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This paper describes the INSIDE system, a networked robot sys-
tem designed to allow the use of mobile robots as active players
in the therapy of children with autism spectrum disorders (ASD).
While a significant volume of work has explored the impact of
robots in ASD therapy, most such work comprises remotely op-
erated robots and/or well-structured interaction dynamics. The
INSIDE system is the first in which a fully autonomous mobile
robot actively engages children with ASD during therapy in a
semi-unstructured interaction. In this paper we describe the hard-
ware and software infrastructure that supports such rich form of
interaction, as well as the design methodology that guided the
development of the INSIDE system. Finally, we describe some
preliminary results concerning the use of the INSIDE system in
the actual therapy with children at Hospital Garcia de Orta, in
Portugal.
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1 Introduction

Recent years have witnessed an increasing number of applications of robotic technol-
ogy in health and assisted living. Robots of all shapes and forms are currently used
both for high-precision medical interventions [82| and physical and cognitive therapy
[17, 31, 45, 77].

Of particular interest to this paper is the use of robotic technology in autism
therapy (see, for example, the survey in [70]). Autism Spectrum Disorders (ASD),
as defined by the DSM-V [2|, consist of persistent deficits in social communication
and social interaction across multiple contexts. Such deficits include difficulties in
social-emotional reciprocity, nonverbal communication, and developing, maintaining,
and understanding relationships. Autism is a spectrum of conditions, and while there
are characteristics common to all ASD individuals, the exact degree to which each
individual is affected by this condition varies greatly [9]. Such enormous variability
among individuals poses challenges in terms of therapeutical approaches, as ASD
requires a large range of interventions in order to help the different individuals in
the best possible way [25].

There is significant controversy regarding the actual prevalence of ASD. Official
data from the World Health Organization [81] estimates that 1 in 160 children suffers
from some autism spectrum disorder. ASD has social, emotional and economic costs
for the autistic individuals, their families and the community |[78]. These costs are not
limited to childhood: autistic individuals have several impairments and difficulties
throughout their adult life, even when they receive successful interventions during
childhood [7]. Nevertheless, it is generally accepted that an early and adequate
intervention yields a more favorable outcome [69].

ASD children show little interest in social interaction and instead prefer to inter-
act with objects [24, 75]. Such preference is particularly evident in their fascination
by computers, tablets and other electronic devices [23]. For example, it has been
reported that even those ASD children that usually interact very little with human
therapists are willing to engage with robots [19, 51, 79]. The willingness of ASD chil-
dren to (socially) interact with robots may, in part, be explained by the predictability
and simplicity of their social behaviour, when compared with that of human part-
ners [69]. The use of robotic technology may, therefore, provide an important tool to
develop novel therapeutic approaches in which children have fun while engaging in a
social interaction, something that is typically difficult for ASD children [75]. Several
studies report that children with autism in effect create affective bonds with social
robots [37, 42].

1.1 Robots in ASD therapy

As mentioned above, several projects have explored the use of robots in ASD therapy.
Notable examples include Aurora [22] or, more recently, the DREAM project [27].
These projects feature a variety of robot platforms that interact with children during
therapy sessions, typically by engaging in some form of joint activity such as an
imitation game or other collaborative task. The studies conducted in the context
of these projects report promising results: during their interaction with the robots,
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ASD children are able to exhibit different forms of social behaviour, such as joint
attention, eye gaze, spontaneous imitation and increased engagement in tasks after
interaction [9, 22, 59|. Such success attests to the need for further exploring of the
potential impact of robot technology in the therapy of children with autism spectrum
disorders.

To gain a clearer understanding on the use of robots in ASD therapy, it is educa-
tive to carefully consider the interaction between robot, children and therapists. We
look at such interaction from three complementary dimensions:!

e [nteraction quality, which roughly describes how rich the social interaction be-
tween the robot and the children is. One end of the spectrum corresponds
to robots that are little more than toys, providing little to no social interac-
tion. The other end of the spectrum corresponds to highly interactive robotic
platforms that allow for rich, multimodal forms of social interaction, including
dialogue, joint manipulation, etc.

e [nteraction structure, which roughly describes the activities in which the inter-
action takes place. One end of the spectrum corresponds to highly structured
activities that progress according to a strict script in which the roles of robot
and humans are well defined. The other end of the spectrum corresponds to
unstructured activities such as free-play.

e Robot autonomy, which describes whether the robot is remotely controlled /te-
le-operated or fully autonomous.

Figure 1 outlines the landscape of robot use in ASD therapy across the different
dimensions outlined above. We include a (non-exhaustive) selection of representative
works featuring a wide variety of robotic platforms. As outlined in the diagram,
existing work can be roughly clustered into three groups, that we consider separately.

The larger cluster corresponds to those works adopting a Wizard-of-Oz approach
[35], in which the robot is remotely controlled by a human operator (the “Wiz-
ard”) who remains “behind the curtain”.? The Wizard-of-Oz (WoZ) approach is very
attractive from a research perspective: since it relies on human perception, it read-
ily circumvents the fundamental perceptual challenges that plague any autonomous
robot; it also allows robots (via tele-operation) to exhibit a wide range of social
behaviours and engage in rich interactions, effectively facilitating the study of child-
robot interaction in ASD therapy.

It is not surprising, then, that works featuring tele-operated robots exist that fea-
ture a wide variety of interaction modalities, ranging from very simple interactions—
in which the robot merely exhibits some form of emotional response to the child—to

Tt is interesting to draw a parallel between the three dimensions outlined herein and the dis-
cussion in the work of Scassellati et al. [70]. Scassellati et al. discuss the use of robots in autism
therapy from a broader perspective, considering aspects of robot appearance, human-robot interac-
tion, and evaluation. Human-robot interaction is further broken down into targeted behaviour, role
of the robot, and robot autonomy. Although the correspondence is not exact, it is possible to equate
our dimension of “interaction quality” with Scassellati et al.’s “role of the robot”, and “interaction
structure” with “targeted behaviour”.

