticed one human shopkeeper in our training inter-
actions spoke quite casually (e.g. “okay find me if you want”) and used slang words
(e.g. “600 bucks”) at times. As a result, the robot learned to mimic that casual speech
for some interactions. Likewise, we asked the human shopkeeper to appear busy and
only approach the customer when appropriate. As a result, the robot adapted to a more
passive interaction behavior, and waited at the service counter when the customer entered
the shop. It could be interesting to explore further how the differences in personality,
interaction style, and other personal traits can be modeled and captured from data.

2.6.2 Validation of the Model

We believe evaluating how appropriate the robot’s action was (i.e. behavior correctness)
was more important than evaluating how accurately the model was able to exactly
replicate a specific example from the training data. Nevertheless, as a reference to
understanding the nature of the system, we evaluated the accuracy of our predictor with
a 10-fold cross-validation, in which the model predicted a robot action vector out of
467 possible actions from the training examples, and the predicted robot vectors were
compared with the actual state vectors of the shopkeeper actions from the training data.
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The average accuracy was 26.0%.
Even though the predictor indicates a low accuracy, it often predicts socially-

appropriate behaviors. One reason for this is that, as a result from clustering, similar
shopkeeper’s actions can be clustered into different groups even when they have the same
meaning or are interchangeable. For example, shopkeeper behaviors at the Panasonic
camera saying “5X optical zoom” and “it has 5 times optical zoom” had the same mean-
ing, but they were respectively clustered into cluster ID 253 and cluster ID 183. When a
customer asked “how much optical zoom does this have” the predictor would output 253,
while a customer asking “can you tell me about the optical zoom?” predicted cluster
183, even though either cluster would be a correct and socially-appropriate response to
either question.

2.6.3 Assumptions
There are a number of assumptions implicit in our system design. For example, we
assumed that this is a one-on-one interaction where each customer action is followed
(optionally) by a shopkeeper’s action. We also specified some parameters for our scenario
(i.e. number of speech clusters, location of products, number of discretized states), which
are needed to tune machine-learning techniques. These problems are not unique to our
scenario, as thresholds must be chosen for clustering to work in any problem space, and
a finite number of states must be specified to discretize continuous sensor data. We have
not yet discovered a good mechanism for choosing these parameters in an automated
way for our technique.

We used spatial formations to define ‘interaction states’ for our scenario. We believe
the concept of spatial formation is generalizable, and can be applied to other domains as
well. The spatial formations we used are common proxemics formations that characterize
the relative positioning between different entities, which have also been adapted into
existing HRI models.

Currently, we assume that products do not move in our shop, and thus it is not
necessary to track the locations of the products as well. However, in a realistic scenario,
it may be possible that products may change locations. To extend the system to accom-
modate for location changes, a possible solution is add an âĂIJenvironment modelâĂİ to
translate raw sensor observations to abstracted states, and again in translating abstracted
actions to concrete motion behaviors. Thus, if such low-level position data is abstracted
away (e.g. Canon = X4016,Y3228), then we only need to update the mapping when
product is moved.

2.6.4 Generalizability and Scalability
We believe that this data-driven approach is capable of covering a wide domain of
tasks. We can expect our technique to work well with domains that share similar
characteristics with ours, i.e. where a limited number of typical, repeatable interactions
can be anticipated between the service provider and the visitor. For example, a museum
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guide moves around to different exhibits and answers a visitor’s questions about an
exhibit; or an information booth clerk answers the visitor’s questions about a department
store. For other scenarios where interaction is multimodal and speech or spatial data is
not sufficient, we may need to adapt the system to include data from different modalities.
For example, we can imagine incorporating skeleton tracking data from a Kinect sensor
into our system to train an exercise coach robot.

Our current approach was demonstrated to work well for a scenario where robot
behaviors can be trained with a limited amount of data. We collected 178 interactions
in the first study, which resulted in 2427 utterances, including both the customers
and shopkeepers. This was enough to generate appropriate behaviors for the robot
shopkeeper (e.g. answering questions correctly, guiding to correct camera, greeting and
farewell).

In terms of scalability with our proposed system, we believe that it will be able to
scale up to some degree, for instance, when the number of cameras on display increases.
In general, the number of training examples needed is directly proportional to the number
of shopkeeper actions that are to be learned. To put it in other words, for the model to
learn a single shopkeeper behavior, some constant C number of training examples will
have to be captured. Thus, for n behaviors are to be trained, the model will need Cn
training in order to train the corresponding shopkeeperâĂŹs actions. In our case, C is
approximately equal to 5 training examples. We consider that the amount of training
data required is dependent on the number of social behaviors that need to be reproduced,
the variability of the customer actions, and the reliability of sensing, thus training effort
would scale linearly with the number of behaviors to be learned, such as when the
number of cameras on display increases.

The one-step lookahead approach we use might be sufficient for scenarios with
highly repeatable interactions that focus on simple questions and answers, such as an
information-booth robot or a museum guide, but for more involved interactions it will
inevitably become necessary to structure interactions in a more complex way. Extending
our current system to include interaction history would seem to be an important con-
sideration for future work. Modeling and remembering different attributes of a person
may also be important in an interaction, including everything from name, age, and
gender (the robot occasionally said “thank you, sir”, to female participants) to dynamic
variables like emotional and psychological state, attention target, and goals. In some
cases it might be sufficient simply to add these states to the joint state vector to improve
prediction, but in many cases it will be important to introduce new behavior models, for
example, treating the occurrence of a person’s name in speech data in a special way, in
order to enable more complex interactive behavior.

2.6.5 Tradeoff between Variation and Robustness

There is an inherent trade-off between the variation of the shopkeeper responses and the
robustness to sensor noise afforded by clustering similar behaviors. That is, choosing a
large number of robot action clusters will lead to more variation in its behaviors, but will
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increase the likelihood of noise corrupting those behaviors. With our data, we found
that 166 clusters preserved a fair amount of variation in the shopkeeper utterances, while
providing reasonable robustness to noise. For example, multiple clusters with the same
general meaning represent different ways the robot can explain the color of Canon (e.g.
“well the also comes in grey red and brown so you have a choice of color is this” and
“intense grey red and brown colors”). In high-noise situations, it might make sense to
reduce the number of clusters in order to make it easier to reject utterances corrupted by
noise. In that case some of these variations would be lost, and the robot might only be
able to describe the camera’s color in one way. Conversely, in a situation where a greater
amount of training data was available, we could choose a higher number of clusters,
thus capturing even more natural variations of the spoken utterances while still rejecting
noise.

It could also be possible to consider sampling more than one typical utterance from
a cluster to use for robot speech. This could lead to a greater degree of lifelike variation
in the robot’s speech, but it would also increase the risk of ASR errors corrupting the
spoken utterances.

2.6.6 Embodiment of the robot

One question to be considered in this work is how well the translation of experience
from human-human to human-robot interaction can be achieved, given that the robot is
embodied as a robot, rather than a human. After all, one could argue that learning to be
a human is not necessarily the same as learning to be a robot. Regarding this point, we
did observe a few cases where the human-robot interaction differed in some qualitative
ways from human-human interaction. For example, one participant talked to the robot in
keywords rather than sentences, as if it were a search engine. Some people seemed to
treat the robot like a machine and never made eye contact with it. Several participants
asked the robot to repeat itself when its speech synthesis was hard to understand. These
differences resulted in situations that differed slightly from the training data – e.g., the
humans never had difficulty pronouncing their speech, so the system never learned how
to repeat and clarify statements.

In most cases, even when differences were observed, such as people not making eye
contact with the robot, the difference did not cause any communication problems. The
only real problem we observed regarding the dialog flow was the robot’s failure to repeat
its utterances when asked. We believe specific cases like these are due to a few known
issues, e.g. low-quality speech synthesis or speech recognition errors. Such problems
are limited and can be expected to decrease as the associated technologies improve. A
possible way to handle miscommunication such as a clarification request as an extension
to our current system could be to encode the customer’s clarification request to a special
behavior pattern. Without changing other parts of system, this special behavior pattern
could trigger the robot to repeat its previous utterance when it detects the customer asks
for clarification. While it is important to keep such differences in mind, we believe this
work has demonstrated that the use of human-human interactions holds great potential
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as a source for generating realistic social behaviors in robots.

2.6.7 Justification for Comparison System

We believe our baseline system (i.e. nearest-neighbor) was a reasonable choice for
comparison, as it is a state-of-the art technique for generating interactive robot behaviors.
Similar to the work of Admoni et al. [1] and Young [149], we also used nearest-neighbor
learning technique to match new data in real-time with the nearest example in the training
data, which is used to select an appropriate robot behavior. This follows the idea that
people learn to communicate by mimicking observed behavior in a given situation.

In some situations, the techniques presented in the baseline system (e.g. nearest-
neighbor) provided somewhat reasonable performance, though at some times its per-
formance was poor due to sensor noise. If our data had not been susceptible to noise,
the behavior generated by the baseline system would have represented exactly what a
human shopkeeper had done in a similar situation.

2.7 Conclusion

We have presented a fully-autonomous method that enabled a robot to reproduce socially
interactive behavior solely from examples of human-human interactions. Both behavior
contents and execution logic are derived directly from observed data captured by a sensor
network. We believe this is the first work in the field of social robotics to address this
difficult problem. As such, our focus was not on any particular element of the system,
but rather on demonstrating the effectiveness of our proposed system as a whole. Our
evaluation shows that the robot’s behavior using our proposed system was rated more
highly in a variety of measures than a version of the system that did not use clustering or
interaction states. Furthermore, the proposed system showed robustness to sensor noise,
achieving an 84.8% behavior correctness rate despite a speech recognition accuracy rate
of only 76.8%.

This study has provided a proof-of-concept that interaction can be performed in a
data-driven way, directly from observations of human-human interactions. This was
made possible through a combination of abstractions: the empirical identification of
the typical behavior patterns in the training data, combined with a set of generalizable
HRI models specifying spatial formations. Although the interaction scenario we used
was somewhat simple, we have suggested many directions in which this work could
be extended to capture more complex elements of interactions, and we believe many
of the techniques for interpreting sensor data, applying HRI proxemics models, and
reproducing human behaviors in a robot despite large amounts of sensor noise will be
applicable to other scenarios. This study highlights the importance of behavior modeling
in HRI to provide structures useful in interpreting collected sensor data and generating
robot behaviors.

Perhaps most importantly, the scalability of this approach gives it the potential to
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Table 2.6: Word accuracy and utterance accuracy

Data Collection Evaluation
Customer Shopkeeper Customer

119 utterances 123 utterances 461 utterances
Word Accuracy 79.81% 76.62% 87.31%

Utterance Accuracy 37.82% 30.89% 64.43%

transform the way social behavior design is conducted in HRI. Once passive collection
of interaction data becomes practical, even a single sensor network installation could
provide enormous amounts of example interaction data over time, an invaluable resource
for the collection and modeling of social behavior. We believe that with today’s trends
towards big-data systems and cloud robotics, techniques like this will become essential
methods for generating robot behaviors in the future.

2.8 Appendix
To complement our evaluation of ASR correctness, we also evaluated the output quality
of the ASR system based on common metrics of word and utterance accuracy. We
used measurements of accuracy rather than the error rate, in order to enable easier
comparisons with our other metrics, ASR correctness and behavior correctness. Word
Accuracy is defined as

Word Accuracy = 1− S+D+ I
N

(2.8.1)

where S is the number of incorrect words substituted, D is the number of words
deleted, I is the number of extra words inserted, and N is the number of words in the
correct transcript. Utterance Accuracy is defined as

Utterance Accuracy = 1− Ne

NT
(2.8.2)

where Ne is the number of utterances containing any errors and NT is the total number
of utterances.

The results are shown in Table 2.6. We speculate the reason why customer’s ut-
terance accuracy was much higher during evaluation than during data collection is
because customer participants spoke much more clearly to the robot than to the human
shopkeeper.



Chapter 3

Learning Proactive Behaviors

The previous chapter presented several techniques by which a robot can learn motion
and speech behaviors from non-annotated human-human interaction data. However, that
technique has the limitation that it is inherently reactive in nature. While it can enable a
robot to respond to human-initiated inputs, it cannot enable a robot to proactively initiate
behavior on its own. In this chapter, I propose an extension to the previous method,
which enables the learning of both human-initiated and robot-initiated behavior for a
social robot from human-human example interactions.

This was achieved by extending the technique proposed in Chapter 2 in three ways:
(1) extending the turn-taking model by introducing a concept of a “customer yield action”,
(2) incorporating several steps of interaction history as inputs to the behavior predictor,
and (3) using a deep neural network classifier featuring an “attention mechanism” that
models the relative importance of each step of the interaction history for generating
robot behaviors.

I implemented this new technique in a camera shop scenario, similar to that used in
the previous study, and conducted two evaluations of the system’s effectiveness. First, I
present an offline cross-validation analysis based on human-human data, showing the
improved performance of the proposed classifier. Second, I demonstrate the system’s
effectiveness in live human-robot interactions through a user study, in which participants
evaluated the robot’s behavior with the proposed proactive system to be significantly
better and more proactive than behaviors generated using the system presented in the
previous chapter.

We then complement this with a user study of real human-robot interaction in a
camera shop scenario, and the results show that the robot was indeed perceived by
participants as being more proactive and better overall in comparison, with a robot that
only reacts to human-initiated action.

3.1 Introduction
The vision of humanoid robots providing service through natural conversational inter-
action, once a dream of science fiction, is now closer than ever to becoming a reality.

56
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With the arrival of commercial humanoid robot platforms like Pepper, social robots have
begun to appear in commercial and public spaces. However, the problem of how to
develop social interaction logic for conversational robots, including interactive dialog
and interactive motion planning, is still a relatively young and unexplored research
domain.

Some works in HRI have already demonstrated techniques for learning speech and
motion behavior by imitation from human behavior captured from live interactions
[73] and online games [8, 93]. These studies applied data-driven techniques to learn
application logic through imitation of human behavior, as opposed to using a more
traditional approach of manually designing interaction logic. As the availability of
machine power for learning and the availability of large data sets increase, we propose
that for situations where large amounts of example human-human interaction data is
available, such data-driven approaches could produce more reliable interaction logic and
require less effort than manual programming.

A typical approach to designing interaction logic for robots is to specify the robot’s
behavior in terms of responses to human actions or commands [8, 73, 94]. Such
approaches result in fundamentally passive systems, in which the robot only responds to
explicit commands or actions from the human. However, many real social situations are
mixed-initiative, and it is important for a robot not only to react to a person’s actions,
but to proactively take initiative as well. For example, a good museum guide not only
answers questions about an exhibit, but should also ask questions back and provide
interesting anecdotes about the exhibit to the visitor. Likewise, in a shopping scenario, a
proactive shopkeeper would take the initiative to explain different product features to a
customer.

Nevertheless, learning proactive behaviors in a data-driven way without hand-crafted
rules or an explicit model of user’s intention [97, 117] can be difficult, as rules for
generating reactive versus proactive behavior can have different requirements. For
example, in a shopping scenario, a reactive response to a customer’s question may
depend primarily on the customer’s question itself, whereas a proactive behavior, in
which the shopkeeper decides to take the initiative to do something (e.g. introducing a
new product) as a result of the customer yielding his turn, may depend more strongly on
interaction history or context. However, such contextual sensitivity is difficult to capture,
and the naive injection of context information may introduce unnecessary noise, making
the data too sparse and non-repeatable for the robot to learn an appropriate action. The
question remains open as to how a robot can simultaneously and effectively learn the
rules for generating both user-initiative and self-initiated actions.

