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The emergence and development of cognitive strategies for the transition from
exploratory actions towards intentional problem-solving in children is a key question
for the understanding of the development of human cognition. Researchers in
developmental psychology have studied cognitive strategies and have highlighted the
catalytic role of the social environment. However, it is not yet adequately understood how
this capacity emerges and develops in biological systems when they perform a problem-
solving task in collaboration with a robotic social agent. This paper presents an empirical
study in a human-robot interaction (HRI) setting which investigates children’s problem-
solving from a developmental perspective. In order to theoretically conceptualize
children’s developmental process of problem-solving in HRI context, we use principles
based on the intuitive theory and we take into consideration existing research on
executive functions with a focus on inhibitory control. We considered the paradigm
of the Tower of Hanoi and we conducted an HRI behavioral experiment to evaluate
task performance. We designed two types of robot interventions, “voluntary” and “turn-
taking” —manipulating exclusively the timing of the intervention. Our results indicate
that the children who participated in the voluntary interaction setting showed a better
performance in the problem solving activity during the evaluation session despite their
large variability in the frequency of self-initiated interactions with the robot. Additionally,
we present a detailed description of the problem-solving trajectory for a representative
single case-study, which reveals specific developmental patterns in the context of the
specific task. Implications and future work are discussed regarding the development of
intelligent robotic systems that allow child-initiated interaction as well as targeted and not
constant robot interventions.

Keywords: child-robot interaction, problem solving, self-initiated interaction, robotics, education

1. INTRODUCTION

The emergence and development of problem-solving cognitive strategies are fundamental
mechanisms for human evolution. In the case of childhood, these mechanisms allow children
to generate and develop novel mental representations and schemata through playful exploratory
activities which gradually transform into deliberate problem solving strategies. These cognitive
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FIGURE 9 | Individual task performance K versus age in the evaluation
session for Cond1 and Cond2.
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FIGURE 10 | Average H metric of child’s asking for help in Cond2 vs. child’s
age, presented according to number of disks.

In addition, we considered the score of extra movements for
these children. As shown in Figure 11 in total 9 out of 10 children
asked for help during the robot intervention. Of those, 6 children
showed increased number of extra movements ranging from K =
1.11 to K = 1.66 with low number of instances of asking for
help (normalized range from H = 0.00 to H = 0.096). On the
contrary, three children exhibit increased number of instances
of asking for help, ranging from H = 0.18 to H = 0.82, with
decreased number of extra movements, ranging from K = 0.25
to 0.097.

4.3. A Single Case-Study, Pattern
Emergence, and Inter-individual
Differences (Hypothesis 3)

To gain a more refined understanding of the problem-solving
process and to identify possible patterns in action sequences,
we map the developmental trajectories of the task solution
for N 4 selected children. The selection of the specific

FIGURE 11 | Representation of K vs. H to represent normalized number of
movements with respect to help by the robot.

case studies was based on their representiveness in terms
of the solution path that the children followed during the
sessions. In this section we analyse one single case study and
we selectively juxtapose instances from the remaining three
case studies.

For our analysis, we assessed all movements as optimal or
suboptimal and mapped it to the visual representation of the
ToH solution presented above (see Figure 6). We used the
visualization to map the sequence of child’s task-related actions
and to define possible emerging patterns.

4.3.1. Baseline Session

4.3.1.1. Optimal performance

The child “Sophie,” aged 8 years, participated in Condl of
the study. During the baseline session, without the presence
of the robot, Sophie understood the rules of the game
and showed a positive stance toward the game and the
activity. She started solving the task with d 3 disks,
without facing any difficulty. We observed that toward the
end of the solution, Sophie increased the pace of her task-
related actions. This has been registered as a typical behavior
that was observed repeatedly in all participant children and
can be explained by the cognitive theories that describe
child’s perceptual strategies making successive moves that
lead to the display looking more like the desired end state
(Miyake et al., 2000).

4.3.1.2. Deviation

Then, Sophie proceeded to the next task with d = 4 disks. While
in the beginning of the task, we observed an increased pace in her
actions, after the movement 4, the solution pace was diminished
and, as shown in Figure 12, she started deviating from the
optimal solution path. The point she started to deviate was the
instance where she should perform an auxiliary movement and
inhibit inappropriate move selection. This demand appears at
specific points where there is a mismatch between the end goal
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optimal solution path.

FIGURE 12 | A developmental representation of individual child’s problem-solving path of the baseline. The figure shows a pattern of frequent deviation from the

of the problem and a current subgoal. This was a typical behavior
that appeared in the Baseline session in all the four case studies
we evaluated.

4.3.1.3. Recovery

After four movements, Sophie understood that she was not on
the optimal solution path of the task and she started performing
recovering actions. We observed an increased pace of her actions
during the recovery which might be explained by theories that
focus on executive function of planning (e.g., Miyake et al., 2000).