2Since the robot operator is out of the sight of the participants in the experiment, the robot
appears autonomous during the interaction.
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Fig 1d, so how do we position the project wrt the others? Landscape
of robot use in ASD therapy in terms of robot autonomy, interaction quality, and
interaction structure. We include a representative (and not comprehensive) list of
works identified by the robotic platforms used: Bubbleblower |28, 29|, Face [58],
Infanoid [40], Kaspar [22, 64|, Keepon [41, 42|, Labo-1 [79], Muu [46], Nao |27, 33],
Pleo |36, 37|, the Roball toy |50, 51], Robota |13, 20|, and Tito [26].

significantly more involved interplay, where robot and child are involved in imita-
tion and turn-taking games. Examples of the former include work with the Keepon
[41, 42] and Pleo robots 36, 37]; a representative example of the latter is the work
done in the context of the Aurora project using the Kaspar robot [22, 64].

However, in scenarios where the interaction of the child with the robot is medi-
ated by a therapist (as seen in Fig. 13 for an example), a WoZ setup may require
two or more therapists (besides the robot technical staff). As interactions become
increasingly complex, the burden imposed on the human operators also increases,
requiring them to process an increasing number of inputs from the interaction and
handling an increasingly complex repertoire of actions. Eventually, the robot may
require multiple human operators to engage a child in a rich, multimodal interaction.
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Figure 2: Structured interaction between a child and the Nao robot. The robot and
the child play a turn-taking Tangram game [11].

Such a strong dependence on human operators renders WoZ approaches to autism
therapy unaffordable in the long term [27, 70, 76].

As for works featuring autonomous robots, we can identify two clusters that
greatly differ on the way the child interacts with the robot. In one cluster we include
those works featuring robots such as Labo-1 [79], Roball |50, 51| or the Bubbleblower
[28, 29]. These robotic platforms are endowed with very simple reactive behaviours,
which allow only for the simplest form of interaction. The children interact with
these robots during free play (in an unstructured interaction), but the robots behave
as little more than sophisticated toys, exhibiting no social interaction.

In contrast, works using robotic platforms such as Infanoid [40] or Nao [27, 33]
rely on very structured interactions, in which the child usually sits in front of the
robot and the interaction follows a strict script—see Fig. 2 for an example.

1.2 Contributions

In this paper, we report the work conducted in the context of the project INSIDE
(www.project-inside.pt) towards the development of a networked robot system
that can be used in a wide range of therapeutical activities involving children with
autism spectrum disorders. Two key concerns drove the development of the system
and set it apart from other existing platforms used in robot-enhanced therapy:

e Astro, the robot used in the context of the project, should be fully autonomous
during the therapy session;
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e Within the goals and activities of the therapy session, the child-robot interac-
tion should be as unconstrained as possible, allowing for the children to freely
move and express itself.

The INSIDE system therefore addresses a gap that can be identified in the previous
discussion: our system should enable autonomous social interaction, while allow-
ing relatively unconstrained activity by the child. Figure 13 illustrates a therapist-
mediated interaction between a child and a robot at the end of a therapy session
conducted in the context of INSIDE. In the background one can see the room where
the activities took place.

This paper describes the architecture of the networked robot system designed in
the context of INSIDE to support such interaction between robot and child during a
therapy session. We discuss the therapeutical considerations that drove the design of
the system, and how such considerations influenced the technology in and layout of
the system. We detail the design methodology adopted to build the robot’s behaviour
and report some preliminary results on the use of the system as a whole in therapy
sessions at Hospital Garcia de Orta, in Almada, Portugal. We conclude by discussing
how the ideas behind the INSIDE system can be ported to other scenarios involving
rich human-robot interaction.

2 The INSIDE Intervention Scenarios

In this section we provide a brief overview of the interaction scenarios in INSIDE,
discussing the therapeutic goals and outlining the role of the robot. As will soon
become apparent, the interaction scenarios considered pose a number of technological
challenges—in terms of both perception, cognition and actuation of the robot—that
lie at the core of the design options of the INSIDE system.

2.1 Therapeutic Approach: DIR/Floortime

Children with ASD have a range of occupational performance problems (i.e., diffi-
culties in completing everyday activities) and sensory issues that interfere with their
full participation in school, home, and community activities [14|. Regardless of their
philosophy, most ASD therapies have a common goal: improve the quality of life
of children with ASD and their families. Occupational therapy tries to achieve this
goal by promoting the social participation of children in natural contexts, develop-
ing children’s social competence and improving their engagement and participation
6, 53].

Occupational therapists working with ASD children frequently adopt the DIR/
Floortime™ model, developed by the U.S. child psychiatrist Stanley Greenspan
(1941-2010) and his colleagues. This model, a semi structured intervention, was de-
signed to improve social-emotional growth in children with ASD via interactive play
activities individually designed to enhance the child’s play and social participation
[14].

DIR/Floortime™ focuses on relationships, social skills, meaningful spontaneous
use of language and communication, and integrated understanding of human de-
velopment. The integrated model of human development includes interaction with
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caregivers and the environment, biological, motor and sensory differences, and the
child’s functional emotional developmental capacities [54].

Several studies have demonstrated that social engagement directly affects im-
portant behaviours like language, requesting, greeting, joint attention and imitation;
even when these behaviours are not specifically targeted by the intervention program
[49, 67].

Greenspan [34] described six functional emotional developmental levels. The
developmental capacities are essential for spontaneous and empathic relationships
as well as for the mastery of academic and life skills. The model also takes into
account the individual differences regarding sensory processing and modulation that
interfere with the child’s capacity to plan and sequence actions or ideas. Together,
developmental levels and individual differences provide the goals for working with
ASD children.

2.2 Tasks and Therapeutical Goals

The core concept that underlies much of the research in INSIDE is the concept of
Symbiotic Autonomy. In order to develop an autonomous robot platform, capable
of interacting with human agents in the context of a given task, the robot must
be able to act in situations in which neither the robot nor the human are able to
fully complete such task by themselves without the assistance of the other, due
to inevitable limitations of the agents or the design of the task. This concept of
Symbiotic Autonomy lends itself quite naturally to the scenario of therapy with
children with ASD of the INSIDE project. Indeed, many of the activities employed
in traditional therapy already take into account the scheme of symbiotic autonomy
and are developed in order to focus on the behaviour deficiencies of children with
ASD, such as the difficulty in addressing help requests or in asking for help. To create
robot-mediated therapy sessions we need a set of activities that (1) have therapeutic
goals (i.e., goals that train skills that are commonly impaired in ASD children); and
(2) are arranged in such a manner that allows the robot to have an active role in the
session, as an alternative to being just a fun toy.