In this work, we will address the question of how to learn both reactive and proactive
robot behaviors from human interaction data. While the techniques developed in our
previous work from Chapter 2 were sufficient to learn robot actions, those robot actions
could only be generated in response to a customer action, and thus that system is unable
to generate proactive behavior, e.g. in the case that the customer yields his turn and does
nothing.

Thus, we propose three extensions to our previous work. First, we introduce a
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concept of a “yield action” enabling the robot to identify opportunities for a proactive
action to be generated. Second, since proactive behaviors are often sensitive to the
context of the interaction, we propose to incorporate interaction history as a training
input. Third, we use an attention mechanism in our learning system, which has the
ability to “attend” and learn which parts of the interaction history are important when
predicting robot behaviors. In this work we will present this proposed architecture and
demonstrate through offline analysis and live interactions with users that the proposed
system can effectively reproduce proactive behavior learned from human interaction
data.

3.2 Related work

3.2.1 Learning social behaviors from data

Several data-driven approaches have been applied to learning interactive behaviors for
social robots. For example, Young et al. used learning from demonstration to generate
real-time interactive paths for an animated characters and robots to match the style of
interactive motion behaviors, based on a pattern-matching algorithm [148, 149].

Frameworks focused on crowdsourcing have been developed to enable learning
of overall interaction logic from data collected from simulated environments, such as
The Robot Management System framework [135] and The Mars Escape online game
[8, 18]. Remote users can interact collaboratively either in an online game, or through
the web, and the interaction data are logged and used to develop HRI behaviors in
a real autonomous robot. Our work complements these approaches by considering
crowd-based data collected directly from human-human interaction using sensors in a
physical environment, which presents unique challenges regarding resolving noise from
sensor data, abstracting natural variations of human behavior, and discretizing actions
for a robot to reproduce.

The use of real human interaction data collected from sensors for learning interactive
behaviors has been investigated in numerous works. The robot JAMES was developed to
serve drinks in a bar setting, in which a number of supervised (i.e. dialog management)
and unsupervised learning techniques (i.e. clustering of social states) were applied
to learn social interaction [31]. Admoni and Scassellati proposed a model that uses
empirical data from annotated human-human interactions to generate nonverbal robot
behaviors in a tutoring applications. The model can simultaneously predict the context of
a newly observed set of nonverbal behaviors, and generate a set of nonverbal behaviors
given a context of communication [1]. Similar to these works, we use data from human-
human interaction for learning robot behaviors, but we adopt a completely hands-off
approach, with no human annotation needed for abstraction of social states or for robot
behavior generation.
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3.2.2 Proactive robot behaviors

Strategies for generating proactive robot behavior have been investigated in many works.
Huang et al. investigated proactive, reactive, and adaptive collaboration strategies
between a human and robot manipulator for a handover task (i.e. unloading a dish
rack) [51]. Other works focus on recognition of human intention in order to make
autonomous decisions on what task to execute [2, 82, 115, 117]. Our work also focuses
on generating proactivity, but we do not focus on a specific task, but rather generating
proactive behaviors for an entire social interaction.

In the context of domestic assistive robots, Cesta et al. evaluated a “proactive” inter-
action modality (where the system takes the initiative) and an “on-demand” interaction
(in which the user explicitly requests a service) between an elderly user and an assistive
robotic agent [14]. These studies have reported positive user evaluation of proactive
robot behaviors, where the human was the main beneficiary of the interaction process.
Likewise, we expect that the ability of a robot service provider to generate proactive
behavior may improve the user’s experience.

3.2.3 Learning from history

There are some techniques that have been developed for learning robot behaviors from
history, such as goal-directed and habitual robot behaviors through a Bayesian dynamic
working memory system [140], or incorporating history in learning for mobile robots
[80, 83]. Even though we also want to learn from history, we believe our work is a bit
closer to the field of language or dialog learning, where dialogue is a major part of the
interaction.

In the context of learning from history for dialog in particular, many techniques
involving deep neural networks have been developed recently for handling language-
related tasks, which are inherently sequential and require some level of history or
memory. Recurrent neural networks (RNN) [81] are often used for tasks like language
processing, and Long Short-Term Memory (LSTM) [52] recurrent neural network
techniques are often used for tasks such as word-by-word machine reading, where
the meaning of a sentence can only be understood when interpreted in the context of
previously encountered words [17]. A related technique is supplementing a neural
network with an attention mechanism, which learns which part of an input sequence is
important for predicting a response [3, 49, 130]. While there are algorithms proposed
for learning from history, it is unclear how these algorithms can be applied for learning
human-robot multimodal interaction, which is an objective in our work that we hope to
demonstrate.
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Figure 3.1: Environment setup for our study, featuring three camera displays. Sensors
on the ceiling were used for tracking human position, and smartphones carried by the
participants were used to capture speech.

3.3 Data Collection

3.3.1 Scenario

We chose a camera shop scenario for this study as a typical example of the kind of
repeatable interaction for which this technique would be most useful. We set up a
simulated camera shop environment in our laboratory with three camera models on
display, each at a different location (Fig. 3.1), and we asked a participant to role-
play a proactive shopkeeper. The shopkeeper interacted with participants role-playing
customers, walking with the customers to different cameras in the shop, answering
questions about camera features, and proactively introducing new cameras or features
when the customers had no specific questions. We recorded the speech and motion data
of both the shopkeeper and the customers during these interactions.

3.3.2 Sensors

To capture the participants’ motion and speech data, we used a human position track-
ing system to record people’s positions in the room, and we used a set of handheld
smartphones for speech recognition.

The position tracking system used data from 20 Microsoft Kinect 1 sensors, arranged
in rows on the ceiling. Particle filters were used to estimate the position and body
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orientation of each person in the room based on point cloud data [10].
Speech was captured via a smartphone with a hands-free headset, using the Android

speech recognition API to recognize utterances and sending the text to a server via Wi-Fi.
Users were required to touch the mobile screen to indicate the beginning and end of their
speech. Although it would be ideal to passively collect speech data from microphones
in the environment and automatically detect the start and stop of speech activity, reliable
technologies to do this are not yet widely available.

Location data for the shopkeeper and the customer were recorded at a rate of 20
Hz. Speech data were recorded at the start and end of each speech event, as signaled by
participants tapping on their Android phones.

3.3.3 Participants
The customer participants had varied levels of knowledge about cameras and were not
selected according to any specific criteria aside from English-speaking ability (due to the
use of speech recognition in the study). We employed a total of 9 customer participants
(8 male, 1 female, average age 34.1, s.d. 3.9).

To select a participant to play the role of a proactive shopkeeper, we interviewed
participants and observed some trial interactions. We asked the customer participants
to provide feedback on various shopkeepers in terms of how proactive, helpful, and
interested the shopkeeper was. We selected one shopkeeper participant (male, age
54) with a naturally outgoing personality and a great interest in cameras based on
our interview with him, as well as the feedback from the customers. He played the
shopkeeper in all interactions.

3.3.4 Procedure
For this data collection, the shopkeeper was encouraged not only to answer any ques-
tions the customer had, but also to take initiative in assisting the customer, either by
introducing new camera features or presenting a different camera.

The customer participants were instructed to browse as much or as little as they liked,
and told that they could ask questions about cameras or simply listen to the shopkeeper’s
recommendations.

To create variation in the interactions, customer participants were asked to role-
play in different trials as advanced or novice camera users, and to ask questions that
would be appropriate for their role. Some camera features were chosen to be more
interesting for novice users (color, weight, etc.) and others were more advanced (High-
ISO performance, sensor size, etc.), although they were not explicitly labeled as such.

Customer participants were not given a specific target feature or goal for the in-
teraction, as we were mostly interested in capturing the shopkeeper’s proactive sales
behavior. All participants were instructed to focus their discussion on the features listed
on the camera spec sheet, ranging from 8 to 10 features for each camera, to minimize
the amount of “off-topic” discussion.
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Customer participants performed 24 interactions each (12 as advanced and 12 as
novice) for a total of 216 interactions. 17 interactions were removed due to technical
failures of the data capture system and one participant who did not follow instructions.
The final data set consisted of 199 interactions, including a total of 2568 shopkeeper
utterances and 2299 customer utterances.

3.3.5 Observed Behavior
Overall, the shopkeeper participant followed our suggestions and acted in a very proac-
tive way. He often spoke in long, descriptive utterances and volunteered extra infor-
mation when answering questions. In cases where a customer was silent or not asking
questions, he frequently provided additional information about a camera or guided the
customer to a new camera, so we considered his behavior to be fairly proactive and thus
appropriate for this study.

This interaction data differed from that of the previous study in a few ways. First, the
shopkeeper’s utterances tended to be much longer and more complex, sometimes talking
about 2 or 3 topics in one sentence. Second, the shopkeeper often proactively spoke if
some silence had elapsed after his last utterance. Third, the customers demonstrated
more “backchannel” utterances. For example, a customer might say, “oh, ok,” after
listening to an explanation, but not ask a follow-up question. In such situations, the
shopkeeper in this study often performed proactive behaviors, such as volunteering more
information about the current camera or continued his previous explanation.

We performed an analysis of the customer utterances to identify whether an utterance
required a response (such as a question or a request) or did not require a response (such as
a backchannel utterance). We found that 527 (22.8%) of the customer’s 2299 utterances
did not seek a response from the shopkeeper. There were also 209 instances when the
customer was occupied with playing with the camera, reading the spec sheet, or just
decided not to do anything, and thus did not speak or move for some time. In these
situations, the shopkeeper took the initiative to perform some proactive behavior.

Figure 3.2 illustrates an example interaction from the new data collection. The
customer first asks about a lightweight camera, prompting the shopkeeper to show the
customer to the Sony camera. The shopkeeper then answers the customer’s question
about the price. Next, after several seconds of silence, the shopkeeper proactively
presents more information about a different feature.

3.4 Proposed technique

3.4.1 Overview
In order to reproduce both reactive and proactive behaviors for a robot, we used a
sequence of techniques that enable behavior contents and interaction logic to be di-
rectly learned from noisy sensor data without human intervention. An overview of
the techniques is shown in Fig. 3.3, which illustrate how behaviors are learnt from
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Figure 3.2: An example interaction from the data collection
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Figure 3.3: Overview of the proposed system elements.
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human-human interaction and generated in human-robot interaction. The key steps of
the techniques are listed here:

1. Abstraction of typical behavior patterns (Sec. 3.4.2): Continuous streams of
interaction data captured from sensors are abstracted into typical behavior patterns,
and the corresponding joint state vector and robot action are defined.

2. Defining yield actions (Sec. 3.4.3): To enable the robot to generate proactive
behavior, we introduce the concept of a yield action, which represents the moment
when an interactant yields his turn and does nothing, allowing the robot to take
initiative.

3. Incorporating interaction history (Sec. 3.4.4): We introduce interaction history
by concatenating the last k joint state vectors to provide contextual information
for generating proactive behavior.

4. Learning to attend to history (Sec. 3.4.5): To improve the efficiency of learn-
ing, we propose the use of an "attention" mechanism which ascribes weights to
the relative importance of various steps of interaction history as inputs to learn
appropriate behaviors.

In this work, we used the techniques presented in Chapter 2 for Step 1, while Steps
2-4 constitute the novel contributions of this work which enable proactive behavior
generation.

3.4.2 Abstraction of typical behavior patterns
In order to learn effectively despite the large variation of natural human behaviors and
noisy inputs from the sensor system, the continuous stream of captured sensor data
needs to be discretized by time into behavior events, and then abstracted into common
behavior patterns. Here we briefly describe our techniques:

1. To find common, typical behavior patterns in the training data, we used unsuper-
vised clustering and abstraction to identify utterance vectors, typical utterances,
stopping locations, motion paths, and spatial formations of both participants in
the environment.

2. An interaction is discretized into a sequence of actions, which are defined when-
ever: (1) a participant speaks and/or (2) a participant begins moving to a new
location.

3. For each action detected, the abstracted state of both participants at the time is
represented as a joint state vector, with features consisting of their abstracted
motion state, the utterance vector of the current spoken utterance, and their spatial
formation.
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Figure 3.4: Example of abstraction for joint state vector and robot action.

4. For each observed shopkeeper action, we define a corresponding executable robot
action, consisting of a typical utterance, represented by an utterance ID, and a
target spatial formation. For example, a robot action can consist of utterance ID
5 along with the target formation of present Nikon. This triggers the robot to
execute the typical utterance “It’s $68” associated with utterance ID 5 and execute
a motion to attain the formation of present Nikon. Fig. 3.4 shows an example of
how joint state vector and robot action are abstracted from the sensor data.

These data processing and abstraction techniques closely follow the procedure
followed in Chapter 2, and additional details are presented in the Appendix.

3.4.3 Definition of yield actions

To enable the robot to predict the timing when a proactive action should be generated,
we define a yield action. A yield action represents a moment when the customer is
yielding the floor, providing an opportunity for a proactive behavior to be executed. This
can be observed in natural human-human interaction, where the interactive partners
engage in various phases of turn-taking dynamic such as seizing, holding, and yielding
the floor [27, 28]. In our observations from the human-human interaction, we noticed
that the customer was sometimes occupied with playing with the camera or reading
the spec sheet, or sometimes just decided not to do anything, and thus did not speak
or move for some time, indicating that the customer may have relinquished his turn.
As observed in 209 instances from our training examples, the shopkeeper often seized
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the opportunity to do something proactive, either by proactively talking about another
feature or introducing a new camera.

Here, we elucidate how yield actions can be identified from the time-series data.
Using the same deep-rooted turn-taking principles that govern human social behavior,
an action is identified whenever: (1) a participant speaks an utterance (end of speech),
and/or (2) a participant changes their moving target, and/or (3) an interactant yields his
turn of taking an action.

Since we already have full knowledge of the entire sequence of actions for an
interaction in the training data, we can assume that the customer has yielded his turn
whenever we observe two consecutive occurrences of shopkeeper actions, based on the
findings presented by Duncan [27] and our observation that the shopkeeper proactively
performed another action after his previous action. For example, after a detection of
a shopkeeper speech action (e.g. answering a question), if the subsequent observed
action is another shopkeeper speech action (e.g. talking about a camera feature), we can
assume that a customer yield action has occurred between the two shopkeeper actions.
Likewise, this strategy can be applied for the detection of a shopkeeper yield action.

Since we do not have the knowledge of future action events in real-time human-
robot interaction, we need to detect the customer yield action by determining the exact
moment when the customer yields his turn. Studies in HRI have analyzed the timing
in turn-taking interaction, where the response delay of an user yielding the floor and
another user seizing the floor was investigated [15, 134].

Turn-taking is a complicated problem, involving gaze, prosodic, linguistic, and
gestural signals as well as timing, but for the current study we make the simplifying
assumption that we can detect a yield action using a timing threshold. This assumption
has been made in other spoken dialogue systems as well [105]. To determine a time
threshold for identifying yield actions, we computed the average amount of time elapsed
between two consecutively observed shopkeeper actions in the training data. This value
was calculated to be 3.52 seconds.

In our system, we thus defined a customer yield action to occur if the customer did
not begin speaking or moving within 3.52 seconds after the end of the previous robot
action.

3.4.4 Incorporating interaction history

Although single-step prediction might be sufficient for answering questions, there are
many situations where context is important. For example, an answer to a customer’s
question such as, “how much does this cost,” can be generated based on the most recent
customer utterance and spatial location – information from interaction history is not
necessary. However, some statements or backchannel utterances from a customer, such
as “Okay,” or “I see”, do not contain information which uniquely determines a robot
response. In cases like these, as well as in cases where the customer has yielded the turn
by silence, an appropriate proactive shopkeeper action will depend to some degree on
the previous interaction context.
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For example, if a customer yields a turn after the robot presents a camera feature,
it might be appropriate for the robot to elaborate in more detail on the feature it just
presented, which is directly dependent on the history of the robot’s previous utterance.
At other times, it might be appropriate for the robot to present a new feature, in which
case interaction history is necessary to choose a feature which has not been previously
discussed. Sometimes there is an inherent sequence to robot behaviors. For example,
the robot might first move to a new camera to introduce it, and subsequently offer for
the customer to pick it up and try the camera, and these behaviors cannot be executed in
the reverse order. There are other situations where the robot asks for confirmation about
something the customer said, and the customer responds by saying “yes,” in which case
the robot must take an action which is based on the customer’s previous, rather than
current, utterance.