4.3.1.4. Inhibitory control points

The solution of the d = 4 disks ToH task requires from the
child at least three instances of inhibitory control. At those points
the child should perform an auxiliary movement in order not to

deviate from the optimal solution path. However, Sophie did not
make use of the auxiliary movement which resulted in a canonical
deviation from the optimal solution path as appears in Figure 12.

4.3.1.5. Child-initiated interaction

In condition 2, we annotated the child initiated interaction
indicated by the instances of the child’s asking for help as
described in section 4.2. The microgenetic assessment provides
further insights on the timing of child-initiated interaction. As
expected, we observed that the majority of the instances appear
on the nodes where the child had more than one options to
perform the next movement with higher probability to deviate
from the optimal path. This coincides with the auxiliary actions
that indicate the child’s inhibitory control.
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4.3.1.6. Pattern emergence of developmental sequences

The pattern which appears in Sophie’s baseline for the d = 4 disks
task appeared in all the four case studies we analyzed. In a similar
way, a typical solution path in turn-taking condition consisted of
optimal moves only following the diagonal axis of the triangle.
In the evaluation session, the child exhibits canonical deviation
from the optimal solution path with an improvement from the
baseline, and a more frequent deviation from the optimal path
than the one exhibited in the intervention session.

4.3.1.7. Pattern emergence of temporal aspects

To illustrate how the problem-solving trajectory develops over
time, we examine the speed of the moves throughout the
task. Figure 13 shows a selected set of representative examples
from the analyzed cases with the duration of each move (in
seconds), in addition to a moving average of the last three
movements. We observe an increase in speed (short duration)
in the last movements of a subgoal for all the analyzed
children. Additionally, we observe that the increase in the
speed of movements toward the final solution of the tasks
is associated with optimal movements, while increase in the
speed of movements between subgoals of the same number
of disks is associated with suboptimal movements such as
exploratory actions.

4.3.2. Robot Intervention Session

In the second and the third session Sophie participated to
the robot intervention session in Condl in which Sophie was
instructed to solve the ToH task together with the robot in a

turn-taking setting. Sophie looked engaged with the robot and
she clearly perceived all the intended behaviors of the robot. She
selected to repeat the task with d = 4 disks which she solved
in the optimal way in collaboration with the robot. As shown in
Figure 12, her performance was optimal in the task with d = 5
disks as well when solving the task together with the robot.

While an optimal solution was typical for all children in
Condl, children in Cond2 showed different patterns of task
solution, which differ depending on the frequency child asked
the robot for help. In the examined case studies we observed
solutions with (i) canonical deviation from the optimal solution
at the points which required auxiliary movements (ii) instances
of child breaking the rules of the game and (iii) solutions with
extensive exploratory actions which lead to a final solution with
the use of large number of extra movements.

4.3.3. Evaluation

In the last session, Sophie selected to solve again the d = 5 disks
task, without the help of the robot. While in the intervention
session, Sophie solved the task together with the robot following
the optimal path, in the evaluation session she regularly deviated
by the optimal as shown in Figure 12. The pattern of Sophie’s
deviation from the optimal path in the evaluation resembles the
one in the Baseline with the four disks task, in having the critical
points of the use of auxiliary movements as necessary for the
continuation of the optimal solution. However, Sophie’s pattern
of solution seems improved in the evaluation session since she
achieved to use inhibitory control in four out of eight critical
points. This indicates the dynamic nature of problem-solving

C1BLD4

Durations of the movements

C9BLD4

vvvvvv Running average (n=3)
@ Optimal movement

@ Subopotimal movement

C8EV D4

C9BLDS

C9EV DS

NEZRYNUYSEU LY EECEEESALL 88888288

FIGURE 13 | Examples of speed of optimal and suboptimal actions in association with the subgoals of the problem-solving task.
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process in incremental tasks which requires special attention to
the design of robot intervention.

5. DISCUSSION

In the current study, two main topics were addressed: First,
we evaluated children’s problem-solving task performance in
a “voluntary” HRI condition in contrast with a “turn-taking”
condition in a longitudinal setting. Second, we examined the
developmental trajectory of the process of problem-solving
via possible patterns of the sequence of actions over multiple
sessions. To address the first topic we captured children’s
performance of the ToH task in an incremental manner looking
at the role of the robot intervention on the task performance. To
address the second topic, we considered children’s deviation from
the optimal path of the solution which allowed us to highlight
the heterogeneity of children’s problem-solving trajectories. Our
goal was to observe children’s trajectories of problem solving, and
to create an HRI setting that allowed for voluntary childrobot
interaction with child-initiated robot intervention. Below we
discuss the main findings:

5.1. Exploration in Young Children’s

Problem-Solving

Our results indicate that participants in the “turn-taking’
condition exhibit less exploratory movements than in the “on-
demand” robot intervention condition. However, in challenging
tasks, young children that participated in the “on-demand” robot
intervention and had the possibility to perform more exploratory
actions outperformed young children that participated in the
“turn-taking” condition in terms of deviation of the optimal
moves. Thus, our findings provide initial indications regarding
young children’s need for exploratory actions in problem-solving
process in HRI settings and the efficacy of those actions in
challenging task performance.