With this in mind we created seven activities that address key impairments of
children with ASD and/or simulate common social interactions. The activities and
their goals are as follows:

o “Say hello” Once the child enters the room, the robot says hello, introduces
itself and asks for the child’s name. This first moment represents a well-known
social routine: The child meets someone new, a social agent, and they say hello
to each other. It also allows the child to get acquainted with the robot and
presents the robot as a social partner that can communicate with the child.

e “Ball game” In this second activity the child must retrieve 8 coloured balls
that were hidden in the room. Once the child retrieves a ball, he/she must
place it in the robot’s basket and then go search for another ball. The activity
trains the ability of the children to follow simple instructions (search for hidden
balls in the room) and their attention (they must retrieve 8 balls). Because
the task is fairly easy and it is something commonly trained with children
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during early interventions, it works as a good icebreaker, allowing children to
do something that they have trained before. The positive feedback provided
by the robot helps to keep the children focused on the task, mimicking what
therapists typically do in a therapy session.

e “Obstacle activity” The robot wants to reach a table that is placed in a corner
of the room. While moving towards the table, the robot gets stuck and asks
the child for help. The child must remove the block so that the robot can
reach the table. This activity aims to improve social reciprocity and empathy.
Understanding other’s mental states is a significant impairment of ASD children
[4, 61] and therefore understanding that others need help can be difficult. In
order to successfully complete the task, the child needs to comprehend that the
robot wants to reach the table and is incapable of removing the block which
requires the child’s ability to understand the robot’s perspective. It is one of
the most challenging tasks within the session.

e “Puzzle” Once the robot is able to reach the table, it invites the child to assem-
ble a puzzle. At this activitity, it is the robot’s turn to help the child. Initially,
all pieces but one are placed next to the puzzle. For the child to complete the
puzzle, he/she must ask the robot for help. When the penultimate piece is on
the puzzle, the robot points out that there is still a piece missing and encour-
ages the child to ask for help. One consequence of the social communication
impairments in ASD children is the lack of ability to make requests which is
invaluable for social interaction, and one of the deficits that peers and family
members perceive as a significant limitation in social-communicative behaviour

[80).

o “Tangram” This activity uses a game previously developed by Bernardo et
al. [10] that has a turn-taking mode. Turn-taking is so ubiquitous in human
interactions and so deeply embedded in common-sense, that it is a largely
unconscious process that is, in most cases, extremely difficult to accurately
describe [71]. One of the most recognizable purposes of turn taking is to reg-
ulate human conversations. Being such an omnipresent phenomenon, training
turn-taking in ASD children is extremely important. Turn taking in a game
has rules that can be very well defined a priori, unlike what happens with con-
versations. In this case, each turn corresponds to one piece of a puzzle. Once
the player sets the piece in the correct place, the turn changes and it is time
for the other player. During the game, on one of the robot’s turns, the robot
will ask for help.

e “Blocks activity”. Another important piece of social interaction is empathy and
reciprocity which are connected to the ability to understand others state of
mind. Inspired by the method used by Plotner et al. [60], we created the
"blocks activity” where the therapist knocks down a tower of blocks and waits
to see if the child spontaneously helps her to rebuild the tower. This is the
only task where the robot has a more passive role. If the child does not help
the therapist, the robot will encourage the child to help.
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e “Say goodbye”. when the tasks are completed the robot says goodbye and tries
to leave the room asking the child to open the door. This provides another
opportunity for the child to help the robot and is once again a representation
of a common social routine, as the robot thanks the child and says goodbye
before leaving the room.

2.3 The Role of the Robot

We can foresee some advantages of Robot-assisted therapy for ASD children. Robots
may allow us to develop a therapy focused on the children’s interests and abilities,
resulting in motivating and pleasurable interactions that comprise an overall positive
experience for ASD children [74]. In other words, technology may allow us to create
a therapeutic setting where children have fun while engaging in an interaction which
is typically difficult for ASD children.

ASD is characterized by difficulties in making sense of the social world, but autis-
tic children often show ease in understanding the physical world and object related
interactions [5, 38, 39]. A robot is an object that can behave like a social partner
which can be a perfect bridge between the physical and the social world. Using a
robot also allows for the embodied characteristics of face-to-face human interactions
[44], without all the implicit rules and cues that regulate social interactions between
humans and that are so difficult for ASD children to read.

Previous studies demonstrate that it is possible to use robots to improve some
common impairments of children with ASD. Robots can be used to create turn-taking
and imitation games that teach basic social skills; or as social interaction mediators
and shared-attention objects to encourage interactions |21, 41, 57, 62|. However,
none of these studies have used a fully autonomous robot that interact with ASD
children in unconstrained activities, whereby children can freely move and express
themselves.

To build a networked robot system for the activities in Section 2.2, we present
an outline of the key technological challenges of the INSIDE project:

e Perception: Perceiving people and objects in the room is one of the key chal-
lenges of the INSIDE project. In addition, a reliable perception system is
crucial for the robot to interact with the child in the therapy sessions. For
example, the system must be able to detect the child’s position and robot’s
pose in order to: (i) move the robot close to the child, (ii) enable the robot to
guide the child to the next activity, and (iii) make the robot look at the child
while talking.

e Robot Motion and Head Rotation: Another important impairment of ASD
children mentioned above is on the Mindreading mechanism, also known as
Theory of Mind (TOM) [4, 56]. Before TOM emerges certain precursors need
to be consolidated namely the eye direction detection (EDD) that involves
identifying the eyes and being able to detect whether or not they are looking
at us. This mechanism allows dyadic representations that serve as a base for
the development of the Shared Attention Mechanism (SAM). The robot in the
INSIDE project has important features, such as motion and a head rotation,
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which aim to address such mechanisms and can be a helpful tool in development
of TOM.