To address these cases, we propose the use of interaction history to provide enough
information for the robot to determine an appropriate action for a given context. From
our observations of the training data, we found that the shopkeeper’s proactive actions are
typically dependent on only a few steps of history, such as responding to the customer’s
previous statement or elaborating on his own previous statement or explanation. There
is a tradeoff in which including a longer history increases the system’s ability to learn
based on history context, but it also increases the dimensionality of the input vector,
requiring more training data for stable learning. For the amount of training data available
in our study, 3 steps of history seemed to be a good balance, and adequate enough to
demonstrate a proof-of-concept to enable the robot to learn certain proactive behaviors,
such as presenting a new camera feature.

Thus, we chose to include the three most recent discrete actions as inputs to the
classifier. Once an action is detected, a joint state vector, describing the state of both
interactants at the time, is appended to the interaction history, which is kept at a fixed
size of 3 steps.

To illustrate the concept of interaction history in our system, Fig. 3.5 shows an
example of how customer and shopkeeper actions from the training data are segmented
into sets of 3 action vectors (actiont−3,actiont−2,actiont−1). These action vectors are
used as inputs for training the behavior predictor. The subsequent shopkeeper action
is represented as a robot action vector, and it is used as the training output for the
predictor. In this way, interaction history segments are used to train the robot to predict
an appropriate action.

3.4.5 Learning to attend to history

While using interaction history may provide valuable context for predicting proactive
behavior, the increased complexity and noise of back-and-forth dialog history also
introduces irrelevant information, and thus considerably slows the rate of learning task
[23]. The inclusion of irrelevant information may thus hinder the robot’s ability to learn
correct behaviors.

To help the system learn more effectively, we can exploit the fact that some behaviors
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Figure 3.5: Example of how actions are identified in the training data. A yield action
is identified whenever two consecutive actions are detected from the same participant
without any action detected in between.
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are more dependent upon specific steps of history than others. For example, answering a
customer’s direct question about a camera feature is primarily dependent only on the
customer’s most recent utterance, that is, actiont−1. On the other hand, when a customer
yields the turn and the robot generates a proactive behavior, the decision is more likely
to be dependent upon the robot’s own previous action, actiont−2, and possibly also the
customer’s previous action, actiont−3. In the case where the customer says “yes” when
the robot asks for confirmation, the decision may depend most heavily on actiont−3. If
the predictor can be trained to focus only on the most relevant steps of history, it may be
possible to improve the efficiency of learning.

To achieve this, we applied a recently introduced architecture in the deep learning
field, a feed-forward deep neural network with an attention mechanism proposed by
Raffel and Ellis [104]. For each possible training label, the attention mechanism takes
each input in the sequence and learns an adaptive weighted average based on each input.
This value can be thought as the “relevance” of the inputs, according to the context. Thus,
this method has the capability to learn which part of interaction history is relevant for
generating a robot action, and also the advantage of visualizing into the neural network
to see which part of the history the network is attending to.

Fig. 3.6 shows the schematic of the neural network, where the training input is
the interaction history, consisting of an input sequence of the three most recent joint
state vectors, X =

{
jsvt−3, jsvt−2, jsvt−1

}
. The hidden layer H = {ht−3,ht−2,ht−1} is

generated by a forward pass through a regular deep neural network (DNN). The attention
mechanism, a(ht), is computed using a single layer perceptron and then a softmax
operation to normalize the values between zero and one, as expressed in Eq. 3.4.1.

γ = tanh(Waht +ba)

a(ht) = so f tmax(γ) (3.4.1)

where Wa, ba are parameters optimized by the network using the backpropagation
algorithm. Thus, we can model each conditional probability of the robot actions as:

p(robot action | X) = g(Ha) (3.4.2)

where g is a nonlinear, multilayered neural network that outputs the probability of a
robot action.

The value of a(ht) is a weight learnt by the DNN, which describes how much of each
step in the interaction history should be considered for each robot action. So if at−1 is a
large number, this would mean that the DNN pays the most attention to the most recent
step of the interaction history, and thus is important for predicting the robot action.

Fig. 3.7 depicts an example interaction segmented into actions during online oper-
ation of the system. Customer and shopkeeper actions are detected when they speak,
whereas the customer yield action is identified after a specified time has elapsed since
the last shopkeeper action. When an action is detected, the interaction history, consisting
of a sequence of joint state vectors, is sent as a query to the trained DNN, which updates
an attention value for each input. The neural network then predicts the probability
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Figure 3.6: Schematic of the deep neural network with an attention mechanism.

Figure 3.7: Example of how actions are discretized and represented as joint state vectors
in the interaction history during online operation of the system. A customer yield action
is generated when no action has been detected for 3.52 seconds since the last robot
action.
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condition for each robot action and selects the robot action with the highest probability
condition for generation.

3.4.6 Examples of using the Attention Mechanism

Here, we would like to illustrate some examples of our system with the attention
mechanism. One feature of the attention mechanism is that the value of a(ht) provides
us with a way to visualize which step of the input sequences the neural network is
attending to. The higher the value of a(ht) for a certain step in the interaction history,
the more it is considered for predicting a robot action.

Fig. 3.8 shows some examples of predictions made by our system, in which darker
shades of blue represent higher attention weights. For simplicity of presentation, only
utterances are shown, but our system uses spatial data as well. These examples were
generated by taking a sequence of three actions from the training data (customer –
shopkeeper – customer) and feeding them into a trained deep neural network with an
attention mechanism to predict an output shopkeeper utterance.

Example 1 shows a typical exchange in which a customer asks a question about
features of a camera. In this case, the predictor has correctly predicted the answer, and
the attention model selects the most recent customer utterance, that is, the question, as
the most important factor for predicting the robot’s answer.

Example 2 shows a typical example of a situation where the shopkeeper must
generate proactive behavior which is not answering a question. In this case, the attention
model chooses the customer’s previous utterance as the most relevant. We hypothesize
that this is because the customer’s previous question helps to define the set of proactive
behaviors which would be appropriate in this context. In this case, the system chooses
to present a different feature of the same camera.

Example 3 shows a typical example of a situation where the shopkeeper must
generate proactive behavior which is not answering a question. In this case, the attention
model detects a customer yield action, and chooses the shopkeeper’s previous utterance
as the most relevant input. In this case, the system chooses to move to introduce a new
camera. We observed that the robot was able to learn the appropriate behavior due to
interaction history, which would not have been possible if the robot was only to predict
based on the most recent customer action, that is, the customer yield action.

These examples show some successful predictions, but we are not claiming that
the attention mechanism will work for all situations. Sometimes, the predictor fails
using our current approach. These examples were chosen because they illustrate that an
attention model such as this could be a useful tool for visualizing a black-box system
like a DNN.
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Figure 3.8: Examples of successful predictions using our attention mechanism technique
for a history length of three. Shaded boxes show the relative weight of a(ht) from the
DNN assigned to each action, indicating its importance in predicting the final prediction.
Darker shading indicates higher weight.
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3.5 Offline Evaluation
Before evaluating our system with a live robot, we performed an offline evaluation of the
behavior predictor through cross-validation with the training data, in order to confirm
the effectiveness of the proposed inclusion of history and attention in the learning
mechanism.

3.5.1 Evaluation procedure
A cross-validation data set was generated by randomly selecting 500 customer-shopkeeper-
customer behavior sequences from the dataset, together with the following shopkeeper
behavior which was to be predicted. The remainder of the training data, excluding the
selected sequences, was used for training the predictors.

Five predictor variants were evaluated. All evaluations included the proposed detec-
tion of yield action, and the conditions differed by the type of classifier, the inclusion of
history, and the use of the attention model.

1. NB-1: A Naïve Bayesian classifier trained on the most recent single customer
action. This was the classifier from Chapter 2, so we designated it as the baseline
for comparison.

2. NB-3: A Naïve Bayesian classifier trained with history (i.e. the most recent three
steps of actions: customer–shopkeeper–customer).

3. DNN-1: A DNN trained on the single most recent customer action.

4. DNN-3: A DNN trained with history (i.e. the most recent three steps of actions:
customer–shopkeeper–customer).

5. DNN-3-AM: A DNN trained with history, which also incorporated an attention
mechanism, as described above.

Normalized initiation, described by [53], was used to initialize the DNN in (3) – (5).
The networks were trained to minimize the cross entropy loss for 10000 epochs between
the target output and the observed output for the entire training set.

To perform this comparison, we evaluated the “social appropriateness” of the pre-
dicted behaviors, rather than simple prediction accuracy, because many synonymous
and equally acceptable utterance behaviors exist in the data set. For example, “$2000”,
“it’s only $2000”, and “the camera body is only $2000”, could all be considered equally
valid answers to the question of the price of one of the cameras. This approach is similar
to the procedure used in Chapter 2 for evaluating the appropriateness of robot behaviors.

We asked a human coder, naïve to the experimental conditions, to manually rate
the acceptability of each prediction as “acceptable” or “unacceptable”. Unacceptable
behaviors included factually incorrect responses, failures to answer a question, strange
behaviors like moving away to a new camera while a person was waiting for a response,
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Table 3.1: Results of manually-coded cross-validation comparison. The result of DNN-
3-AM showed a signfiant difference when compared with the baseline system

Classifier Behavior Correctness Significance (vs. NB-1)
NB-1 (baseline) 56.2% –
NB-3 39.0% p < .001
DNN-1 60.2% N.S.
DNN-3 61.8% N.S.
DNN-3-AM 62.4% p < .05

and repetition of the previous shopkeeper behavior if not appropriate to do so. To evaluate
the appropriateness of the classifiers, the predicted behavior should exhibit similiar traits
as that of a proactive human shopkeeper. In our scenario, the human shopkeeper
proactively introduce new camera features or a new camera when the customer is silent
or says a “backchannel” utterance, which may be dependent on the interaction history.
Similarly, the classifer should also predict utterances that are introduce new camera
features or a new camera when the customer input is silent or says a “backchannel”
utterance.

As the behavior appropriateness ratings require subjective judgment, we confirmed
the consistency of the coder’s evaluations by asking a second coder to independently
rate the same data set. Their results were compared, and a Cohen’s Kappa value of 0.80
was calculated, indicating very good interrater reliability, so we consider the coder’s
ratings to be reliable.

3.5.2 Results

To evaluate statistical significance of differences between the conditions, a chi-squared
test was performed, comparing each of the classifiers against the NB-1 (baseline)
classifier. The results of the cross-validation comparison are shown in Table 3.1.

For the NB-3 classifier, the chi-squared test showed significance, χ2 ((1, N =500)
= 28.63, p<.001) indicating that simply adding history to the Naïve Bayes classifier
resulted in significantly worse performance than simple single-step prediction. For the
DNN-1 classifier, a chi-squared test did not show statistical significance, χ2 ((1, N =500)
= 1.46, p = .227). The performance of the DNN-3 classifier again did not show a
significant difference from the baseline in a chi-squared test, χ2 ((1, N =500) = 2.75,
p = .097). The proposed DNN-3-AM classifier provided the highest performance, and a
chi-squared test showed a significant difference from the baseline, χ2 ((1, N =500) =
4.45, p = .035).

This evaluation shows that simply adding history as inputs to the original NB-1
classifier resulted in significantly worse performance, whereas the proposed DNN-3-AM
technique incorporating both history and the attention model, performed significantly
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better than the baseline predictor.

3.6 User Study
We designed the without-abstraction system to be similar to other state-of-the-art data-
driven techniques for generating interactive robot behaviors. For example, Admoni et al.
[1] developed a system that matches observed data in real-time to the nearest example
from human-human training data to select a robot behavior, following the idea that
people learn to communicate by mimicking observed behavior in a given situation.

Thus, we created a modified version of our system which also uses the observed
sensor data in real-time to find the most similar example from the training data. If our
data were not susceptible to noise, the behavior generated by the without-abstraction
system would have represented exactly what a human shopkeeper had done in a similar
situation. The differences between the proposed and without-abstraction systems are
described here and summarized in Table 2.3.

3.6.1 Comparison System

We designed the baseline system, NB-1, to be the system used in Chapter 2. This
baseline system is the state-of-the-art approach that aims to generate an entire HRI by
directly learning from observations of human-human examples in the physical world,
which is consistent with the goal we want to achieve in this Chapter.

To observe the effect of the new proposed features in live interaction, we conducted
a user-study to compare the two conditions: (a) proposed, using customer yield actions
and the DNN-3-AM classifier, and (b) baseline, a system using the NB-1 classifier and
not using customer yield actions.

3.6.2 Hypothesis and Prediction

In the evaluation experiment, we made the following hypotheses about the effects of our
proposed techniques:

1. Identifying customer yield actions will lead to more proactive robot behaviors in
the proposed system, since the robot is able to identify the moment when it should
take an action.

2. Using DNN-3-AM classifier will enable the robot to generate behaviors that are
context-sensitive in the proposed system, thus the robot will behave in a more
socially-appropriate way.

3. Overall, this will lead to better interaction using our proposed system, since
proactive behavior is often desirable in a good service interaction.
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3.6.3 Experiment Setup

3.6.3.1 Participants

A total of 15 paid participants (11 male and 4 female, average age 31.3, s.d. 2.37) played
the role of customer in the experiments. All of them were fluent English speakers.

3.6.3.2 Environment

The experiment was conducted in the same camera shop setting used for the data
collection, with three digital cameras displayed in an 8m x 11m experiment space. The
same sensor network was used for tracking, and the participants communicated with the
robot using an Android phone for speech recognition.

3.6.3.3 Robot Platform

For this experiment, we used Robovie 2, a humanoid robot with a 3-Degree-of-Freedom
(DOF) head, two 4-DOF arms, and a wheeled base. We implemented the proposed
techniques in the robot, enabling the robot to autonomously generate behaviors based on
inputs from the sensor network and speech recognition results. For its motion behavior,
Robovie is capable of moving at a speed of 0.7 m/s. For its motion planning, the dynamic
window approach (DWA) was implemented to avoid obstacles [32]. For its utterances,
we used the Ximera speech synthesis system [60] to output synthesized utterances.

To make the interaction process more natural, we implemented idling behavior in
the robot for both conditions, in which the robot makes small arm and head movements
while idling, speaking, and moving [120]. Automatic head-tracking of the robot’s
interaction partner was also implemented, and the robot followed the customer with its
gaze during all interactions.

3.6.3.4 Procedure

We compared the robot’s performance between two conditions: proposed and baseline.
For each condition, we asked participants to role-play for 4 trials, to reflect a variety
of social situations in a camera shop. To evaluate how well the robot reproduced the
behavior of the human shopkeeper in a variety of situations, the participants were asked
to role-play as: (1) a need-based customer (2 trials): who was looking for features as
either someone familiar or unfamiliar with cameras, and (2) a quiet customer (2 trials):
who was not looking for anything in particular and didn’t have much to say, and was
encouraged to read the spec sheets or play with the cameras. For both customer types,
they were encouraged to walk around the shop and show an interest in learning about
camera features. The order of the conditions was counterbalanced and the order of the
trials within each condition was randomized.

As in our data collection, participants were asked to pretend to be a first-time
customer in the camera shop for every trial and the participants performed 2 sample
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interactions before the experiment to become familiar with the Android phone interface
and confirm their understanding of the instructions.