5.2. Inhibitory Strategy Emergence and

Development

The cognitive strategy of inhibition has been characterized as
one of the main strategies used for the optimal solution of the
ToH task (Goel and Grafman, 1995). This strategy allows the
child to inhibit moves directly to the goal in order to make the
counter-intuitive move that leads to the optimal solution. We
identify the use of inhibitory strategy in all observed optimal
moves excluding the moves leading to a subgoal or the final
solution of the ToH. Our design allowed us to observe that
this strategy is not apparent to all young children, especially
in the more challenging tasks. However, the fact that our
cases increased the speed of their optimal movements only
toward the reach of a subgoal indicates that the analyzed
children used additional strategies for the task solution such as
implicit learning. Typically, this procedural learning is observed
by continuous improvement in performance over repeated
administrations of the same ToH problem, as shown by our
analysis of the learning effect.

5.3. Designing Robot Behaviors to Scaffold
Child’s Exploration

For the current study we used the Haru robot with minimally
designed social behaviors. Since our main focus was on the
type and timing of robot cognitive intervention rather than on
robots social behaviors, on purpose, we restricted the robot
behaviors into cognitive interventions providing suggestions in
a neutral non-verbal manner and feedback related to the task
performance only. Maintaining the same behavioral principles,
we designed an “on demand” robot intervention. This is one
of the few studies in HRI that provide children the space to
voluntarily initiate the robot intervention. Our results indicate
that there is a relationship between children’s intrinsic motivation
for exploration and robot intervention, since in many cases
the participant children did not ask for help by the robot and
preferred exploration which lead to increased task performance.
Additionally, the “on demand” intervention allowed for inter-
individual variability to be observed, with some younger children
being inclined for more exploratory actions, which might require
personalized robot interventions.

However, we observed that children’s deviation from the
optimal solution path in the specific task comes with certain
patterns. From a pedagogical perspective, these patterns can
be utilized in order for designers to develop targeted robot
interventions which allow the child to explore and experience
self-initiated interactions. In addition, at targeted instances of
the task, the robot intervenes in order to provide recovery in
child’s actions and scaffold the child’s problem-solving process
which would lead to better learning experience and outcomes for
the child.

This paper contributes to the field of HRI as one of
the few developmental studies which focuses on the process
rather than only on the final outcome of child’s activity and
provides indications about not only the what but the why of
collaborative problem solving in child-robot interaction. Further,
the suggestions of voluntary interaction contributes to the
current dialogue about the ways we need to develop value-
centered intelligent systems. In this way the child has the freedom
to initiate the interaction according to her needs.

6. LIMITATIONS AND FUTURE WORK

Deeper insight into the trajectories of children’s problem-solving
will allow us to construct dedicated theoretic models for the
emergence and development of children’s complex strategies.
In similar fashion to the work by Oudeyer and Smith (2016)
on modeling curiosity development, in future work, we also
intend to computationally model and simulate problem-solving
processes of increasingly complex tasks. Toward this end, we
intend to develop a robotic companion for dynamic assessment
and support of children’s tendency for exploration as one of the
catalytic stages for the emergence and development of relevant
cognitive strategies for problem solving. From a methodological
perspective, whilst most of the current longitudinal studies with
children in HRI include relatively small sample (i.e., Leyzberg
et al,, 2018), we aim to investigate child-robot collaboration
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in problem-solving tasks in a longitudinal study with a larger
sample. In this way, we will be able to contribute to the dialogue
regarding child development in HRI settings with generalizable
results. In addition to this, we acknowledge that between the
interaction design of the two conditions lie further possibilities
for child-robot interaction in the context of collaborative
problem-solving activities. Our plans for future work include
additional possibilities for further types of interaction design.

Regarding the robotic system itself, we are currently
developing a fully autonomous system for the dynamic
assessment and autonomous robot intervention for the ToH task
to carry out a larger scale study considering a fully autonomous
interaction. This requires, from the perception part, to estimate
the state of the game, the individual child problem-solving
abilities and other individual characteristics. Tracking the state of
the game makes it possible for the robot to automatically evaluate
the task progress and thus take decisions accordingly.

Deeper data-driven analyses may further reveal characteristics
and causes of child development and the transition from
primitive cognitive and social actions toward more complex
behaviors. As discussed before, all children did not have
explicit conceptualized knowledge and strategies for problem-
solving of the ToH task. So interacting with this task could
be considered as a novel activity with many exploratory
opportunities, which is still an open area of research for HRI.
At the same time, it will be interesting to further investigate
what design principles would be applied in developing robots
that scaffold children to effectively transit from exploratory
actions to intentional behaviors. Individual pace differences
of this transition will require for the robot to be adaptively
intelligent by dropping old solutions when something shifts in
the child’s behavior, the task or the context. This demands a
dynamic approach of the conceptualization of problem-solving
cognitive activity in child-robot cognitive collaboration. Taken
together, our results are initial steps toward creating flexible
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