e Decision Making: Building an autonomous robot for therapeutic purposes is a
challenging research problem. In particular, the INSIDE project has a complex
setting, whereby the child and robot may freely move around while engaging in
activities within a room. To tackle this challenge, the decision making system
has to take into account the current state of the environment, based on the
input from the perception system, and plan the next actions of the robot. For
example, the robot is currently playing the puzzle activity and detects that
one more piece was placed in the right location, thus it decides to smile and
reinforce the child.

e Robot Design: Klin et al.[39] demonstrate how ASD children seem to orient to-
wards non-social contingencies, relying more on audio-visual synchrony than on
biological motion. Unlike what happens with humans, audio-visual synchrony
can be manipulated in a robot, directing the child’s attention to the desired
places, for example, to the eye region of the face or to the basket in the case
of the ball game. While designing the robot for the INSIDE project, a team of
therapists, doctors and researchers included important features (e.g., an LCD
for facial expressions, a basket with an RFID reader to detect balls) with an
aim to increase the child’s attention and improve the interaction within the
therapy sessions.

e Social Interaction: A key challenge in INSIDE is to develop a social robot
aimed at interacting and playing with ASD children within a therapy session.
A key feature of the robot is an LCD display in the head that is capable of
expressing several emotions (e.g., happiness, sadness) in order to improve the
interaction with the child.

o Symbiotic Interaction: While designing the activities and developing the robot
system, we took into account that the robot is not capable of performing all the
actions in the environment (e.g., open a door at the end of a therapy session
or detecting an obstacle in the room). Hence, the robot has to detect that an
action cannot be performed and ask for the child’s help in order to complete the
task. This is a challenging research problem from both a system development
and therapeutic perspective, because children with ASD have difficulties.

The following section describes in detail the architecture of the networked robot
system, highlighting the design decisions and the key technological features.

3 The INSIDE System Architecture

This section goes over the INSIDE system, discussing how its design meets the needs
of the intervention scenarios described in Section 2.
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Figure 3: Diagram illustrating the main components of the hardware setup used in
INSIDE.

3.1 System overview

In order to address the different challenges posed to the system and alluded to in
Section 2, it was necessary to develop a hardware infrastructure that supports the
different types of interaction planned for the therapy sessions. Additionally, it was
also necessary to design a software architecture that is able to seamlessly integrate
the different functionalities required of such a system.

Both hardware and software were designed following an adjustable autonomy ap-
proach, departing from initial mock-up studies, aimed at identifying key requirements
for the system, until the final deployment. The adjustable autonomy approach en-
sured a smooth transition from an initial Wizard-of-Oz (WoZ) paradigm—in which a
human operator is fully in charge of perception and robot operation—until the final
setup, where perception is automated and the robot is fully autonomous. At the
same time, it permitted an adequate design and tuning of the interaction between
the robot and the child during therapy sessions, by means of the restricted perception
Wizard-of-Oz methodology detailed in Section 4.

The overall hardware setup is illustrated in Fig. 3. It consists of a networked robot
system built on top of ROS.? The network comprises a set of 3D cameras mounted on

3Robot Operating System, see http://www.ros.org/.
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Figure 4: Outline of the main blocks in the software architecture.

the walls/ceiling of the therapy room, ensuring complete visual coverage of the room.
The stream from each camera is processed locally, to avoid overloading the network.
As a whole, the camera network provides the necessary information regarding the
human activity in the space (including child detection, etc.). A tablet connected to
the network is used to run the puzzle activity, and a remote microphone is used to
process the speech of the therapist interacting with the child and robot (mostly used
for keyword detection). The remaining activities depend almost exclusively on the
robot’s onboard sensors.

The robot, named ASTRO, is a mobile platform designed for multi-modal human-
robot interaction. It includes a set of lasers, used for autonomous navigation and
obstacle detection. It also includes an LCD in the rotating head that is used to
animate facial expressions and speech acts. It also includes a touch-screen in the
front, used for touch interactions (as featured in the Tangram game and puzzle).
The robot’s casket also includes a removable pouch covered by an RFID sensor,
which can be used to detect when specific objects are placed in the robot’s pouch.

It is worth noting that the final hardware infrastructure adopted in INSIDE
is general-purpose, and can easily be adapted for other scenarios of human-robot
interaction. Similarly, the software architecture supporting the interaction was built
to allow new tasks to be easily configured and deployed in the environment.

The software relies on a hierarchical architecture, outlined in Fig. 4. The system
comprises four major components, namely

The perception module responsible for processing the information arriving from
the different sensors in the networks.

The decision module responsible for deciding, at each moment, whether to con-
tinue with the current activity or move to another activity. It is also responsible
for selecting and triggering the different robot behaviors, as a function of the
current state of the activity and the interaction with the child.

The execution module responsible for executing the behaviors triggered by the
decision module and, in fact, executing the actions of the robot.
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The supervision module which conveys a channel that allows human users to
monitor the whole activity. Given the sensitivity of the application, security
and ethical concerns require constant access to the robot, which is ensured via
the supervision module.

The high-level interaction between the different modules ensures that the robot is
able to go through the therapy session autonomously and robustly, while still allowing
anytime human intervention, if the circumstances so dictate.

3.2 The perception module

The perception module is responsible for acquiring and processing all the information
acquired by the sensors and providing the robot (namely, the decision module) the
necessary information to perform the activities programmed for the therapy sessions.
In particular, in light of the activities outlined in Section 2, the robot should be able
to

e Know where it is;
e Know where the child is and what she is doing;

e Detect when the child satisfactorily replies to the robot’s interpellation (such
as responding with her name when asked);

e Know the state of the current activity.

INSIDE’s system was designed taking into consideration such need for information,
and the perception module closely reflects the structure of the activities in the IN-
SIDE scenarios. In particular, its hierarchical block structure ensures the necessary
flexibility to add or remove activities.

In INSIDE, the perception module receives, as input, the raw data from the
different sensors in the environment and the robot, and is responsible for processing
such data into meaningful information regarding the state of the robot, the child
and of the interaction. Such information (the state) also incorporates any corrective
feedback provided by the supervision module (more on this ahead), and will drive
the decision and execution modules.

It is possible to identify several major blocks in the perception module. In the
continuation, we discuss each of these blocks in detail.