After the 4 trials in one condition were completed, the participant answered a
questionnaire. The procedure was repeated with the remaining condition: (baseline or
proposed).

3.6.4 Measurement
Before the experiment, we explained to each participant that the goal of this project was
to create a proactive robot shopkeeper which could assist customers in a camera shop,
and that we would like them to evaluate how well the robot was able to demonstrate that
proactivity. After the experiment, we had each participant fill out a written questionnaire,
rating the following items on a 1-7 scale (1 being very negative and 7 being very positive
for the respective items):

1. How proactive was the robot’s behavior?

2. How socially appropriate were the robot’s behaviors?

3. Overall evaluation

After the questionnaire was completed, the participants were interviewed to gain a
deeper understanding of their opinions of the robot’s behavior.

3.6.5 Results
3.6.5.1 Questionnaire Results

Fig. 3.9 shows questionnaire results from the participants. To compare each rating
between the proposed condition and the baseline condition, we conducted a repeated-
measures ANOVA for each of the three questions.

We verified that all of our predictions were supported, as this analysis found signifi-
cant differences between the conditions for all ratings: “Proactivity” (F(1,14)=28.332,
p<.001), “Social Appropriateness” (F(1,14)=5.250, p=.038), and “Overall evaluation”
(F(1,14)=7.875, p=.014).

1. The results support our hypothesis that the participants would perceive the robot
to be more proactive using the proposed system than the baseline system.

2. The results support our hypothesis that participants would perceive the robot to be
more socially appropriate with our proposed system than the baseline system.

3. The results supported our hypothesis that the proposed system would lead to a
better overall interaction than with a baseline system.
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Figure 3.9: Questionnaire results from the user study evaluation.

3.6.5.2 Qualitative Observations

We observed that there was qualitative difference between the behaviors of the proposed
robot and the baseline robot. When the robot was waiting by the service counter and
noticed the customer was playing with the camera, the proposed robot would approach
the customer and start explaining about the features of that particular camera. In contrast,
the baseline robot would not take any initiative to approach the customer, but rather just
stayed at the service counter until the customer asked a question.

When both the customer and the proposed robot were at the same camera, the robot
would proactively explain camera features to the customer, even before the customer
asked anything about the camera. For example, when the customer was looking at the
Nikon camera, the proposed robot would say: “pick it up see how light it is it is only
120 grams”. If the customer continued to play with the camera and thus did not say
anything, the proposed robot would continue to introduce a few other features, e.g. the
optical zoom or the price.

On occasion, the proposed robot would also proactively offer information about a
different camera to the customer, without the customer asking about it. For example,
while at Sony, the robot would sometimes introduce a different camera to the customer,
“over here we have the Nikon”. In contrast, the baseline robot would just answer
questions, but not take any initiative to talk about camera features or introduce new
cameras. Rather, it stood silently by the customer when the customer had nothing to say
to the robot.

We also observed that the proposed robot was able to generate behaviors appropriate
to the interaction context, even when what the customer just said contained little infor-
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mation for what the robot should do next. For example, in one case the proposed robot
asked a customer who was looking to take travel pictures,“so you need a camera you
can take anywhere use easily”. With the customer’s response of “yes yes I need that”,
the robot then introduced a small lightweight camera, Nikon, to the customer. Because
interaction history was implemented in the proposed robot, the robot was able to answer
appropriately according to the interaction context. In contrast, the baseline robot would
not have been able to respond to such customer utterance properly (i.e. “yes yes I need
that”), since it only uses the most recent customer’s utterance for prediction.

An example interaction with the proposed robot interacting with a quiet customer is
shown in Table 3.2. At first, the robot answers the customer’s question about the Canon
camera. Then the customer walks to Nikon camera, for which the robot proactively
introduces a couple of the camera features (similar to the human shopkeeper, the robot
would sometimes introduce 2 or 3 features in a single utterance). The customer then
walks to Sony, which triggers the robot to also move to Sony and talk about a feature
of the Sony camera. The customer thanks the robot and leaves the shop, at which
point the robot also thanks the customer for coming to the shop. As observed, this
interaction demonstrates that the proposed robot was able to answer questions (i.e.
reactive behavior) and proactively explain new features (i.e. proactive behavior).

3.6.5.3 Interview results

From our interview result, many participants thought both proposed and baseline robots
were friendly, and liked it when the robot greeted them when they entered the shop.
Many participants commented that they felt more engaged with the proposed robot than
with the baseline robot. The proposed robot asked them questions (e.g. “what sort
of pictures do you take?”) and talked about camera features, when the customer was
just simply playing with the camera. One participant also said that he liked when the
proposed robot initiated conversation, since he had no idea what he would say to a robot
in a shop. Many participants also commented that the proposed robot seemed more
approachable, more attentive, and more aware.

It is interesting to note that some participants preferred the interaction style of the
proposed robot much more than the baseline robot. One participant said the baseline
robot reminded her of a surveillance system, where the robot is watching to see if she
has damaged any goods. Another participant felt annoyed by the baseline robot, as it
followed him around the shop, but did not say anything to him when he was just looking
at the cameras.

3.7 Discussion

3.7.1 Contribution
In this study, we demonstrated that the robot was able to generate both reactive and
proactive behaviors from examples of human-human interaction. We found the robot
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Table 3.2: An example of the robot interacting with a customer

(1) (Customer and Robot at Canon)
Customer: “Can you tell me a little bit about this camera?”
Robot: “You have full creative control it has every possible manual setting”

(2) Customer (picks up the camera and plays with it)
Robot “We have one set up here with a zoom lens if you would like to try it"

(3) Customer: “Ok thank you” (walks to Nikon)
Robot: (moves to Nikon)
Customer: (reads the spec sheet)
Robot: (goes to Nikon) “Would you like to take a couple pictures with at first”

(4) Customer: (plays with the camera)
Robot: “Here is the optical zoom you can see the effect it has on your picture”
Customer: (continues playing with the camera)
Robot: “The two most important things with this kind of cameras that the
pictures are great quality because everybody’s going to look at them and I can
respond very quickly because it’s all about being out with friends and family”
Customer: “Yeah that’s true”
Robot: “It comes in a range of colors it takes fantastic pictures it’s really easy
to use so you can focus on the photograph instead of all the camera settings”

(5) Customer: “Oh thanks” (walks to Sony)
Robot: (moves to Sony) “Good afternoon how can I help”
Customer: (plays with the camera)
Robot: “It’s an excellent camera that takes the same quality pictures as a
top-end camera without the top and price”

(6) Customer: “Okay well thanks so much for the information” leaves the shop
Robot: (returning to service counter) “No problem have a good afternoon”
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was able to not only answer customer questions, but also proactively assist the customer
by introducing new features or a new camera. At times, the robot was also able to
respond based on interaction context, even when what the customer just said contained
very little information (e.g. “yes please”). Through an offline evaluation and a user-study
evaluation, we demonstrated that the robot was perceived as more proactive, more
socially-appropriate, and better overall with our proposed techniques, as compared to a
baseline system that did not use our techniques.

While the robot was able to generate proactive behaviors, we recognize that there
were some behavior elements such as gestures missing, which made the interaction a
bit confusing. For example, while at one camera, the robot would sometimes introduce
a camera at a different location (e.g. “over here we have the Nikon”). This sometimes
confused the customer, since the robot did not point to the camera it was referring to. In
the data collection, the human shopkeeper would point to the camera he was referring to,
but this abstraction of deictic behaviors was not part of our learning system, thus was
not reproducible by the robot. In future work, considering deictic behavior as part of the
learning system would be worth exploring as an extension to the current system.

3.7.2 Identifying yield actions in turn-taking

In this study, we demonstrated that proactive behavior can be generated by identifying
yield actions based on a timing threshold. This was validated by a user-study evaluation,
where the participants perceived the robot to be more proactive with our proposed
technique for identifying yield actions.

While identifying yield actions based on a timing threshold worked well in our
situation, we believe that this technique can be improved by including other ways of
identifying yield actions. For example, we noticed that a few customers signaled the
robot to continue speaking by making eye contact with the robot or nodding to the
robot. These nonverbal behaviors as signals for the robot to continue taking initiative are
explored in both psychological [28, 42] and HRI studies [86, 106]. Thus, the detection
of non-verbal feedback for a more natural turn-taking behavior in a robot could be
interesting to explore in future work.

3.7.3 History Representation

In our scenario, we demonstrated that the robot was able to reproduce the behaviors
of a proactive shopkeeper with a fixed-length of three history steps with our proposed
system. While the choice of three history steps was enough for our scenario, we wonder
whether perhaps increasing the length of history would allow the robot to behave in a
more complex way. For example, sometimes the customer would state their goal at the
beginning of an interaction, “I am looking for a camera that is easy to carry around”.
Since only the immediate history was used for training and generating robot behavior,
the robot may forget to talk about features that are related to a lightweight camera after
a while.
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Although it may be desirable to include the entire interaction history as training
inputs, there is a trade-off between learning the appropriate proactive behaviors and
learning question-answer behaviors. When only a short history length is used, it is likely
the robot may learn question-answer well, but not learn context-dependent proactive
behaviors well. In contrast, if the interaction history is too long, there is a possibility
the robot may learn some context-dependent behavior well, but fail to answer some
questions correctly. Nevertheless, we demonstrated that including just the immediate
history reproduced reasonable proactive behaviors for the dataset we have, whereas how
absolute history can be represented for a more complex interaction can be explored in
future work.

3.7.4 Generalizability and Scalability

We believe that this data-driven approach can be applied for domains where repeatable
interactions can be captured, and where the proactive behaviors demonstrated by the
human follow a formulaic pattern and are context-dependent. Thus, this data-driven
approach can also apply to several domains, for instance, a museum tour guide robot.
The task of an art museum tour guide robot not only includes answering questions about
a particular artwork (e.g. facts about the artist), but also includes proactively explaining
about other interesting anecdotes about that particular artwork (e.g. the medium used
or time period completed). We can also imagine a tourist center robot, where its tasks
could include both answering questions about a tourist attraction (e.g. operating hours)
and expatiating about other details (e.g. admission cost).

There may be some domains to which our approach cannot be generalized. These
domains might require proactive behaviors that are dependent on subtle social cues or
establishing a knowledge base about the user. One example might be an educational
robot that proactively teaches a language, where the lesson is tailored to the student’s
comprehension of that language. We imagine such domain would be difficult to learn
with our current approach, since such framework containing the knowledge about a user
(i.e. level of comprehension) is not represented in our system.

3.8 Conclusion

In this work we have successfully demonstrated a system designed to reproduce not
only reactive behaviors for a robot (e.g. answering questions), but also proactive
behaviors (e.g. providing unsolicited information) that are learned from human-human
interactions. This was accomplished through three proposed techniques, including
detection of yield actions, incorporating interaction history, and using an attention
mechanism to learn which history steps are important for predicting the robot behavior.
First, we demonstrated that our proposed technique was rated the highest in terms of
behavior correctness among five different methods for predicting robot behaviors. Then,
we validated our approach in a comparison user-study. Our evaluation showed that the
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proposed system enabled the robot to generate more proactive, more socially-appropriate,
and better behaviors overall, as compared with a version of the system that did not use
these techniques.

Social robots are now appearing in the real world, and we are seeing a growing market
in the service industry for robots which interact with customers. In such situations,
proactive behavior may prove to be necessary to enable the robots to proactively engage
with their customers and users. In this work we have successfully demonstrated one way
in which a data-driven approach from our previous work can be extended to reproduce
proactive behaviors from a human shopkeeper, and we believe that data-driven techniques
like these will become a valuable tool for building real-world interaction logic for social
robots.

Appendix
Here we describe the data abstraction techniques we used that enable the learning of
high-level interaction logic in human-robot interaction to be achieved in an entirely
data-driven way, that is, without any kind of manual annotation or cleanup of the sensor
data. This follows the work presented in Chapter 2.

3.8.1 Action Discretization
We can represent an interaction as a sequence of actions, which are defined when one
of the participants speaks and/or begins moving to a new location. Speech actions are
defined whenever a participant speaks an utterance (end of speech), and motion actions
are defined at the moment when the motion target changes.

3.8.2 Defining input features
Here, we describe the features used in the joint state vector, including the abstraction
of motion (consisting of current location, motion origin, and motion target of both
participants, and a spatial formation), and an utterance vector of the current spoken
utterance. The total dimensionality of the input features was 1244.

3.8.2.1 Motion Abstraction

The purpose of the motion abstraction step is to characterize a set of stopping locations,
motion trajectories, and spatial formations which can be used to describe the motion of
the customer or shopkeeper as a combination of discrete state variables rather than raw
position or velocity data.

To begin the analysis, we segmented all trajectories in the training data into moving
and stopped trajectories, based on a velocity thresholding technique presented in [43].
We spatially clustered these trajectory segments to identify a discrete set of typical
stopping locations and motion trajectories for each role (customer and shopkeeper).
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For stopping locations, we used k-means clustering, identifying five stopping loca-
tions for the customer (i.e. the locations of the 3 cameras, the middle, and the door) and
five for the shopkeeper (i.e. the locations of the 3 cameras, the middle, and the service
counter).

For moving trajectories we used k-medoid clustering based on spatiotemporal match-
ing using dynamic time warping.

We created rules for identifying a predetermined set of common spatial formations
based on the distance between the interactants and their locations. The rules for spatial
formations are similar to three existing HRI proxemics models: (1) present object [145]:
both interactants were at stopping locations corresponding to the same camera, (2)
face-to-face [44]: both interactants are within 1.5m of each other but not at a camera,
and (3) waiting [64]: if the shopkeeper was at the service counter while the customer
was not.

In addition, we also identified the current spatial target for a particular spatial
formation. The formation target for “present object” can be either Sony, Nikon, or Canon,
whereas the formation target for the spatial formation “face-to-face” and “waiting” is
“none”.

3.8.2.2 Utterance Vectorization

We performed utterance vectorization for the customer and shopkeeper using common
text-processing techniques. Specifically, we removed stop words, applied a Porter
stemmer, enumerated n-grams up to 3, and performed Latent Semantic Analysis [70]
to reduce the dimensionality to 1000. To emphasize important keywords, we also used
the AlchemyAPI cloud-based service1 to automatically extract keywords from each
utterance and represented the keywords separately in the vector (200 dimensions). By
using this procedure, we were able to take any input utterance and represent it using a
1200 dimensional vector. Vectorization of customer and shopkeeper utterances were
performed independently.

3.8.3 Defining Robot Actions
In our system, each observed shopkeeper action must correspond to a discrete robot
action. A robot action consists of an utterance (represented by an ID number) with a
corresponding target formation.

Shopkeeper Utterance: In order to reproduce shopkeeper speech with a robot, it is
necessary to define a set of discrete utterance actions. Common utterances are frequently
repeated in the training data (for example, variants of “How may I help you?” occur 188
times), but these instances often include slight differences due to speech recognition
errors or individual variation. Thus, we used bottom-up hierarchical clustering based
on lexical cosine similarity to group these repeated and similar utterances into clusters
corresponding to discrete robot speech actions.

1http://www.alchemyapi.com
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From each shopkeeper utterance cluster, one utterance was selected for use in
behavior generation. We choose the utterance with the highest level of lexical similarity
to the most other utterances in the cluster, as this utterance would be the least likely
to contain random errors. For each utterance, we compute the cosine similarity of its
term frequency vector with every other utterance in the same cluster, and we sum these
similarity values. The utterance with the highest similarity sum is chosen as the typical
utterance. A total of 761 typical utterances was extracted from the shopkeeper utterance
clusters, which can be used to generate robot speech. Notice the typical utterance can
also be “none”, which means that the robot does not output an utterance.

