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ABSTRACT

Identifying and supporting children’s play and problem solving be-
haviour is important for designing educational technologies. This
can inform feedback mechanisms to scaffold learning (provide hints
or progress information), and assist facilitators (teachers, parents) in
supporting children. Traditionally, researchers manually code video
to dissect children’s nuanced play and problem solving behaviour.
Advancements in sensing technologies and their respective Multi-
Modal Data (MMD), afford observation of invisible states (cognitive,
affective, physiological), and provide opportunities to inspect in-
ternal processes experienced during learning and play. However,
limited research combines traditional video annotations and MMD
to understand children’s behaviour as they interact with educa-
tional technology. To address this concern, we collected data from
webcam, wristband, eye-trackers, and Kinect, as 26 children, aged
10-12, played a Motion-Based Educational Games (MBEG). Results
showed significant differences in children’s experience during play
and problem solving episodes, and motivate design considerations
aimed to facilitate children’s interactions with MBEG.
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1 INTRODUCTION & MOTIVATION

Play can be described as the manifestation of children’s actions and
their own creative meaning [73], and is traditionally attributed as a
substrate for children’s individual understanding and experiences
of the surrounding world. During play, children submit to imagina-
tive thinking and are captivated by a rich multi-sensory experience
derived on their own volition [75]. Research shows that integrating
play into children’s problem solving scenarios, yields a multitude
of valuable outcomes, such as increased engagement [63], elevated
enjoyment [77], and amplified motivation [29]. Accordingly, play-
fully framed problem solving experiences may be more meaningful
[15] for children’s learning. Children demonstrate several different
problem solving strategies and behaviours that oftentimes need dif-
ferent level or forms of support [13, 100]. Identifying and properly
facilitating these behaviours has the potential to inform the design
of technological affordances and equip children’s support sphere
(i-e., learning facilitators, such as, teachers, parents, and therapist).
This support can guide appropriate feedback delivery to children
(e.g., via the system or the facilitator), with the goal of nurturing
children’s learning experience.

The last decade has given rise to an enormous penetration of
wearable technologies in children’s lives. Due to their ubiquitous
nature, these technologies have become more readily accessible for
use with young children; supporting their play, communication,
education and other endeavours. One such application is the devel-
opment of Motion-Based Educational Games (MBEG), which utilise
sensing devices (e.g., Microsoft Kinect) to capture, map and inter-
pret children’s full-bodied movements as game input [7]. Within
these games, playful expression emerges as children appropriate
the game context [82] by creatively interpreting, and engaging with,


https://doi.org/10.1145/3459990.3460702
https://doi.org/10.1145/3459990.3460702

IDC ’21, June 24-30, 2021, Athens, Greece

learning content, and at times challenging the game’s confines (i.e.,
rules, story line, and objectives) through freedom of movement.
Moreover, due to their “touchless” nature, MBEG have been shown
to provide children with a more natural [36] and engaging learning
experience [43]. The inherent richness of investigating the natu-
ral interactions exhibited by children during learning, highlights
MBEG as a potentially valuable untapped resource for better un-
derstanding children’s learning behaviours.

A core element of MBEG is the use of sensing technologies
(e.g., motion sensors), which enable the automatic, continuous, and
unobtrusive collection of Multi-Modal Data (MMD), such as physio-
logical, gaze, and skeletal data. Such data collections empower us to
transcend the limits of human observation, by accessing real-time
information on children’s seemingly “invisible” cognitive, affective
and physiological states [92]. Accordingly, sensing technologies are
gaining traction as useful, reliable means of investigative practice
for understanding multi-faceted problem solving phenomena and
supporting learning in-situ [11, 19], specifically in the domain of
children’s problem solving behaviours during interactive learning
experiences [33, 51, 52, 71]. Additionally, sensing technologies and
their respective MMD, allow us to closely monitor and understand
children’s play and problem solving behaviours, leveraging the key
affordances of MMD (e.g., temporality and direct access to indica-
tors of children’s cognitive and affective processes [19]). However,
despite this potential, limited research has attempted to interlace
these ideas by using MMD from sensing technologies to investigate
children’s play and problem solving behaviours. To bridge this gap,
our research attempts to address the following research question
(RQ).

RQ1 How do children experience play and problem solving
during their interaction with MBEG?

RQ2 How do children experience guessing and informed prob-
lem solving during their interaction with MBEG?