The camera processing block This block receives the feeds provided by the 3D
cameras in the environment (in our setting, four Microsoft Kinects for Xbox One
attached to the walls and ceiling). These feeds are processed locally by a dedicated
computer (we use one Intel NUC5i7RYH computer for each camera) to extract the
skeleton information from all the people in the room.*

Since children have smaller body frame than adults, we use a simple threshold
to eliminate detected skeletons corresponding to adults, and the robot’s position

4Th Kinect version used is able to track the skeleton—i.e., the pose of the body joints and links
between them—of up to six people simultaneously.
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Figure 5: Detailed outline of the perception module.

to avoid confusing the child with the robot. To fuse the detections from multiple
cameras, we use the near-neighbour joint probability data association algorithm, a
Kalman Filter with a constant velocity model implemented in the ROS package
bayes_people_tracking.® The output of the camera processing block is the pose of
the child.

The keyword spotting block In order to have an interaction between child and
robot as natural as possible, it would be desirable for the robot to have the ability to
process and interpret the child’s spoken utterances. Following our adjustable auton-
omy methodology, we used the initial WoZ sessions to conduct extensive recordings
of complete sessions using a number of microphones placed on the environment and
on the robot.

These recordings evidenced a number of fundamental technical difficulties in
terms of speech recognition: multiple, moving and different type of simultaneous
speakers (children and adults), distant speech, room reverberations, different noise
sources (background speech, the robot’s motors, etc.), microphone distortions, and
mechanical vibrations, among others. In addition to all the technical difficulties, we
also observed that the ASD children’s utterances during the therapy sessions were
scarce, limited and very short (monosyllables). Therefore, obtaining a dataset from
which speech recognition could be trained was deemed unfeasible.

In alternative, we opted by having the therapist coordinating the session wear a
wireless microphone, with which it can provide verbal inputs to drive the behavior of
the robot in specific situations. The use of a close-up ear-set microphone alleviates
most of the technical difficulties identified before and provides an easily configurable
and flexible mechanism to provide execution feedback to the system. In particular,

Shttps://github.com/CentrallLabFacilities/bayes\_people\_tracker



14 Francisco S. Melo et al.

we resort to the therapist input to ensure that the robot reacts adequately to the
children’s responses to some of the robot’s interpellations.

To this purpose, the perception module integrates a keyword spotting system
(KWS) based on the AUDIMUS automatic speech recognition engine [47, 48]. AU-
DIMUS is a hybrid speech recognition system that combines the temporal modeling
capabilities of a hidden Markov models with the pattern discriminative classification
capabilities of multi-layer perceptrons. For the purposes of INSIDE, AUDIMUS uses
a specific equally-likely 1-gram language model formed by all the possible target key-
words and a competing speech filler model [1]. The output of the keyword spotting
block is a “list” of detected keywords.

The ACML and obstacle detection blocks As depicted in Fig. 3, the ASTRO
is equipped with a front LIDAR which scans a wide region in front of the robot, on
a plane parallel to the ground. The LIDAR scan is used to estimate the position of
the robot as well as to detect humans, obstacles and other objects.

In order to navigate the space, the AMCL block has available a map of the
environment, constructed from LIDAR scans collected prior to the therapy sessions.
We then use Monte-Carlo localization [30] to track the position of the robot, using
both the odometry and LIDAR data. In our system, we use the AMCL algorithm
implemented as the ROS acml package.® The ACML algorithm uses a particle filter
to track the posterior distribution over possible positions of the robot, given the
motion model and the sensor readings observed.

The LIDAR data is also used to detect obstacles, by counting the number of
detected reflection points inside a pre-defined area in front of the robot. Obstruction
is considered to occur when the number of points inside the box is above a pre-defined
threshold.

Ball detection module and puzzle state information In order to keep track
of the state of activities such as the ball game and the puzzle, the perception module
handles two additional sources of information. First, the readings from the RFID
sensor on the robot’s pouch is processed by a ball counter, which keeps track of which
balls have been placed in the pouch, ensuring that the robot is aware of the current
state of the task and provides intermediate reinforcement to the child as the task
proceeds.

Additionally, the perception module also manages the state of the puzzle activity,
provided directly from the tablet where the activity takes place. Together with the
keyword mechanism, the ball detection block and puzzle information allow the robot
to keep track of the state of the different activities and respond adequately.

Perception Manager Finally, the perception module includes one additional block,
dubbed the perception manager. The perception manager is responsible for manag-

ing all processed perceptions, incorporate any corrective feedback provided by the

supervision module and then forward the most up-to-date state information to the

decision and execution modules.

Shttp://wiki.ros.org/amcl
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Figure 6: Outline of the decision module. The blocks on the right correspond to
interaction managers, responsible for defining the behavior of the robot in each
activity. The set of interaction managers indicated are merely illustrative.

3.3 Decision module

The decision module is responsible for parsing the activity and interaction informa-
tion provided by the perception module and decide the robot’s behavior accordingly.
In particular, the decision module should be able to determine when to switch be-
tween tasks, as well as determining what the robot should do during the activities,
as a response to the children’s behavior.

As such, the decision module also exhibits a hierarchical structure, outlined in
Fig. 6. At the higher level, an activity manager tracks the progress of the current
activity and determines, as a function of the child’s response, the time to switch
between activities. The decision-making process can rely on a pre-defined finite-state
machine or a more sophisticated decision-theoretic policy, using for example, the ROS
mdm package.” Therefore, at each moment, the activity manager will activate one
activity and deactivate all other activities, depending on the perceptual information
provided by the perception module and any feedback provided by the supervision
module.

Associated with each individual activity is, in turn, an interaction manager,
responsible for determining, in the context of that particular activity, what behavior
the robot should exhibit at each moment. Such interaction managers can be seen as
specialized versions of the activity manager, holding their own decision process (using
also a finite-state machine or pre-computer policy). The addition of new activities can
be done by simply designing a new interaction manager for that activity. It is worth

"http://wiki.ros.org/markov_decision_making/
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noting, in particular, that the current system already supports activities involving
third-party applications (as is the case of the puzzle and tangram activities, each
corresponding to an application that is run within the system).