Target Formation: We use the same abstraction rule described in Sec. 3.8.2.1 to
represent a target spatial formation for the robot (i.e. present product, face-to-face,
waiting, or none). This allows the robot to precisely calculate its target position and
facing direction defined by the specefic HRI model, in accordance with its estimation of
the customer’s destination.

For example, if the predicted target formation is different from the robot’s current
formation, the robot moves to attain the new target formation. Specifically, if the
predicted formation is face-to-face, the robot approaches the customer; if the predicted
formation is waiting, it returns to the service counter; if the predicted formation is
present-object, the robot approaches the target object; and if the predicted formation is
none, the robot stays where it is.



Chapter 4

An HRI model for Deictic Behaviors

This chapter illustrates how a generative behavior model can be developed, such that it
can be used as a building block in future data-driven application. In previous chapters,
we noticed the robot was able autonomously interact with customers in a mixed-initiative
interaction, but ambiguities still rise when the robot tries to introduce a new camera to
the customer. This motivates our current study of developing a deictic model, so that
it can applied in future data-driven application to enable more natural and humanlike
robot behaviors.

This chapter presents a study illustrating the process of developing a model for
generating deictic (reference) behaviors in a robot. The behaviors include pointing
motions and spoken utterances, and the model is developed based on observations of hu-
man interactions. Specifically, this model addresses the behavioral differences between
referring to objects and referring to people, and it incorporates social information about
the openness of the interaction.

Here I first present an empirical study in which a set of natural deictic behaviors
were observed in a variety of social situations. I then propose a model explaining the
differences between these behaviors in terms of a balance between understandability
and social appropriateness. Calibrating this proposed model based on empirical human
behavior, I developed a system able to autonomously select among six deictic behaviors
and execute them on a humanoid robot. Finally, I present an evaluation of the system in
an experiment in a shopping mall, and the results show that the robot’s deictic behavior
was perceived by both the listener and the referent as more polite, more natural, and
better overall when using the proposed model, as compared with a model considering
understandability alone.

4.1 Introduction
The importance of natural and humanlike human-robot interaction is gaining more
attention as robots gain presence in museums [5, 89, 122], classrooms [57], and elderly
care facilities [7, 109]. In order to facilitate natural and intuitive communication,
humanlike spoken, locomotive [119], and gestural behaviors are being developed for
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robots, and one important area of focus is in deictic gestures, such as pointing. Several
studies in human-robot interaction have focused on generating human-like multimodal
referring acts using both speech and gesture for objects [50, 110, 111, 116, 129] and
space [47, 126].

Our study focuses on a method for generating behaviors for a robot to point to a
person. There are important differences in the way someone gestures towards objects
and the way someone gestures towards a fellow person. When pointing to people, it is
often considered more appropriate to gesture casually to them rather than using a very
obvious pointing gesture, i.e. with an extended index finger. However, in most situations
there would be no reason not to use a clear and precise pointing gesture when identifying
an object.

As social human-robot interactions become more complex, it will be important to
consider the social appropriateness of a pointing gesture within the context of the con-
versation. For example, if an elder-care provider is consulting with another practitioner
about the health condition of a particular senior person, he would probably discreetly
point out that person, using a subtle pointing gesture, in order to reduce the risk of the
referent becoming aware and avoid causing anxiety to the referent. In such a scenario,
if a robot directly singled out the individual when discussing a sensitive topic (i.e. a
“closed” conversation), the robot would probably be perceived as socially-inappropriate.
It would be more appropriate for the robot to discreetly identify the referent, even if
it meant being less clear to its listener about the referent’s identity. However, if the
conversation was not of a sensitive nature, and the topic being discussed is neutral or
positive (i.e. an “open” conversation), the social consequences would be less severe, and
it might be acceptable for the robot to be more obvious about identifying the referent.

Existing models for generating deictic behaviors in robots are typically designed for
referring to objects, and thus do not consider this element of social appropriateness. In
this study, we present a model for generating socially-appropriate deictic behaviors for
pointing to people.

First, we present an empirical study of human pointing behavior, in which we confirm
that people usually do not use precise pointing gestures, that is, they typically do not
use the index finger to directly point towards another person, and that this phenomenon
becomes even more pronounced in the case of private, or “closed,” conversation.

We then propose a generative model for deictic behaviors, based on the idea of a
balance between understandability and social appropriateness: more precise pointing
gestures can increase understandability, but they can also be socially inappropriate.
Based on this concept and the data from our human behavior observations, we have
developed a model enabling a robot to reproduce human deictic behavior towards people.

Finally, we describe our implementation of this model in a real robot system and
present results from an experiment conducted with a robot in a shopping mall, showing
that people evaluated the robot’s behaviors as more natural and polite when social
appropriateness was considered in behavior selection.
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4.2 Related Work

4.2.1 Studies of Human Pointing Behavior

According to Kendon, the intention of precise pointing is to single out an object which
is to be attended to as a particular individual object [63]. He categorized this type of
pointing as the Index Finger Extended, for which not only the index finger, but almost
any extensible body part or held object can be used. The idea that index finger pointing
singles out a particular entity is a well-established idea in human science literature, and
it provides a useful basis for our categorization.

Some studies have examined the use of reference terms for people. In such studies,
the focus was mainly on generating a referring expression (e.g. “This is the coach”) to
single out someone as an individual person [48, 98, 139]. Accordingly, we also consider
verbal descriptive terms as part of our model for generating deictic behavior.

4.2.2 Human-Robot Interaction

Various generative robot behaviors first look at how humans behave as the basis of
behavior design. For example, Semwal et al. developed and verified a control system for
humanoid bipedal locomotion that was biologically based on human gait cycles [119].
However, the mechanism that drives us to act a certain way may not be obvious to us.
Hence, various studies use data-driven methods to extract the underlying mechanisms
that govern our behaviors, such as recognizing our emotional states through ECG data
[138], or identifying features that uniquely define us through EEG data [68]. In our
work, we first observe human deictic behaviors through data collection, and then we
incorporate the main factors that were identified in our analysis into our model.

Similar to Kendon’s work of index finger pointing to single out an object, studies
have attempted to model the idea of pointing as a way to resolve ambiguity. Bangester et
al. focused on the use of full pointing (arm fully extended) and partial pointing (elbow
bent) by varying the number of pictures in an array to manipulate the ambiguity of
a reference [4]. We will combine this idea of resolving ambiguity with an additional
politeness factor that applies when pointing to people.

Some studies in human-robot interaction have focused on generating human-like
multimodal referring acts using both speech and gesture for objects [50, 110, 116, 129],
and space [47, 126]. Brooks and Breazeal [9] describe a framework for multimodally
referring to objects using a combination of deictic gesture, speech, and spatial knowledge.
Schultz et al. focused on spatial reference for a robot using perspective taking [118].
In these studies, the robot points to a static object in the environment and produces
an appropriate deictic behavior that indicates where the target is. We will also study
multimodal behaviors in human-robot interaction, but with a focus on the social aspects
of pointing to people.
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4.3 Data Collection

4.3.1 Objective
We collected data from observations of real human deictic behavior so we could generate
a model enabling a robot to point naturally to people. Since pointing to objects has been
explored extensively in other research, we chose to focus on ways in which pointing
behaviors vary when pointing to people. In particular, we were interested in examining
three factors:
Object vs. person: As discussed in the introduction, we expected that people would
point precisely to objects but less precisely to people.
Open vs. closed: We expected that people would use less obvious gestures in “closed”
conversation, e.g. talking about someone in a negative way, than in “open” conversation.
Known vs. unknown: We wondered whether people’s behavior would be different if
they already knew the referent, such as in the case where saying their name would be
enough to identify the referent without ambiguity.

4.3.2 Procedure
We conducted the data collection in a shopping mall, as shown in Fig. 4.1 (a), with 17
participants (11 female, 6 male, average 23.7 years old), who were paid. We asked the
participants to role-play as customers in the shopping mall. An experimenter asked the
participant’s opinions about other products or visitors in the mall, and the participant
freely answered using deictic behaviors. The participants were not explicitly instructed
to use deictic behaviors, but rather instructed to “indicate” who the referent was.

We measured the behavior of the participants under 5 scenarios, chosen to measure
the factors described above. The scenarios were defined as follows:

1. Object: Referring to a product in the shopping mall that does not belong to either
the participant or the confederate (e.g. “Which of these cellphones do you think
looks better?”).

2. Open/Known: Referring to a mutual friend (one of two other acquaintances) in
an open conversation. (e.g. “With which of our friends did you take the same bus
to the mall?”)

3. Open/Unknown: Referring to a random, unknown customer in an open conversa-
tion (e.g. “Which person did you see at the train station yesterday?”)

4. Closed/Known: Referring to a mutual friend (one of two other acquaintances) in
a closed conversation, such as gossiping negatively. (e.g. “Which of our friends
do you think has no fashion sense?”)

5. Closed/Unknown: Referring to a random, unknown customer in a closed conver-
sation (e.g. “Which person do you think looks unfriendly?”)
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Each scenario consisted of 6 pre-determined questions, which were counter-balanced.
Before the experiment, we had a short ice-breaker session to familiarize the participant
with two additional experimenters, who were role-playing as the acquaintances in the
“known” scenarios. The two acquaintances stood at different locations for each question.
In the “unknown” scenarios, the participants were instructed to refer to actual customers
in the shopping mall. Video of each participant’s behaviors was recorded, and as we
expected that positions of surrounding people might affect the speaker’s deictic behavior
(i.e., identifying a referent among many customers would be more difficult than when
only a few customers were present), we used a human tracking system based on 2D laser
range finders (LRF) [34] to capture the positions of the people in the environment. Fig.
4.1 (b) shows the map of the environment in which the data collection was conducted.

The degree of crowding could not be explicitly controlled since the experiment
was conducted in a shopping mall. However, all trials were conducted under similar
conditions during weekday mornings and afternoons, with an average of 10.46 people
present in the environment across all trials.

For each question, the speaker’s pointing type and use of a verbal descriptive term
were coded and categorized from the recorded videos, as explained below.

4.3.3 Categorization of Pointing Types
We classified pointing gestures into three categories (see Fig. 4.2): “gaze only”, “casual
pointing”, and “precise pointing”. “gaze only” was defined as when the speaker only
gazes in the direction of the referent, without the use of any other pointing gestures.
“casual pointing” was coded as when the arm was only partially extended. These also
corresponded with the “Open Hand Neutral”, “Open Hand Prone”, and “Open Hand
Oblique” pointing gestures as defined by Kendon [63]. “precise pointing” was defined
as when the speaker’s arm and index finger were fully extended, based on Kendon’s
definition.

There was a range of variation in the amount of extension of the upper arm and
the forearm among participants, so for simplicity, we categorized the pointing type as
precise pointing only when the arm and the index finger were fully extended. All other
pointing was coded as casual pointing.

4.3.4 Categorization of Descriptive Terms
We analyzed the video to identify whether people used a verbal descriptive term. Here, a
“descriptive term” is defined as an utterance aside from the referent’s name that uniquely
singles out the referent from other people, e.g. based on relative location (“the person in
front of the coffee shop”) or a visible feature (“the person in the blue shirt”).

If only the referent’s name was used, it was classified as “name only”. If the
participant used only a general deictic reference term (“that person”), it was classified as
“no descriptive term”, since terms like “this” or “that” may not uniquely single out the
referent among surrounding people [7].
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(a) A photo of the data collection environment.

(b) Map of the data collection environment.

Figure 4.1: The shopping mall environment where the data collection was performed.
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Figure 4.2: Categorization of different pointing types
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Table 4.1: Ratio of behaviors performed from data collection

Pointing Style Descriptive Term
Scenario Gaze

Only
Casual Precise Desc.

Term
Name
Only

None

Open/Known .206 .706 .088 .402 .461 .137
Open/Unknown .265 .637 .098 .922 0 .078
Closed/Known .814 .167 .020 .245 .588 .167
Closed/Unknown .559 .373 .069 .951 0 .049
Object .049 .333 .618 .980 0 .020

4.3.5 Results and Analysis

For each of the 5 scenarios, a total of 102 reference behaviors were observed (6 questions
for each of the 17 participants). Using the recorded videos, an experimenter annotated
the pointing behaviors and whether descriptive terms were used by the participants in
each trial. This was used for the tabulation of Table 4.1. The experimenter also noted
down the referent’s position at the time when the speaker made the reference behavior,
as well as how long it took for the speaker to make the reference behavior. We noticed
that in addition to the use of deictic pointing behaviors to describe the referent, some
speakers also used other techniques of representation, such as using gesture to act out
putting on a jacket to describe a referent wearing a jacket. These types of gestures were
only observed a few times among the participants, and were not a universal phenomenon.
In this paper, we avoid these special cases and focus only on deictic language and
referential gestures.

The relative frequencies of behaviors for each scenario are shown in Table 4.1, with
the most frequently used behaviors in each scenario highlighted in bold.

Object vs. person: Participants rarely used precise pointing when referring to
people (precise pointing: <10.0% for all cases), compared with referring to objects
(precise pointing: 61.8%). This suggests there is a social factor that causes the speaker
not to want to point precisely, in which he might risk singling someone out.

Open vs. closed: In closed conversations, “gaze only” was most common, whereas
in open conversations, “casual pointing” was most common. Our interpretation is that
as pointing precision increases, the noticeability of the gesture also increases, hence
increasing the likelihood of the referent becoming aware of the conversation. This
suggests that in closed conversation, the speaker is more concerned about whether the
referent becomes aware of the conversation than in open conversation.

In the closed scenario, we also observed that the speaker would often lean closer to
the confederate when trying to identify the referent. This phenomenon was not observed
in the open scenario. This was more evident when the referent was nearby in closed
conversations. Studies have indicated that the forward body lean conveys a sense of
intimacy, attraction, and trust [12, 137]. Due to the sensitive information that was being
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exchanged in the “closed” conversation, we speculate that the participants exhibited
such behaviors due to feeling a greater sense of trust or affiliation with the confederate.

Interestingly, in closed conversation, some speakers would also giggle or nervously
laugh when they were describing someone negatively (e.g. “I think that person with the
shopping cart has no fashion sense at all.”). We did not observe speakers laughing or
giggling nervously in the open conversation, suggesting that the speakers had higher
level of discomfort when describing the referent in the closed conversation than the open
conversation [29].

Known vs. unknown: Interestingly, we did not see much difference in the use
of gesture depending on whether the referent was known or unknown. However, the
speaker used more descriptive terms when the referent was unknown to the listener than
when the referent was known (e.g. for the Open/Unknown case, 92.2% used descriptive
terms, while for the Open/Known case, only 40.2% used descriptive terms).

In general, we found that the speaker took more time to identify an unknown referent.
When the referent was unknown to the confederate, the speaker would often repeat
or elaborate on describing the referent. For example, the speaker saying, “the person
wearing the blue jacket is the person I saw on the bus today,” would sometimes be
followed by the confederate confirming, “you mean that person in blue?” The speaker
would then describe the referent in further detail such as, “he is also wearing glasses.”
On average, the speaker spent 6.25 seconds describing an unknown referent, and 4.41
seconds describing a known referent. Some speakers still used pointing behavior even
when using the referent’s name (e.g. in the Open/Known case, casual pointing with name
was used 32.4% of the time), even though the name would be enough to unambiguously
identify the referent. Perhaps this was to make it easier for the listener to understand the
reference, or to share the speaker’s area of spatial attention.

4.4 Generative Model for Robot Behavior

4.4.1 Overview
Previous studies have modeled pointing as a way to resolve ambiguity when referring
to an object. We thus include understandability as the first factor in our model, which
we define to encompass both resolution of ambiguity and ease of understanding. For
example, a crowded environment where a lot of effort is required to identify a person
will lower the ease of understanding for the listener.