To explore these questions, we conducted an empirical study in
which 26 children, aged 10 — 12, played three games of a geometry-
focused MBEG, called Marvy Learns. We recorded children’s game-
play and employed various sensing devices which allowed us to
capture children’s MMD (e.g., gaze from eye-tracking glasses, physi-
ological from wristband, and skeletal from motion sensor). We man-
ually annotated the video recordings, and used a mixed-methods
approach to investigate how children experience play and problem
solving. We present the following contributions:

o We offer insights from an in-situ experiment where children,
aged 10 — 12 years, were monitored by wearbles and sensing
technologies, as they played a geometry-focused MBEG.

e We outline the differences in children’s play and problem
solving behaviours during their interaction with MBEG.

e We elaborate on how our findings can be used to scaffold
children’s learning through provision of individually tai-
lored feedback mechanisms concerning student’s cognitive,
affective and physiological states.

2 RELATED WORK

We draw inspiration from the domains of embodied interaction,
MBEG, MMD, and the confluence of play and problem solving in
Child-Computer Interaction (CCI). Here, we offer a overview of the
groundwork that directs our research.
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2.1 Embodied Interaction and Motion-Based
Educational Games

Recent advancements in wearables and high precision motion sens-
ing devices (e.g., Microsoft Kinect) demonstrate the capacity to play
an instrumental role in the design and implementation of learning
experiences [25]. These interactive technologies encourage the cou-
pling of the mind and body, and have given rise to the concept of
embodied interaction. Embodied interaction describes the relation-
ship between one’s physical actions and mental faculties, combined
with their social and environmental context, and its influence on
the sharing, creation, and manipulation of knowledge through nat-
ural, meaningful interactions (i.e., gesture, full bodied movements,
facial expression) with technology [25].

MBEG allow children interact with learning resources in a natu-
ral and playful way, by using their body to improve cognitive skills
[104]. These games have gained traction as a powerful pedagogical
strategy to promote children’s learning [7, 43]. Concerning profi-
ciency in maths, MBEG have traversed a variety of sub-domains,
such as calculus [67], algebra [45], arithmetic [91], and geometry
[83]. Remarkable studies show that MBEG might bring benefits
to a player’s maths learning experience; especially concerning en-
hanced problem understanding [83], reduced anxiety [44], and
increased academic performance [93]. Additionally, the introduc-
tion of programming languages using motion-based technology (i.e,
Kinect2Scratch), may enhance students’ computational thinking
and problem solving skills [2].

These contributions illustrate that learning scientists, instruc-
tional designers and educational facilitators are beginning to con-
sider MBEG as a viable approach by which to complement current
education [43], specifically regarding maths. Moreover, the innate
ability of MBEG to foster children’s playful movement whilst learn-
ing, makes them attractive research candidates in the intersection of
education and MMD. However, despite the aforementioned benefits
of integrating opportunities for playful behaviour in educational
contexts, research addressing how MMD generated from children’s
play and problem solving interactions with MBEG is lacking. Ex-
ploring this untapped wealth of potential may help researchers
advance the design and development of MBEG (e.g., via games that
can recognise, support, adapt, or respond, to children’s cognitive,
affective, physiological and behavioural states in real-time during
game play sessions).

2.2 Multimodal data in child-computer
interaction

MMD combines multiple data modalities both from physical and
digital dimensions, allowing computational methods to access and
analyse them [11]. Leveraging on the key attributes of MMD, such
as temporality and possible direct access to novel measurements
of cognitive, affective, and physiological processes, consists of rel-
atively new sources of information in the domains of learning
sciences and CCI [19, 52]. There is an ongoing and increasing de-
bate on MMD opportunities to contribute to theories regarding
human behaviours in learning contexts [19]. Recent studies, such
as Worsley and Blikstein [102] and Lee-Cultura et al. [52], indicate
that the existing strategies for analysing MMD may contribute
more significant perspectives to complex learning processes than
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conventional methods. In a similar vein, a recent literature review
on MMD for young children [16], demonstrates this advantages,
while also highlighting potential ethical issues.