Currently, the INSIDE system comprises a total of 7 interaction managers, one
for each of the activities planned for the therapy sessions, to know

o Welcome manager. This interaction manager seeks to engage the child during
the welcome process, providing successively richer prompts depending on the
child’s response, and concluding by inviting the child to play.

e Ball game manager. This interaction manager provides the necessary expla-
nation of the ball game before inviting the child to play. During the game, it
provides incentives and reinforcement to the child as a function of the child’s
engagement and success. At the end of the game, it requests the child’s assis-
tance to remove the balls from its pouch.

o Obstacle interaction manager. This interaction manager seeks to enroll the
assistance of the child every time the robot finds its way blocked by an obstacle,
and is unable to find an alternative path.

e Puzzle manager. This interaction manager is similar to the ball game manager,
in that it explains to the child the puzzle before inviting her to play. Addition-
ally, it is also responsible for incentivizing the child to ask for assistance with
respect to the missing pieces and provide the necessary feedback.

e Tangram manager. This interaction manager is similar to the previous one. It
explains the Tangram game and the turn-taking play mode. The manager also
ensures a positive probability of, during a game, enrolling the child’s assistance
during the robot’s turn to play.

e Goodbye manager. This interaction manager conducts the final moments of
the session, where robot and child head to the door and say goodbye.

It is important to note that not all activities are played in every session. The activities
for each therapy session are defined beforehand by the therapist through the consoles
associated to the supervision module.

3.4 Execution module

The execution module is responsible for translating the behaviors determined by the
decision module into actual robot actions, and its structure is outlined in Fig. 8. In
particular, the robot has a set of pre-programmed behaviors—both general and task
specific. For our purposes, we define behavior as the composition of the different
output modalities supported by the robot, namely LEDs, face animations, head
movement, body movement, speech and, in specific activities, the interactive devices
(touchscreen and tablet).

An example of a general behavior is the idle behavior, in which the robot main-
tains a neutral facial expression with a slight rhythmic movement that simulates
breathing. At the same time, every now and then the robot performs a small head
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Figure 7: Example of a task specific behavior of the robot. Upon detecting an
obstacle, ASTRO makes a sad face and tries to find a way around, before asking the
child for assistance. In the background it is visible the whole hardware infrastructure

of INSIDE.
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Figure 8: Execution module, responsible to translating the behaviors determined by
the decision module into the multimodal output of the robot.

movement. This idle behavior, used in situations where the robot is expected to
play a passive role, was designed to convey a “sensation of living” even during these
moments. An example of a task specific behavior is, for example, the obstacle
detected behavior. When the robot realizes that its path is blocked by an obsta-
cle, it exhibits a sad face while executing small sideway motions, as if looking for a
passage. This behavior is only triggered upon the detection of an obstacle and the
activation of the “Obstacle activity” (see Fig. 7).
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Figure 9: Overview of the supervision module, which provides external users with
the necessary tools to take control of the system, if necessary.

Spoken utterances A key part of the interaction between the child and the robot
relies on the ability of the robot to verbally communicate with the child. Endowing
the robot’s vocal output with expressiveness and natural emotions is essential to
ensure an engaging experience for the children. Therefore, in order to optimize the
robot’s vocal output, we used the early WoZ studies to evaluate several state-of-the-
art text-to-speech engines. We evaluated CereProc,® Nuance Vocalizer,” Acapela,'®
and the DIXI TTS engine [55]. Such preliminary studies brought to the forefront
the limited expressiveness and natural emotion in the speech synthesized by these
systems, which led us to opt for pre-recorded human speech for the robot’s vocal
output. Thus, an extensive set of pre-defined utterances has been recorded in a
sound-proof room, which cover all the different activities programmed for the therapy
sessions. The general characteristics of the speaker (genre, age, and voice tonality),
along with the specific characteristics of each of the recorded utterances (speaking
speed, prosody, intonation, expressiveness, emotivity, etc.) were recorded to meet
the requirements raised by the medical experts, ensuring an appropriate interaction
with the ASD children participating in the studies.

In addition, the AUDIMUS engine used for keyword spotting is employed to per-
form a forced alignment (phone-level segmentation) of the pre-recorded speech files
with their corresponding transcriptions, thus providing the sequences of phonemes
in each file and their durations. THese phonemes and their duration are used by the
execution engine to perform speech-lip synchronization.

3.5 Supervision module

The supervision module is a central element in the INSIDE software architecture,
as it provides a mandatory backdoor to the perceptual and behavioral elements of
the robot, allowing human supervisor to take control of the interaction at any time,

Shttps://www.cereproc.com
https://www.nuance.com/omni- channel - customer-engagement/voice-and-ivr/
text-to-speech.html
Ohttp://www.acapela-group.com
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should circumstances so demand. In particular, if a problem is detected in the robot
or the network, the supervision module allows a human operator to intervene and
mitigate the potential impact of such problem. If no intervention is required, the
supervision module has no impact on the system.

The supervision module is outlined in Fig. 9, and comprises two operator consoles.

e The perception console provides a human operator with direct access to the
camera network and microphone feeds. The perception console operator is
also positioned behind a one-way mirror, having direct visual perception of the
room and the events taking place therein. The goal of the perception console
operator is to monitor the perception module, making sure that the sensor data
is properly processed and correcting this information whenever problems are
encountered. The corrective feedback provided by the operator can later be
used to improve the performance of the perception module, as will be discussed
in Section 4.

e The actuation console provides a human operator with access to the current
(processed) activity and interaction state, as well as to the robot’s current
decision process. The goal of the actuation console operator is to monitor the
decision and execution modules, making sure that the behavior of the robot is
adequate to the current situation. The operator of the actuation console must
rely only on the information provided by the perception module, according to
the restricted perception WoZ methodology described in Section 4.

The supervision module also allows the configuration of several therapy session pa-
rameters, such as the number of the session, the name of the child and the activities
to be executed in that session. Figure 10 provides a screenshot of the two consoles.

4 Social Interaction Design Methodology

As discussed in the previous sections, the purpose of the INSIDE networked robot
system is to enable a mobile robot to socially interact with ASD children during
therapy sessions in a set of different and well-defined activities. The social interaction
capabilities of the robot are, therefore, determinant to the success of the intervention
using the robot. In order to design the interaction of the robot, we adopted a
methodology known as restricted perception Wizard-of-Oz development |72].