We then define an additional factor of social utility, which reflects the desire of
the speaker to be polite by not singling the referent out (see Fig. 4.3). We believe that
social utility is the main reason for the variations in deictic behavior between referring
to people and referring to objects.

We propose a model to generate humanlike deictic behaviors in a robot by combining
these factors of understandability and social utility into a behavior utility function. There
is an inherent trade-off between these two factors. For example, pointing precisely at a
particular individual may easily identify that person (high understandability), but the
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Figure 4.3: Overview of generative model for robot behavior

speaker may have made that person feel singled out and uncomfortable (low social
utility).

To select a deictic behavior for a robot, the behavior utility function is evaluated for
each of the potential deictic behaviors the robot can perform. We consider six behavior
possibilities in our model: one of three pointing behaviors (gaze only, casual pointing,
or precise pointing) combined with either the use or the non-use of a descriptive term.

4.4.2 Understandability
4.4.2.1 Overview

Regarding understandability, we generally assume that with some effort, the listener will
eventually identify the target, but pointing makes it easier to search for the referent since
the listener can focus their search to a specific region that was pointed to. In this sense,
pointing has reduced the listener’s time and effort in searching for the referent. The
speaker’s use of a descriptive term about the referent can also help the listener reduce
search effort, since providing cues can help to quickly distinguish the referent among
other people or objects. We introduce this concept of “search effort” as one component
of understandability. The more search effort is required, the less understandability the
listener will have.

Although the use of a descriptive term may help decrease search effort, it also
imparts extra cognitive load on the listener to interpret the descriptive term, and hence
decreases their ease of understanding. We designate this component of understandability
as “listening effort”. We modeled the understandability as a function which decreases as
the sum of these two effort factors. We assumed perfect understanding if no effort is
required.

Understandabilty = 1− (Search E f f ort +Listening E f f ort) (4.4.1)

Eq. (4.4.1) does not include explicit weighting factors for these two terms because,
as we will explain below, our definitions of Search Effort and Listening Effort implicitly
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include parameters which can be tuned to adjust their relative weights in contributing to
understandability.

4.4.2.2 Search Effort

Modeling Based on Search Time We modeled “search effort” based on the concept
of a visual search task [143], in which an observer is searching for a target among a
variable number of distractors (other people or features in the environment). Longer
visual search times roughly equate to higher search effort. Hence, we approximate the
search effort as linearly proportional by a factor w1, with visual search time (tsearch), as
shown in Eq. (4.4.2). w1 is a parameter which will be tuned.

Search E f f ort = w1× tsearch (4.4.2)

The variable number of distractors, or the total amount of distraction DT , is the sum
of both the number of human distractors and the environmental distraction. To search for
a target among distractions, the listener spends attention and time, treaction, from item to
item until the target is found or until all items have been checked [127, 136]. The visual
search time for such a task is computed as the average reaction time, treaction, spent on
each distraction, times the total amount of distraction (DT ), as shown in Eq. (4.4.3). The
modeling of treaction will be explained in the following subsubsections.

tsearch=treaction×DT (4.4.3)

The Effect of Pointing Precision on Distraction Pointing singles out a spatial area,
but not necessarily a single entity in the world. Other studies have modeled pointing as a
cone representing the angular resolution of the pointing gesture [66], which is centered
along a beam originating from the pointing finger to the intended target, and has the
angular width of a given resolution angle on either side of the beam. Previous findings
indicate a resolution angle of a precise pointing cone of about 12 to 24 degrees [67]. We
approximated the pointing cone’s resolution angle θpointing precision to be 15 degrees to
either side for precise pointing and 60 degrees to either side for casual pointing. For gaze
only, we used an angle of 90 degrees, based on the human’s forward-facing horizontal
field of view.

Recall that our visual search time model is based on searching for a target among
a number of distractions, DT . Even when there is only one person in the environment,
it will still take some time to find the referent, particularly when the speaker points
casually to a referent located far away.

The number of human distractors, Dh, is defined as the number of people who
could potentially be the referent and within the resolution angle of the pointing cone,
that is, θpointing precision.

Since the environmental distraction is not discrete, we expect it to increase linearly
with the pointing angular width. We model De, the environmental distraction, as a
constant noise factor τ per unit angular resolution, integrated over the residual angular
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Figure 4.4: An example of DT for each pointing type in an environment with a total of 6
people. The highlighted people fall within the resolution angle of the pointing cone and
are used for calculating DT . Using “gaze only” leads to the highest DT .

resolution of the pointing cone, excluding the angle θre f erent occupied by the referent, as
shown in Eq. (4.4.4). The value of τ will be larger for more cluttered environments.

De=τ(2•θpointing precision−θre f erent) (4.4.4)

Recall in the previous section that the total amount of distraction DT is the sum
of both the number of human distractors, Dh and the environmental distraction, De.
Thus, DT will be directly influenced by the pointing gesture used by the speaker. An
example from our data collection, shown in Fig. 4.4, illustrates how DT is affected
by the different sizes of the pointing cones. In this example, 6 people are present in
the speaker’s forward horizontal field-of-view of 180 degrees in our shopping mall
environment. Using gaze only, all 6 people within the speaker’s view will be included as
human distractors, whereas casual pointing reduces Dh to 4 people, and precise pointing
reduces Dh to 2 people. Likewise, De is affected by the pointing type according to
equation (4.4.4), in this case, 26.33 for gaze only, 17.43 for casual pointing, and 4.08
for precise pointing.

The Effect of Descriptive Term on Reaction Time To distinguish the referent from
other people, a speaker may use a unique description term in addition to pointing.
Previous studies have shown that providing a cue [144] or being familiar with the target
[141] can reduce the uncertainty of the target and consequently reduce the reaction
time. If the referent is known to the listener, the speaker will use the referent’s name to
describe him in all cases (e.g. it will be unnatural to describe a mutual friend as “the
man in blue shirt” rather than “Jack”). Thus, we model the reaction time treaction to be
shortest when the referent is known (see Eq. (4.4.5)). When the referent is unknown to
the listener, search time will be longer. However, use of a descriptive term will reduce
treaction compared with not using a descriptive term.
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treaction=


tk, if known+ using name

tud, if unknown+ using descriptive term
tu, if unknown+ no descriptive term

(4.4.5)

4.4.2.3 Listening Effort

The second factor in the Understandability equation is listening effort, representing the
effort associated with the time required to listen to a descriptive term. For simplicity,
we assign one of two discrete values to the listening effort: cdesc if a descriptive term is
used, or cno desc otherwise in our model, as shown in Eq. (4.4.6). Since listening to a
name or reference term requires less time, therefore less effort, than a descriptive term,
we expect cdesc > cno desc.

Listening Effort =
{

cno desc, no descriptive term
cdesc, using descriptive term (4.4.6)

4.4.3 Social Utility
We model social utility as a quantity that will decrease if the speaker makes the referent
feel uncomfortable or singled out. The loss in social utility is especially high in “closed”
cases, when the content of closed conversation is leaked to the referent (e.g. the referent
hears bad comments about him). To quantify this phenomenon, we consider the risk of
the referent becoming aware of the conversation (Rawareness), multiplied by the cost to
social utility (Csocial) if the referent becomes aware, as shown in Eq. (4.4.7).

Social Utility =−(Rawareness ×Csocial) (4.4.7)

Recall that in our previous section we model precise pointing to have the effect of
ruling out distraction. The presence of many distractors within the pointing cone, e.g.
due to a less precise pointing gesture, makes it less clear whether the speaker is actually
pointing to the referent, whereas a precise gesture with few distractors leaves little room
for doubt. Thus we approximate the awareness risk (Rawareness) as the inverse of the
total amount of distraction:

Rawareness=
1

(Dh+De)
(4.4.8)

The cost to social utility is dependent upon the openness of the conversation. As
explained above, the penalty to social utility due to the referent becoming aware of the
conversation is much more severe in closed conversation than in open conversation.
Thus, we model the cost to have one of two discrete values, based on the openness of
the conversation, where βclosed>βopen.

Csocial=

{
βclosed, if conversation is closed
βopen, if conversation is open (4.4.9)
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Table 4.2: Ratio of predicted behaviors from data collection using calibrated parameters

Pointing Style Descriptive Term
Scenario Gaze

Only
Casual Precise Desc.

Term
Name
Only

None

Open/Known .196 .804 0 0 1 0
Open/Unknown 0 .804 .196 .99 .001 0
Closed/Known 1 0 0 .001 .99 0
Closed/Unknown 1 0 0 1 0 0
Object 0 0 1 .833 0 .167

Table 4.3: Calibrated model parameters

Search Effort Social Utility Listening Effort
ω1 tk tud tu τ βopen βclosed wre f cdesc cnodesc

.013 .03 .07 .3 8.5 .273 30 25[cm] .011 0

4.4.4 Calibration of Our Model
We manually calibrated our model based on the results of our data collection by adjusting
parameters for our model until the correspondence between the most frequently predicted
behaviors for each scenario (highlighted in bold in Table 4.2) and the most frequently
used behaviors in that scenario from the data collection (highlighted in bold in Table
4.1) were maximized. Table 4.3 shows the calibrated parameters.

4.4.5 Examples of Using Our Model
The examples in Figures 4.4 and 4.5 illustrate situations where our model chooses
different behaviors based on the amount of distraction and the scenario. The figure
shows each person’s position in the environment. The resolution angles for each of the
three pointing cones (90◦ for gaze only, 60◦ for casual pointing, and 15◦ for precise
pointing) are drawn as different shades of red dashed lines radiating out from the speaker.

Figure 4.5 shows examples in the Open/Unknown scenario. The most common
behavior in this scenario is casual pointing. However, precise pointing is sometimes
used in crowded environments, where it is harder to identify the referent. This is due to
the distraction effect, as modeled previously.

Fig. 4.5 (a) is a case where the participant used precise pointing to identify the
referent. In this crowded environment, there were 8 people within the region of casual
pointing; thus, casual pointing would yield low understandability. However, precise
pointing reduces the number of human distractors to 2, providing much higher un-
derstandability. Fig. 4.5 (b) illustrates a less crowded example. Here, due to the
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Figure 4.5: Open/Unknown scenario: examples showing the influence of distractors on
behavior selection. (a) Precise pointing is chosen. (b) Casual Pointing is chosen.

smaller number of distractors, the model chooses casual pointing, which yields enough
understandability while yielding higher social utility.

Fig. 4.6 shows two examples in the Open/Known scenario. As in the unknown
scenario, the most common gesture is casual pointing. However, since the referent
is already known to the listener, less ambiguity needs to be resolved. Fig. 4.6 (a)
shows a crowded environment, but here casual pointing is enough to yield enough
understandability. When the environment becomes less crowded, as in Fig. 4.6 (b), using
gaze only would be enough for understandability, while yielding high social utility.

4.4.6 Model validation
The goal of our model is to generate a reasonable policy for producing socially-
appropriate behaviors, rather than exactly replicating individual people’s deictic be-
haviors. It is often difficult for a system to replicate exactly what humans do due to
natural variation or randomness that arises among individuals. For instance, in the
“Open/Unknown” scenario, there were 5 trials where 5 human distractors were tracked
in the environment. Of the 5 trials, 1 participant used “gaze only”, 3 participants used
“casual pointing”, and 1 participant used “precise pointing”. This suggests that some
deictic behaviors may be used interchangeably in some situations or dependent on
the personality or culture of individuals. For this reason, we aimed to generate robot
behaviors based on the dominant behavior trends observed from the data collection.

Table 4.4 shows the confusion matrix of the predicted behavior using our model,
based on the observed behavior from our data collection. The overall prediction accuracy
was 81.3% for the “Closed/Known” scenario, 55.8% for the “Closed/Unknown” scenario,
42.1% for the “Open/Known” scenario, and 52.0% for the “Open/Unknown” scenario.

As a result of our calibrated parameters, our model tends to perform on the side of
caution (i.e. the robot chooses deictic gestures that are less socially awkward). In both
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Figure 4.6: Open/Known scenario: examples showing the influence of distractors on
behavior selection. Casual pointing is chosen. (b) Gaze only is chosen.

“Closed/Known” and “Closed/Unknown” scenarios, our model always selects “gaze
only.” This is consistent with the human behaviors observed in the data collection, where
“gaze only” is the most frequently observed human behavior. Furthermore, in the data
collection, people avoided using precise pointing for both “Closed” scenarios, and our
model also behaves in the same way - the specificity (true negative rate) for precise
pointing in “Closed/Known” was 98.0% and for “Closed/Unknown” was 93.1%.

In the “Open” scenarios, casual pointing constituted the majority of observed deictic
behaviors (70.6% for “Open/Known” and 63.7% for “Open/Unknown”), and our model
similarly predicted casual pointing the majority of the time (80.4% in both scenarios).
The model was less successful in reproducing the other pointing behaviors, and we
believe this variability could be due to individual preferences, or possibly related to
unmodeled factors such as the precision of the descriptive terms used. It is also possible
that gaze only and casual pointing can be used interchangeably in some situations, in
which case multiple behaviors might be socially appropriate.

4.5 System Elements
Fig. 4.7 illustrates the system architecture for autonomously generating the robot’s
pointing behavior and utterances. We set up the human tracking system in the entrance
hall of a shopping mall, covering an area of approximately 15m by 15m, as shown
in Fig. 4.1. Pedestrian tracking was performed using the ATRacker1 human tracking
system presented in [34], utilizing 6 laser range finders (LRF’s) mounted in portable
poles placed around the environment. This system combines range data from multiple
sensors to track the trajectories of potential distractors in the environment using particle
filters, and can provide position data within 6 cm error at a data rate of 37 Hz.

1ATRacker is a product of ATR Promotions: http://www.atr-p.com/products/HumanTracker.html
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Table 4.4: Confusion matrix for observed behavior from data collection and model
prediction

A dialogue generator able to produce utterances for the robot to speak was also
implemented in the robot platform. This was used for producing questions to start each
trial, such as, “who did you see at the bus stop yesterday?”, as well as for generating
deictic utterances based on the openness of the conversation and the familiarity of the
referent. When necessary, the content for descriptive terms was automatically generated
based on information entered before the experiment by a human experimenter (i.e., the
person’s name and their badge color).

With current speech recognition technology, it is difficult to accurately understand a
person’s speech in a noisy shopping mall. This noisy environment may risk the results
of the experiments not making sense (e.g. if the robot misrecognized the name of the
referent chosen by the listener). To mitigate such risk, a human operator acts as a
speech recognizer by listening to the listener’s utterance transmitted through a GUI.
Upon hearing the listener’s response for the chosen referent, the operator manually
tags the referent among the set of people detected by the human tracking system, and
clicks “start” to trigger the calculation of the most appropriate deictic behavior in
the generative model, which was implemented in the robot using all the equations
with calibrated parameters. Through its speech synthesizer and actuator, the robot
autonomously executes the selected deictic behavior based on the output of the model.

4.5.1 Robot Platform
The robot platform we used was Robovie 2, a humanoid robot with a 3-Degree-of-
Freedom (DOF) head, two 4-DOF arms, a wheeled base, and a speech synthesizer.
We implemented motion behaviors for the three pointing behaviors: gaze only, casual
pointing, and precise pointing (Fig. 4.8), and we implemented utterance behaviors
incorporating the use or non-use of a descriptive term. Robovie’s pointing gestures
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Figure 4.7: System architecture for person-reference model: Inputs from speech rec-
ognizer and human tracking system are fed into the generative model, which then
automatically calculates the appropriate deictic behaviors. The robot then responds
verbally through its speech synthesizer and generates gaze and pointing gestures with its
actuators.