Large-scale MMD collection of children’s affective and behavioural
data is a relatively new practice in CCI research [41]. In recent years,
the CCI community has argued over the potentiality and ethical im-
positions of tailoring children’s experiences using ubiquitous tech-
nologies and their produced traces (e.g., MMD) [42]. Related works
encourage the use of MMD for analysis of complex interactions
between children and systems [10, 54]. This is mutually motivated
by different data stream’s capacities to inform on key aspects of
children’s behaviour [10, 54] and lead to a comprehensive under-
standing of their interplay. For instance, kinaesthetic data combined
with system logs, have been used to evaluate and support children’s
short term memory during MBEG play [48]. To predict children’s
learning performance in a construction task, kinaesthetic data was
combined with electrodermal activity (EDA) and video data [101].
Improvements in wearable sensors have bolstered research using
EDA and Blood Volume Pulse (BVP) [62, 72]. Moreover, integration
of EDA and BVP data with system logs have explained differences
between various task performance levels in construction-based
activities [11]. Furthermore, hand movement and video data sup-
ported the interpretation of children’s understanding of learning
material [4]. Further, range of gesture/movement, combined with
video, speech and eye tracking, was used to explain children’s en-
gagement with different activities [3]. By analysing gaze tracking,
facial expressions and speech, it is also possible to automatically
recognise real-time social signals, and understand affective states,
including children’s basic and complex emotions (i.e., happiness,
sadness, confusion, frustration) [23, 61].

Standard access to MMD devices has increased their adoption for
understanding and/or explaining children’s play [17, 64] and prob-
lem solving behaviour [1, 86]. For example, audio and video record-
ings were used to detect children’s affective states as they solved
sorting and pattern recognition problems [105]. System log and fa-
cial video analysis have also led to the development of constructive
user-friendly experiences to promote fun and learning in the acqui-
sition of programming skills [1]. More recently, Sridhar et al. [86]
demonstrated the use of Heart Rate Variability (HRV) and galvanic
skin response to differentiate between children’s cognitive-affective
states as they executed tasks of variable mental effort. Physiological
data has been leveraged during learning tasks to help manage cog-
nitive load, as both overload and underload can result to weakness
[14, 50]. EDA, HRV and affective states have also been assessed
to understand children’s level of physiological arousal [35] and
stress [21], the dynamics of goal-oriented open-ended gameplay,
proxemics, and to encourage group collaboration [17]. Collectively,
these studies highlight the importance of using MMD to further
our understanding on children’s experiences during learning and
play activities.

2.3 Play and Problem Solving in CCI

When a child lacks the answer to a proposed problem, they en-
gage in a cognitive processing called problem solving, directed at
determining the solution. The problem solving process has four
notable characteristics [57]. It is cognitive, involves representing
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and manipulating knowledge, is directed by the problem itself, and
is personal (i.e., the individual knowledge and skills of the child
determine the problem’s difficulty or ease). Problem solving is an
extremely important educational goal and is a behaviour that can
greatly benefits children as they find themselves in new situations
[57]. It is part of our daily lives [31] and is, thus, critical in children’s
learning and for their future integration to society [30, 46].

Play is a core activity for children as it contributes to their well-
being and development. In particular, playful technologies have
been successful in motivating children “off the couch” to support
learning and recreational activities [20]. Many researchers in the
fields of education and child psychology have studied how play
promotes emotional, cognitive, language, and physical development,
and can be seen as a positive and natural means of engaging children
in problem solving and knowledge building [74, 99].

Play and problem solving are coherently and well integrated
into most new learning technologies. Children assume different be-
haviours throughout various phases of the learning process. Thus,
it is advisable to know how to distinguish and interpret them to pro-
mote better educational experiences. Related studies have examined
ways of detecting such learning behaviours by utilising different
features derived from system-generated data which identify the
various stages of children’s experiences [34, 40]. In particular, it is
possible to understand when a child engages in guessing behaviour
[100] or informed problem solving behaviour [13]. Previous re-
search has employed various parameters to automatically detect
children’s behaviours, such as response times, number of attempts
to respond correctly, and the response itself [47, 55]. Nevertheless,
the bulk of these studies have been based on system logs and very
few studies have examined the use of motion features to investigate
children’s play and problem solving behaviours during their inter-
actions. For instance, Olugbade et al. [66] explored the automatic
detection of reflective thinking through motion data while children
solved a maths problem in order to tailor feedback/support via
technology for learning. Shin et al. [81] analysed learner’s finger
movements as they played KitKit School, a tablet based game, recog-
nising guessing behaviour from solution behaviour. Despite these
limited studies, the majority of CCI works utilise video annotations
(i.e. manual coding) conducted by experts as the standard method
for characterising children’s experience (e.g., playing, problem solv-
ing) [94]. This study aims to combine human coding methods and
MMD to identify how children experience play and problem solving
behaviours in the context of MBEG.