4.1 Restricted Perception Wizard-of-Oz

The key idea behind our design methodology is that interactions involving remote
operation of the robot—following a WoZ paradigm—actually provide a significant
amount of useful information regarding the intended social behaviour of the robot.
Unfortunately, many perceptual limitations of the robot are often disregarded by
giving the Wizard complete access to observations over the interaction, which poses
difficulties when automatically extracting the social behaviour showcased by the
Wizard. We refer to this problem of perceptual mismatch as the perceptual corre-
spondence problem: considering that humans and robots have very different sensory
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Figure 10: Screenshots of the two consoles belonging to the supervision module.

capabilities, the same scene may appear very different for the expert and the robot
[12]. The practical consequence is that it is often difficult to correctly associate the
actions demonstrated by the Wizard with the corresponding perceptual inputs.

To mitigate the perceptual correspondence problem, researchers proposed im-
mersive remote teleoperation where the expert is limited to observe the interaction
from the robot’s perspective, relying exclusively in the robot sensors (e.g., cameras)
and actuators |12, 15]. Such technique addresses, to some extent, the perceptual
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Figure 11: Restricted-perception WoZ methodology. Raw sensor data is filtered by
a Perception Module to inform the controlling expert during the studies. Offline, a
robot controller algorithm learns a mapping function between the perceived states
and the robot behaviours chosen by the wizard. Colored arrows indicate the flow of
information during the interaction.

correspondence problem. We argue, however, that even if the Wizard is restricted to
perceive everything according to the robot’s point-of-view, there is still a significant
amount of information that the human extracts from raw sensor feeds that will not
be available for the robot to reason upon. We shall refer to such mismatch as the
perceptual-cognitive correspondence. Consequently, we cannot replicate the Wizards’
decision process, making standard teleoperation techniques ill-suited to learn the
robot interaction behaviour required for social interactions with human users.

To address the aforementioned problems, we instead adopt a restricted percep-
tion Wizard-of-Oz approach, first proposed in [72], as an methodology to allow a
meaningful extraction of behaviours from Wizard interactions. Formally, we define
an interaction strategy as a mapping between a robot’s perceptual state and an in-
teraction behaviour from its behaviour repertoire. We argue that in order to extract
meaningful information that can be used to design an autonomous interaction, the
robot’s perceptual, behavioural, and cognitive limitations have to be taken into ac-
count during the interaction design. As such, the human expert acting as the Wizard
should be restricted from perceiving everything occurring within the task during the
studies.!!

The adopted experimental procedure is illustrated in Fig. 11. The wizard has
access to the a restricted view of the interaction, consisting of the robot’s processed
sensor information, from which it must then develop an appropriate interaction strat-
egy. By enforcing such restricted-perception WoZ interaction, we even out the type
and amount of information and the interaction behaviour available to both the wizard
and the robot—a central tenet of our approach. As a result, we mitigate not only the
physical but also the perceptual-cognitive correspondence problem mentioned above.

1We henceforth refer to the standard WoZ technique as the unrestricted WoZ to denote the
capability of the wizard in observing the interaction context.
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Figure 12: The three steps of the proposed methodology for designing social inter-
action strategies from restricted-perception Wizard of Oz interactions.

The design methodology can be broken down in three key steps, summarized in
Fig. 12:

e Data collection, which includes preliminary studies conducted to gather task-
specific data and usually relies on an unrestricted WoZ approach. The data
collected in these studies is usually used to test and refine the task Al i.e.,
the high-level decision process that governs the task-specific behaviour of the
robot. Such task Al is also used to assist the Wizard during the restricted per-
ception WoZ studies, where the interaction data (perceptions and behaviours)
are collected.

e behaviour extraction, in which the data collected during the data collection
stage is used to design and refine a number of interaction managers—modules
that will be responsible for managing the interaction between the robot and
the human users in different contexts of the task.

o System refinement, in which the robot autonomously interacts in the target
scenario. Evaluation studies can be conducted incrementally, allowing for cor-
rective feedback provided by a human supervisor to be used to refine the in-
teraction strategies.

We refer to |72] for further details on the design methodology.

4.2 Restricted Perception Wizard-of-Oz in INSIDE

We applied the restricted-perception WoZ methodology described above in the con-
text of INSIDE to design the social interaction behaviours of the robot. Specifically,
we conducted several preliminary studies to assess the children’s reactions to the
presence of the robot and the behaviour they exhibited during several activities.
The sensing apparatus included a camera and omnidirectional microphone placed in
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Figure 13: Illustration of the preliminary studies. Left: Two wizards control the
robot behaviour—the operator in front of the computer controls the interaction,
while the one standing navigates the robot. The robot top is visible on the one-sided
mirror in the background. Right: Therapist mediated interaction at the end of a
therapy session. The child brings the robot to the door to say goodbye. Visible in
the background is the room where the interaction took place.

the room and a camera and directional microphone placed inside the robot. The
interaction between child and robot was always mediated by a therapist.

Two wizard operators controlled the robot—one was in charge of the interaction
behaviour and another for the movement of the robot. Both operators observed the
interaction through the feed from the camera, the sound from the omnidirectional
microphone, and also through a one-way mirror (see Fig. 13).

As outlined in the methodology of Section 4.1, the preliminary studies were used
to define and design the necessary perception and actuation modules for the task Al,
before the restricted-perception WoZ experiments could be performed. Specifically,
the perception, decision and execution modules detailed in Section 3 were directly
informed by the preliminary studies.

With the task Al in place, we conducted a restricted-perception WoZ study, in
which a Wizard accessing only the processed perceptual data from the robot remotely
controlled the interaction between the robot and the child. The task AI controlled
a significant part of the robot decision process (including the robot motion and the
sequence of activities conducted during the therapy sessions), allowing the Wizard to
focus on the social interaction. Nevertheless, it was always possible for the Wizard
to override the Al and modify the behaviour of the robot.