(a) Gaze Only (b) Casual Pointing (c) Precise Pointing

Figure 4.8: Examples of Robovie performing the three pointing behaviors.
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were implemented to best resemble what was commonly observed among the human
participants.

4.6 Evaluation with a Robot

4.6.1 Comparison System
The purpose of pointing is to provide information, so it is reasonable to assume that
a baseline pointing model would be optimized for understandability. In a field experi-
ment, we compared the performance of our model against a model that considers only
understandability but not social utility. This comparison model was chosen because it
represents a typical state-of-the-art approach to generate deictic behaviors for referring
to objects, such as demonstrated in the work of [50, 110, 116, 129]. In the following
section, the baseline model will be referred to as the “object-reference model”.

4.6.2 Hypotheses
We made the following hypotheses for the referent and listener:

Predictions for referent evaluations

1. The referent will perceive the robot’s behavior as more polite. Since the robot’s
pointing will be less precise, the referent is less likely to feel singled out.

2. Understandability will belower with the person-reference model, as the intention
of social utility is to reduce the risk of the referent’s awareness of conversation.

3. The referent will perceive the robot’s behavior to be more natural because the
person-reference model is calibrated after observations of real human behavior.

4. Politeness will be more important than understandability, since the referent is not
directly involved in the conversation. Thus the referent will evaluate the proposed
model as better overall than the object-reference model.

Predictions for listener evaluations

1. Listeners will rate the robot as more polite with the person-reference model, due
to sympathy with the referent, and because the listener will feel uncomfortable if
information is leaked to the referent in closed conversations.

2. Understandability will be sufficient with the person-reference model. Although
there is a tradeoff between understandability and social utility, the model will
provide enough understandability for the listener.

3. The robot’s behavior will be rated more natural because the person-reference
model is calibrated after observations of real human behavior.
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4. As the person-reference model determines an appropriate balance between un-
derstandability and politeness, listeners will rate it better overall than the object-
reference model.

4.6.3 Experiment Setup

We implemented our model in a communication robot and hired participants to evaluate
the robot’s behavior in a series of short interactions. The experiment used a within-
participants design and was counterbalanced between two conditions: person-reference
model and object-reference model.

4.6.3.1 Procedure

We compared two conditions: the person-reference-model condition (our proposed
model, including understandability and social utility) and the object-reference model
condition (including understandability, but not social utility).

One participant acted as a listener and conducted short question-and-answer interac-
tions with Robovie in a shopping mall. The other participant and a confederate acted as
other customers. For each condition, Robovie and the listener asked each other a series
of 8 questions: 2 questions each for four scenarios: Open/Known, Open/Unknown,
Closed/Known, and Closed/Unknown, and each time Robovie made a reference to either
the second participant or the confederate.

To prepare for the “known” scenarios, the participants and the confederate were
asked to introduce themselves. This self-introduction was also intended to make the
participants feel more invested in the conversation so they would become embarrassed if
information were leaked in “Closed” scenarios.

Participants’ names were entered into the system before each trial, so the robot
could refer to the referent by name in “known” scenarios. To standardize the descriptive
terms for the “unknown” cases, the human distractors wore different colored badges so
Robovie could refer to them by their badge color.

For “Open” scenarios, the listener asked Robovie two pre-determined “neutral”
questions. For the “Closed” scenarios, Robovie asked the listener two pre-determined
“sensitive” questions, e.g., “Which person do you think has bad fashion sense?” The
listener answered by selecting either the second participant or the confederate. Because
we believed that the listener might feel embarrassed by Robovie’s impoliteness, Robovie
then repeated the opinion stated by the listener while performing the selected deictic
behavior, e.g. pointing while saying, “So you think Tanaka-san has poor fashion sense?”

Since the volume of the robot’s voice may affect evaluations, we adjusted the volume
of the robot’s voice to be louder in the “Open” scenarios. For the “Closed” scenarios,
the volume was adjusted to a level that only the listener could hear.

After the four scenarios in one condition were completed, both participants answered
questionnaires. The procedure was repeated with the remaining condition (person-
reference model or object-reference model). The conditions were counter-balanced. At
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the end of the experiment, the participants were interviewed to gain a deeper understand-
ing of their opinions.

4.6.3.2 Environment

All trials were conducted on weekdays in the same shopping mall location as the data
collection. As the other people in the environment were shopping mall customers,
we could not explicitly control the degree of crowding. However, we believe that the
distribution of people in the environment was fair between conditions. On average,
in the person-reference model condition, 6.61 people (s.d. 3.75) were present in the
environment, compared with 6.53 people (s.d. 3.93) in the object-reference model
condition.

4.6.3.3 Measurement

Both the listener and the referent rated the following items on a 1-7 scale (1 being very
negative and 7 being positive for the respective items) in a written questionnaire:

1. Naturalness of the robot’s deictic behavior.

2. Understandability of the robot’s deictic behavior

3. Perceived politeness of the robot’s deictic behavior

4. Overall goodness of the robot’s deictic behavior

Because there were variations in the operator’s speed and level of ambient noise,
participants were asked not to consider timing or volume of the robot’s utterances in
their evaluations.

4.6.3.4 Participation

A total of 26 trials were conducted. 33 participants were hired (19 male, 14 female,
average age 23 years old). 19 participants played the roles of listener and referent in
different trials, but no participant played either role twice.

4.7 Results

4.7.1 Verification of Hypothesis 1(Referent)
Figure 4.9(a) shows the questionnaire results from the referents. A one-way repeated-
measures analysis of variance (ANOVA) was conducted with one within-participants
factor, model, in two levels: object-reference model and person-reference model, for
all measurements. The analysis revealed significant differences in overall evaluation
(F(1,25)=21.763, p<.001, η2=.465), politeness (F(1,25)=15.391, p=.001, η2=.381),
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and naturalness (F(1,25)=7.335, p=.012, η2=.227), and there was an almost-significant
difference in understandability (F(1,25)=3.362, p=.079, η2=.119).

These results support our hypothesis that the referents would perceive the overall
behavior to be better with the person-reference model. The result also supports our
predictions for politeness and naturalness, but not our prediction for understandability.

4.7.2 Verification of Hypothesis 2 (Listener)
Figure 4.9(b) shows the questionnaire results from the listeners. A one-way repeated-
measures ANOVA was conducted for all measurements. There were significant differ-
ences in overall evaluation (F(1,25)=10.192, p=.004, η2=.290), politeness (F(1,25)=25.0,
p<.001, η2=.500), and naturalness (F(1,25)=4.972, p=.035, η2=.166), but no significant
difference in understandability (F(1,25)=2.235, p=.147, η2=.082).

These results support our prediction that listeners would rate the person-reference
model better in overall evaluation, as well as our predictions for politeness and natural-
ness.

4.7.3 Analysis of understandability and social utility on the behavior-
selection process

Our comparison experiment demonstrates how our person-reference model that considers
both understandability and social utility can be used to improve the overall robot’s
deictic behavior, as compared with a model considering understandability alone. We
provide a numerical analysis on the interactions observed in our experiment, in order
to demonstrate how the values of understandability and social utility contributes to the
behavior-selection process of our person-reference model under different scenarios.

To illustrate the tradeoff between understandability and social utility, Fig. 4.10 shows
plots of the numerical values of understandability, social utility, and total behavior utility
as a function of the amount of distraction in the environment (based on a “gaze only”
pointing cone) for all of the “Open/Known” trials in our experiment. In this scenario,
the robot’s verbal behavior defaults to using the referent’s name (i.e. without the use
of a descriptive term), thus only 3 deictic behaviors are possible. Based on equations
(4.4.1) – (4.4.3), we expect understandability to decrease linearly with DT , as observed
in Fig. 4.10 (a). Precise pointing, with the smallest θpointing precision, results in the highest
value in understandability, followed by casual pointing and gaze only. From equations
(4.4.7) and (4.4.8), we expect the negative effect of social utility to become weaker as
DT increases, as seen in Fig. 4.10 (b), since the greater amount of crowding reduces
the feeling of being singled out. Note that in Fig. 4.10 (b), many of the data points for
precise pointing fall below the bottom of the graph, since precise pointing leads to the
lowest social utility.

Finally, our person-reference model considers both understandability and social
utility. As shown in Fig. 4.10 (c), the behavior utility of “gaze only” decreases as the
environment becomes more crowded, whereas the behavior utility of “casual pointing”
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(a) Referent evaluation between conditions

(b) Listener evaluation between conditions

Figure 4.9: Evaluation results of Robovie’s behaviors between conditions
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’

Figure 4.10: The x-axis is the total amount of distraction, DT , in the environment
observed by the robot’s forward facing horizontal field-of-view of 180 degrees at be-
havior execution time. For the three pointing behaviors in “Open/Known” scenario, the
values of: (a) “Understandability” is negatively linear proportional to DT , (b) “Social
Utility” is inversely proportional to DT , (c) “Behavior Utility”, gaze only has the highest
behavior utility when DT is low, and casual pointing has the highest behavior utility as
DT increases. “Precise pointing” is too low to be shown on this figure, although it might
be selected in extremely crowded situations.

has an increasing trend as DT increases. The model selects the behavior with the highest
behavior utility, resulting in “gaze only” when DT is low, and “casual pointing” as
DT increases. The behavior utility of “precise pointing” is too low to be shown on
the figure, although it might be selected in extremely crowded situations. By contrast,
the object-reference model would choose “precise pointing” in all cases, to maximize
understandability regardless of social factors.

Next, we provide an analysis of the behavior-selection process of our person-
reference model, or the behavior utility values, for all scenarios. When the referent is
unknown, a verbal description can also be used to resolve ambiguity of the referent.
Verbal description increases understandability, but has no effect on social utility. There-
fore, the robot will use verbal description along with a pointing gesture for all unknown
referents, as can be seen in Fig. 4.11 (c).

In “Closed” conversation, the robot always chooses to use “gaze only,” as shown in
4.11 (a) and (c). The high value of Csocial leads to a greater influence of social utility
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Figure 4.11: Behavior Utility (normalized by scenario) of the three pointing behaviors
calculated by the model for all experimental trials. The deictic behavior with the highest
behavior utility is chosen by the robot. (a) “Closed/Known”: gaze is always selected,
(b) “Open/Known”: Gaze is chosen when DT is low, but casual pointing is chosen as
DT increases, (c) “Closed/Unknown”: Gaze-only with description is always chosen,
(d) “Open/Unknown”: Casual pointing is mostly chosen, but when the total amount of
distraction is high, precise pointing with description is chosen.

than understandability in the values of behavior utility. As a result, the behavior utility
follows the same trend of its social utility.

In “Open” conversation, a tradeoff between understandability and social utility is
observed in the behavior-selection process. In the “Open/Known” case, the robot uses
“gaze only” when DT is low. As DT increases and requires a more precise pointing
gesture to resolve ambiguity, the robot uses casual pointing (Fig. 4.11 (b)). In the
“Open/Unknown” case, the robot mostly used casual pointing together with a verbal
description in our experimental environment. However, an increasing trend of using
precise pointing together with a verbal description can be observed when there is a large
amount of distraction (4.11 (d)).
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4.8 Discussion

4.8.1 Interview results from the participants

Many participants said that they rated our proposed model better because the robot
behaved more politely. For listeners, it was particularly embarrassing when the robot
repeated his/her negative comment about the referent together with precise pointing.
One participant commented she was worried the referent might get angry if he overheard
the negative comments about him. It is interesting to note that one participant perceived
the robot to be more “child-like” in the object-reference model, since the participant
associated impoliteness in the robot’s pointing behavior with the behavior of a child.

No significant difference was found for understandability. One possible reason is
that the referents were asked to watch and evaluate the robot, so they were inevitably
more aware of the conversation than a typical bystander would be.

4.8.2 Politeness in Pointing

When we first tried to set up a preliminary observation of people’s pointing behavior,
we set up a scenario where we asked the participants to imagine role-playing as a store
clerk who was trying to indicate a store manager to a customer. In this scenario, we
found that often the participants role-playing as the clerk were reluctant to use the
index-finger pointing to identify the store manager in almost all scenarios, even when it
was ambiguous who the store manager was due to the crowds. Instead, the participants
used the more polite form of pointing, often with their palm up and hand open, to show
the customer the whereabouts of the store manager. This was categorized as “Open
Hand Supine” by Kendon, which may be semantically described as presenting or being
ready to receive [63, 84]. It is possible that the participants were using this gesture to
present the manager (i.e. the referent) to the customer.

Keeping in mind of these observations, it is important to consider the role and
purpose of the robot when designing social behaviors. As described, a person may
use more polite pointing gestures when interacting with a professional relation like
a superior or customer, as compared to interacting with a friend. Thus, for example,
a customer service robot might need to give priority more polite pointing behaviors,
whereas a personal companion or non-humanoid robot might choose to maximize the
understandability in its pointing behavior.

4.8.3 Limitations and future work

In this study, we developed a model for choosing deictic gesture and utterance behaviors
that balance the issues of being polite and being easy to comprehend. While our study
used a general categorization of gestures such as casual and precise pointing, there are
many details which could be investigated in future work regarding the implementation
and details of those gestures. For example, Kendon contrasted the semantic implications
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for different orientations of open-hand pointing – when a person introduces another
person, they usually use an open hand, palm up gesture as an implication for offering
[63], whereas when a person makes a critical remark, they use an oblique open-handed
pointing. Incorporating the semantic meanings of the pointing gestures into our models
may extend the robot’s role and the scope of its interaction. For instance, a robot shop
assistant presenting the manger or an educator making a critical remark may require the
robot to adapt different subtle pointing hand orientations. Our study also examined the
effect of the use or non-use of descriptive terms, but future research could investigate
the relative effects of different kinds of descriptive terms or different levels of specificity.
It may also be possible for models to be developed to quantify the degree of precision of
a given pointing gesture, enabling more precise estimation of the pointing cone.

We understand that the use of kinesics or deictic behaviors may vary among cultures.
The participants of this study were all Japanese, in which using body language may
be remarkably restrained away from their in-group [54]. It is also worth noting that
Japanese people may refrain from making hand gestures when the third-person referent
is present, possibly to reduce the opportunity for offending anyone present and help
sustain contextual harmony [107]. Imaginably, if this study was conducted in another
culture, we might observe participants using more precise pointing. However, we believe
our model does represent a universal phenomenon of how people point toward others,
and hence, a valid model for robot deictic behavior as well.

In our experiment, a human operator was employed for two tasks: (4.4.1) to input
the participant’s name and the color of their name tag into the system before each trial,
for later use in generating descriptive terms; and (4.4.2) to act as a speech recognizer
in real time and tell the robot which person the chosen referent was. If this technique
were to be used in a real social robot application, we expect that the referent’s name
would already be known, and the other functions could potentially be automated, e.g.
using computer vision for identifying clothing color, and using gesture recognition
and speech recognition to understand who the referent is. While implementing these
functions robustly is not trivial, we expect that with improvements in sensor technology
the technique could be employed in an autonomous way.

While there are several possible directions for future work and refinement of the
techniques presented here, we believe that this study has provided a successful demon-
stration of a practical technique for reproducing an important phenomenon which occurs
in real human deictic behavior.

4.9 Conclusion

In this work, we have presented a model enabling robots to generate socially-appropriate
deictic behaviors for referring to people, based on the openness of the conversation and
familiarity with the referent, as well as the positions of people in the environment. In an
empirical data collection, we observed that people’s behavior varied both in terms of
their pointing behaviors (“gaze only”, “casual pointing”, and “precise pointing”) and
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their use of descriptive terms. We confirmed that people’s deictic behaviors towards
another person differed from their deictic behaviors towards objects, and we observed
variation according to social context and presence of other people in the environment.
From this data we developed a model enabling a robot to select socially-appropriate
deictic behaviors towards humans based on a balance between understandability and
social appropriateness for a given scenario.

Finally, we evaluated our model using a real robot in a shopping mall in an ex-
perimental comparison between our proposed model and a simpler model based only
on understandability. The results showed significant differences for perception of the
robot’s deictic behaviors, in which the robot’s behaviors were perceived to be more
natural (p < 0.05 for both the referent and listener), polite (p < 0.01 for the referent
and p < 0.001 for the listener) , and better overall (p < 0.001 for the referent and p <
0.01 for the listener) when using our proposed model. These results confirm that by
considering social appropriateness in the model we were able to generate better social
behavior for the robot.



Chapter 5

Discussion and Conclusions

5.1 Summary and Achievement

The theme of this thesis was to explore, research, and implement how a data-driven
approach can be applied to human-robot interaction in real-world environments. The
core contribution of this work is presented as follows:

• Reproducing multimodal behaviors for a conversational robot

• Extending data-driven techniques for a mixed-initiative social interaction

• Developing a reusable HRI pointing model in order to extend data-driven applica-
tion to other modalities

The contribution in each chapter described above were integrated into a Mixed-
Initiative Interaction Learning Framework, to enable a seamless end-to-end framework
for preprocessing data, abstracting to common behavior patterns, complementing with
existing HRI models, extracting typical generative behaviors, and learning interaction
logic. The work in this thesis have been tested through many field experiments or
demonstrations, where participants were able to interact with a humanoid robot using
natural spoken dialogue and motion.

Many roboticists may propose other methodology to be more apt when it comes to
designing human-robot interaction. Certainly, many interaction development approaches
such as coding, designing interactions through a graphical interfaces, or teaching through
teleoperation are also valid and well-established methodologies in the HRI field. The
objective of this work is not to dispute the validity of these methodologies, but rather
to help expand the available set of tools and techniques available in a new conceptual
direction, and to demonstrate this approach to be worthy of consideration. What I want
to accomplish is to provide some first insights into its potential, as well as its limitations.
This knowledge is very important to the ongoing discussion about data-driven techniques
in the HRI community.
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5.2 Discussion

5.2.1 Future Direction
While I proposed a data-driven approach that required non-annotated data for learning
interaction logic and generating robot behaviors, there are many possibilities for future
work to make it more generalizable to other domains.

5.2.1.1 Learning semantics of the conversation

One limitation of the current work is that while the interaction is multimodal (i.e. speech
and motion), the learning is superficial, based only on the lexical form of the text, and
has no understanding of the deeper semantics of the conversation.

While the current approach works for our scenario and may be generalizable to
domains such as a museum tour guide robot, it relies on certain assumptions we made for
our system. For example, there are the underlying assumptions that each product stays
at a fixed location and that information regarding a specific product does not change.
Thus it is as yet unclear to what degree this approach will work, such as how to update
the robot when the price of a camera changes. It will be interesting to explore additional
techniques in the future that does not require new data to be collected when product
information has changed.

Models of the structure of conversation would also be useful tools for extending this
work into more complex domains. Some work has explored the use of generic dialogue
patterns in HRI [55, 99], and it is plausible that some kind of templates could be used to
help structure data-driven HRI, especially if utterances could be analyzed semantically.

5.2.1.2 Reinforcement learning

Another possible extension is to complement this approach with corrective guidance or
a reward function to improve the robot’s performance. Thomaz and Breazeal employed
a reinforcement-learning technique to their learning framework, where the result of
people giving rewards to a virtual robot in a simulated game improved their system’s
performance, including a significant drop in the number of failed trails encountered
during learning [133]. Thus, it would be interesting to see if such a technique could be
used in conjunction with my approach to dynamically improve human-robot interaction
in real-time.

5.2.1.3 Hybrid approach

One constraint to my learning approach is that rules for interaction logic are learnt
probabilistically, and often these learnt rules are only comprehensible by the machine
and not by a human, making the task of a human debugging a trained system difficult.

One potential direction is to investigate data-driven techniques that can automatically
extract human-readable rules for interaction logic, which would open up the potential for
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a human designer to improve the performance of the trained system by editing specific
rules. A flowchart approach could then be used to supplement the data-driven approach,
as editing rules from a flowchart interface is intuitive for a human designer.

5.2.2 Behavior modeling in HRI
The current study used existing HRI proxemics models in order to create generalizable
behavior templates that could be recognized and reproduced, such as the present-object
formation. These models provide generalizable structural elements which can be helpful
in learning complicated interactive behaviors. In the future, it may be beneficial to add
new modalities to our learning system. To do so, the system would need to (1) recognize
human actions using the new modality (e.g. pointing, grasping), (2) represent those
actions in the feature vector, and (3) generate those actions again by the robot, in order
to mimic the humans.

In our scenario, the robot would benefit greatly if it were able to perceive and actuate
pointing or grasping. For example, a few participants pointed to a camera at a different
location and said, “what about that one?”, but the robot was unable to figure out which
camera the participants were pointing to. The robot’s lack of pointing capability also
confused some participants, especially when the robot was first trying to guide the
participants to another camera. It would also be beneficial if the robot could perceive or
actuate grasping, so that it could assist the customer when he or she picked up a camera,
or so the robot could pick up a camera to show to the customer. Incorporating existing
models for pointing [47, 74] and grasping [45, 59] would help with the learning system.

Interestingly, there may be some situations in which it would be useful for the
robot to be capable of perceiving the new modality, even if it were not able to to
generate behaviors in that modality itself. For example, the ability to recognize a
customer’s emotions based on body language or facial expressions might help a robot
like Robovie provide better service by improving its interaction logic to be responsive
to the customer’s emotions. This would be helpful even if the robot did not have the
capacity to mimic the body language or facial expressions of the shopkeeper.

5.2.3 Representation of new semantics
It would be great if we could extend our current approach to incorporate new semantics.
By representing semantic features, such as the properties relating to the products or the
customers, in the feature vector, it might be possible to learn generalizable patterns. For
example, if different models of the cameras (e.g. DSLR versus point-and-shoot) were
represented as new semantics, then the robot might learn some DSLR-specific (but not
model-specific) utterances that could be used at multiple cameras. To do so, it might be
possible to employ existing object recognition systems [76, 100], or use a cloud-based
service [61] to recognize different camera models.

Another possible semantic representation is the knowledge about the customer.
Currently, the robot has no knowledge about the customers’ identities, such as their age,
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gender, or if they are a repeated visitor. Often a salesperson may change his sales pitch
or way of presentation depending on who the customer is. We can imagine a salesperson
recommending a simple point-and-shoot camera to an elderly woman. If we can capture
such information about the customer and represent it as a semantic, the robot may be
able to provide a better and more personalized interaction [37].

5.2.4 Generalizability

The core principle of data-driven HRI is using generalizable models to learn repeatable
social tasks, as well as learning âĂIJconditionsâĂİ for these social tasks from real,
noisy interaction examples from physical environment. The social tasks may be domain-
dependent and/or role-dependent. For each domain, there are certain tasks a service
provider must fulfill, for example, a museum guide should explain about the artist of an
exhibit, while a travel agent should provide information and answer questions about tour
packages.

In all these scenarios, the service providers perform the same interactions, in the
same way, many times. Because the shopkeeper may say similar utterances over and
over again, we can extract typical utterances through clustering and learn to generate
robot behaviors from repeatable patterns in the interaction data. Thus, this approach
could probably be most effective in domains where such repeatable characteristics exist,
such as for a museum guide, a tourist information guide, or a receptionist.

Another element of data-driven approach is to use generalizable behavior models
(i.e. proxemics formations) to ease the difficulty of learning from high-dimensional,
unconstrained, real human-human interaction. Because we used behavior models for
proxemics formations, low-level sensor data related to certain tasks does not need
to be learned, but rather can be generalized and abstracted into high-level semantics.
For example, in our scenario, a task of the shopkeeper is to approach the customer.
Rather than learning every possible position of where the robot shopkeeper could be in
relation to the customer, we used the âĂIJface-to-faceâĂİ behavior model to abstract the
interaction data and to generate reliable robot movements.

Because interaction data are captured in real environment, we also can learn the
“conditions” for these social tasks in a real environment. Rather than programming what
“keywords” the robot should respond to, noisy speech recognition are captured. For
example, the word âĂIJkaraâĂİ is often recognized instead of âĂIJcolorâĂİ, which
would not have been intuitive for a programmer. Our robot would still behave appropri-
ately under such conditions (i.e. when the customerâĂŸs utterance is misrecognized as
âĂIJkaraâĂİ), whereas a hand-crafted robot may have made a mistake.

There may be some domains to which our approach cannot easily be applied. These
domains could consist of non-repeatable tasks, which cannot be learnt through our
data-driven approach (e.g. a social worker, an educator). One example might be an
educational robot that proactively teaches a language, where the lesson is tailored to
the studentâĂŹs comprehension of that language. We imagine such domains would be
difficult to learn with our current approach, since lessons are tailored to the knowledge
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of the student (i.e. level of comprehension).
There may well be other domains where manual programming the robot or teaching

through teleoperation might be considered more practical than learning from data. For
example, robots as performers may require a human designer to architect the robot’s
overall image or personality, and fine-tune its dialogue, movement, facial expression,
or gestures. This approach has been used for robots in theatre performances [21],
poetry-reciting agents [91], and news broadcaster [75].

5.2.5 How much control should an interaction designer have?
One of the consequences of using a data-driven approach is not all behaviors generated
by the robots are as predictable as those from a scripted interaction. In my work, I had
a pretty good grasp of which aspect of the interaction a robot would succeed in (e.g.
answering questions) and which aspect of the interaction the robot would be prone to
failure (e.g. when the user does something not observed in the training data). How well
a robot learns a behavior depends on the quality of the data, which heavily relies on how
well the demonstrator is able to provide repeatable training examples that are within the
realm of the scenario.

Thus, one potential risk of a trained system is the quality of the training data really
matters. For example, it took less than 24 hours for Twitter to corrupt an innocent
Microsoft AI chatbot, Tay. As people started to engage with this “conversational
understanding” chatbot, it seems like Tay assimilated many of the internet’s worst
tendencies into its tweets, and it learned all sorts of misogynistic, racist, and bigoted
remarks, proving correct the old programming adage: flaming garbage pile in, flaming
garbage pile out.

Thus, I argue that a certain degree of control is necessary when it comes to applying
a data-driven approach, either by screening out poor demonstrators or implementing a
mechanism to filter out unwanted training data. This is important, especially given the
trend of crowdsourcing data, allowing people from the web, or even anonymous users,
to pilot interactive behaviors. We should also consider when data are being obtained in
a real shop, when some employees are actually not very good at their job. It could be
helpful to filter these people out before training.

5.2.6 Robots as customer service representatives
The role of the robot as a customer service provider (i.e. shopkeeper) was the chosen
domain for this work, which I believe will be the first frontier of commercial “robots in
the wild” in human-robot interaction. Businesses have already started to use AI to figure
out what customers want, and some AI chatbots has been deployed as service providers:
such as Echo for the e-commerce giant Amazon, a customized Watson for the outdoor
attire company North Face, and even TacoBot for fast-food chain Taco Bell. I believe
that some aspects of customer service, where precision and efficiency is valued (e.g.
answering questions, presenting products) is where some of the greatest breakthroughs
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in AI will be seen, and developing a platform that is capable of sophisticated decision-
making processes will be essential for business to stay competitive.

Despite the concerns that robots will replace people in jobs like customer service,
I believe it simply means that we can apply our talents in fresh ways and new jobs
are born. Customer service employees often experience frustration and negativity in
their job [41, 103], and have to face daily drudgery of answering the same queries.
These repetitive and basic tasks can be outsourced to a learning robot. I imagine a
scenario in the future where the robots will handle simple and mundane tasks, while
the humans will transition to supervisory roles, and customer service will become more
efficient, intelligent, and have more empathy. Additionally, we may see a growth in
jobs specializing in maintaining social robots in commercial spaces, or perhaps even
specialized actors to provide example interactions for a robot with personality.

5.2.7 The potential of data-driven approach

The question of what tasks are learnable still remains. There may be certain tasks, be it
our appreciation for fine art or our desire for spiritual fulfillment, which may just not
be possible to learn no matter how many resources or input data are presented to the
system, and no learning machine can learn all possible tasks efficiently. It is a humbling
experience when we realize how specialized and adaptable our brain can be, and that we
have the capability to learn an enormous amount of knowledge and skills, and also are
able to grasp abstract concepts and ideas. Even if we build machines with super-human
intelligence, they will have limited abilities to outsmart us in the real world. That is why
even though they may beat us at chess or go, they might not be able to truly appreciate
something as simple as a beautiful sunset.

Finally, using a data-driven approach may expedite the deployment of robots in
society. Domain-specific human-robot interaction can be quickly learnt once passive
observation of human-human interaction from sensors becomes an acceptable practice
for data collection. Once robots become a common fixture in our society, people will
likely to be open and receptive to assistance from robots. Thus, I see this as a positive
outcome, and the reality of humans and robots to coexist in our daily life may just be
around the corner.

5.3 Conclusion

The contribution of this work is highly unique and novel, since it is the first work in
the field of social robotics that provided a fully end-to-end approach to enable a robot
to learn an entire mixed-initiative social interaction based solely on human-human
interaction in a real, physical environment. While there are many existing data-driven
approaches, many are limited to capturing data in a simulated environment, requiring
human annotations, learning from text that is typed rather than spoken, only dealing with
nonverbal behaviors, or reacting only to human inputs and not be able to take initiative
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on its own.
The techniques presented in this work have elucidated some of the key research

challenges of learning from unlabeled data from unscripted human-human interactions
in a real, physical environment. Unforeseen difficulties uncovered in each individual
study, such as how individual HRI behavior models can be utilized to enable an entire
interaction, or the necessity of proactive behaviors in interactions, provided motivation
for further studies and improvements to the system.

Thus, in Chapter 2, we demonstrated that behaviors can be captured from real, non-
annotated human-human interaction âĂŞ- that were completely free form and contained
large amounts of variation in natural speech among the different participants – and
we developed various techniques to enable this data-driven approach (i.e. clustering
and utilizing existing behavior models in HRI for proxemics formations). This system
was evaluated against state-of-the-art data-driven techniques, and was demonstrated to
generate robust robot behaviors, despite a high amount of sensor noise.

In Chapter 3, we demonstrated that it is possible to extend our data-driven approach
so that it covers proactive behavior, that is, be able to not only react to the customerâĂŹs
actions, but also proactively take actions by introducing new camera features or a new
camera. A comparison user-study of a baseline reactive system (i.e. system from first
study) versus a proposed system (i.e. new data-driven techniques added to system
from first study) demonstrated that this system was successful in generating socially-
appropriate robot behaviors in a mixed-initiative social interaction.

To extend our data-driven approach to additional modalities and more complex social
scenarios, we need to develop parameterized, generalizable behavior models, so we
demonstrated example of how such a model could be developed in Chapter 4. The
purpose of the evaluation in this case was to show the success in creating such a model,
and indeed it showed that the model was meaningful and effective.

Through these studies, we have demonstrated the practical application of data-driven
learning of high-level interaction logic in real human-robot interaction in a camera shop
scenario, where participants were given a fair amount of freedom to walk around and
use natural spoken language to interact with the robot. The robot shopkeeper was able
to autonomously answer customer’s questions, greet them, answer their questions, and
proactively offer them information about the products.

Thus, this work provides a successful, concrete example of a coherent collection of
data-driven techniques which can be used for abstraction of typical behaviors, learning
of interaction logic, generation of interaction contents, and reproduction of proactive
behaviors, which together enable the practical deployment of conversational social robot
to provide services in real-world environments.
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