During the restricted Wizard of Oz studies, we included a second human super-
visor (which was not in contact or within sight of the Wizard operator) which would
be able to observe the raw feeds from the cameras in the environment and provide
corrective feedback over the perception modules, correcting any perception that is
wrongly processed. It is the corrected processed perception that the Wizard operator
accesses to control the interaction. The objective behind this approach is to provide
a chance to correct and further improve the perception algorithms, and also to en-
sure that the interaction behaviour extracted from the restricted perception Wizard
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is matched with perceptual information as accurate as possible. This is especially
important in complex situations involving very dynamic and unpredictable elements
in the environment, as is the case of the INSIDE scenario.

5 Preliminary Results and Discussion

To evaluate the system and its efficacy in supporting the therapy for children with
autism, we needed to obtain a set of measures that can be used to assess the overall
engagement of the children, as well as their progress throughout the sessions of the
main study. In that context we explored different alternative measures and analysis
in such a way that can be used in future studies focusing on symbiotic interactions
between children and robots.

Preliminary studies were conducted involving 5 boys (ages ranged from 3 years
and 9 months to 5 years and 9 months) diagnosed with moderate ASD (according
to ADOS-2) in a total of 2 session (session 1, N = 4; session 2 N = 3). The children
were selected from a database for ASD children at the Child Development Center
in Hospital Garcia de Orta, Portugal. For the first two sessions, the children were
selected based on age and availability. These preliminary studies allowed us to design
a set of measures that will be used for future studies.

Engagement: The the main metrics we considered for the analysis was engagement.
So far our results are very encouraging. The children were willing to engage
with the robot and all participants completed more than 50% of the tasks.
Given that there is no time limit for the session, we found the total length
of the session to be a good indicator of the overall quality. Shorter sessions
correspond to higher percentages of tasks completed. Observing the available
videos we concluded that engagement, although an interesting and relevant
measure has to be carefully considered. Engagement of the children with the
robot is desirable, but being engaged does not always mean that the children
were paying attention to what the robot was saying.

Eye Gaze: Eye gaze is extremely difficult to assess in ASD children in general but
more specifically in sessions where child and robot move freely. There is a
tendency to infer that higher percentages of eye-gaze correspond to more en-
gagement and are therefore desirable. However our studies so far show that
higher percentages of eye gaze directed to the robot do not seem to reflect
desirable behaviour. On the contrary, they appear in sessions where children
stare at the robot with their faces nearly touching, which corresponds to be-
haviour that is inadequate in social interactions. Which raises the challenging
yet interesting question: How can we evaluate and interpret the quality of eye
gaze in future sessions to have a good measure of the children’s engagement in
social interaction? Should we discount or take into account the staring at the
robot as inappropriate /undesirable behaviour in social interaction? Or instead,
should we consider staring as some form of engagement with the robot?

Speech: Furthermore, the content analysis of the therapist speech also gives an
overview of the quality of the sessions. On the other hand, the content analysis
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Figure 14: T-shirt designed to collect physiological signals from the children inter-
acting with the robot. The T-shirt comprises ECG and accelerometer sensors and a
bluetooth emitter that sends the captured signals to a dedicated computer.

of the child’s speech seems to reflect mainly individual differences in language
ability. However both measures will be valuable to assess progress through the
main study.

It is however interesting to note that most of the children’s speech was di-
rected to the robot which is a great indication of engagement with the robot
and enjoyment. Most importantly the pilots conducted so far have sparked
a discussion that lead to protocol changes that greatly improved our original
protocol.

Physiological signals analysis In addition to the set of measures discussed
above—which rely on the observation of the behavior of the children during their
interaction with the robot—we will also analyze how the interaction affects the chil-
dren from a physiological perspective, thus providing a more complete understanding
of the impact of robots in therapy.

To this purpose, we built comfortable wearable technology, so that the analysis
of the physiological data could be acquired with a T-shirt (see Fig. 14). However, the
environment, the conditions in which the tasks are performed and the movements
made by the children, are major issues that led to the partial corruption of the
electrocardiographic signals acquired. Thus, in order to face these problems, two
algorithms were developed for noise detection [65] and signal reconstruction [8].

In the literature, several techniques can be found for signal denoising through
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frequency and time domain filtering, like wavelet thresholding [16], and adaptive fil-
tering, such as Bayesian filters [68] and Kalman filters [73]. Other techniques such
as independent component analysis (ICA) [83] and empirical mode decomposition
(EMD) [43] are typically used as well. These, however, are more appropriate for
noise removal. The Noise Detection Clustering algorithm has been created in order
to distinguish noise from clean samples of the signal by means of an agglomerative
clustering method based on a combination of statistical and morphological features,
each being more associated with a type of noise and to fine-tune the algorithm’s per-
formance. By combining these features, it has been demonstrated that it is possible
to find the areas of the signal that are corrupted with several types of noise and
apply more specific and appropriate methods for the denoising process, while being
useful as well for signal reconstruction [65].

The acquired ECGs are heavily noisy and the features are hard, or even impossible
to read, due to the mentioned contaminations. Several algorithms explore the cleaner
regions, exploiting their features and serving as input to generative machine learning
models [3, 18, 52, 66]. These algorithms have the limitation of using a feature
extraction method that is specific to a single type of signal, therefore a method that
synthesizes accurately biosignals using the raw signal was created. The developed
method learns the morphology of the raw signal that is used as input, skipping the
feature extraction step, by adopting the Deep Neural Networks (DNN) generative
architecture [8]. This work profits from the prediction power of the Recurrent Neural
Networks (RNN), more specifically of the Gated Recurrent Units (GRU), in order to
generate the samples based on the previous predicted ones in a recursive loop (8, 32|.

5.1 Discussion

With the metrics proposed, and an improved protocol and robot, the next steps
involve the test with a group of children diagnosed with ASD to participate in the
study. Given the immense diversity among ASD children and sampling constraints
we are going to use a repeated measures design where children undergo 10 therapy
sessions. We will evaluate the children’s progress throughout the sessions and finally,
generalization. Generalization implies that a child is able to apply what he/she learnt
in the therapy setting, to other contexts, for example school or at home. This is
extremely difficult to assess, and as such we will conduct an eleventh session without
the robot and compare the children’s performance on the last session with the robot,
to an identical session without the robot and see if they are capable of performing
at a similar level.

Following a recommendation from Robins et al. [63], our goal is to promote
relationships between autistic individuals and other people. Bonding with a robot is
just an intermediate step, but we believe it will have a very high impact in their life.
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