3 MARVY LEARNS: THE MBEG

In our study, children played a single-player MBEG called Marvy
Learns, which aims to develop their maths skills, specifically con-
cerning geometry. Children assisted a large blue monster, named
Marvy, in sorting a collection of cards by moving them into labelled
boxes according to geometric shape attributes. Each game session
consisted of six cards to be sorted to the correct box (each card
represents a problem to be solved). The game had two different
types of geometry questions (i.e., shape-grid and shape net), which
were used in separate game sessions. In shape-grid questions, as
shown in Figure 1, each card showed a 4x4 grid with disconnected
blue points. When connected, the points formed a 2D polygon.
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Match the grid to its shape!

Figure 1: Marvy Learns requires a child to match a grid card to a labelled box according to its geometric characteristics. left:
child reads the instruction and assesses the cards to sort into the labelled boxes. centre: child chooses a trapezoid card. The
card is selected when it turns blue. right: Marvy Learns requires a child to match a grid card to a labelled box according to its

geometric characteristics.

These cards included shape-grids for: rhombi, trapezoids, isosce-
les triangles, right triangles, rectangles, and squares. In shape-net
questions, each card displayed a flattened, or unfolded, 2D rep-
resentation of a 3D shape. When folded, the resulting 3D shapes
included: tetrahedrons, triangular prisms, cubes, and cuboids. In
both cases, children were asked to either visualise the geometric
shape that results from connecting the multiple grid points to their
2D shape name, or match the flattened 2D shape to its 3D shape
name. The boxes were labelled with the shape names. In this way,
children learned geometry shapes (e.g., qualities and characteristics
of, different dimensional representations of) and the respective
terminology by associating the cards with the shape names on the
boxes. Marvy Learns also fosters logical and inductive thinking
through practice of arranging and classifying objects.

For example, a collection of six cards that a child must sort, may
consist of 3 rhombi grids, 2 trapezoid grids, and a square grid (Figure
1, left); with boxes labelled as Rhombus, Trapezoid, and Square. To
answer a question, the child must examine the cards and read the
box labels (i.e., see and understand the question), visualise the shape
resulting from connecting the blue points on the grid, determine its
corresponding labelled box, select the card by performing a specific
gesture/posture, and re-locate the selected card to the labelled box
by maintaining the posture and moving their body to the proper box
to place the card. The Marvy avatar mirrors the child’s movement,
so arrangement of cards takes place as the child moves their body
in physical space. In our example (Figure 1), the child would be
expected to match 3 rhombi to the red Rhombus box, 2 trapezoids
to the green Trapezoid box, and 1 square to the orange Square
box.

When a question was answered correctly, children received a
positive reinforcement message (e.g., "Good Work!", "Nice!"), cou-
pled with celebratory animations (e.g., eruptions of confetti or
sparkles). Incorrect answers prompted messages of encouragement
(e.g., "Try Again!"), and the incorrectly matched card was automat-
ically returned to its original location. Children were permitted
unlimited match attempts and not penalised for incorrect answers.
Moreover, to mitigate additional pressure during the game sessions,
Marvy Learns did not display a timer or running game score. As
such, the game did not encourage or discourage guessing behaviour
[100]. Lastly, Marvy Learns affords opportunities for play through
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children’s creative control of selected item cards and movement
synchronised direction of Marvy.

4 METHODS

4.1 Context

Our study was conducted during winter of 2019, in collaboration
with a grade six class from a local Norwegian public school. Re-
searchers and the class maths instructor, provided children with
a thorough explanation of the study and children were given the
opportunity to participate by their own free will. The study took
place in a room dedicated to concurrently accommodate two game
sessions (i.e., two children), and was specifically setup to avoid
distractions.

4.2 Participants

Our sample consisted of 26 typically developing children (10 M,
16 F), with an average age of 10.95 years (SD = 0.21 years). None
of the children had prior exposure to MBEG. Children engaged
in three gameplay sessions lasting, with an average duration of
8.63 minutes. Prior to their participation, verbal/written informed
assent/consent was obtained by children and their guardians re-
spectively. Additionally, each child received a gift card for their
time. All procedures were granted prior approval from the national
human research ethics organisation.

4.3 Procedure

We conducted a mixed methods study to investigate the use of
MMD to explore children’s play and problem solving behaviours
during their interactions with Marvy Learns, a geometry focused
MBEG. Children were given an Empatica E4 wristband and pair of
Tobii eye-tracking glasses to wear. Researchers then introduced the
children to the Marvy Learns game, explaining the game’s objective,
rules, and interaction techniques. Children were given opportunity
to ask questions to gain further clarity where needed, prior to
commencing the game. Children played three consecutive game
sessions: one practice session, during which children exercised their
understanding of the games rules and objective, and 2 non-practice
sessions. The 2 non-practice sessions delivered a different types
of geometry questions (i.e., shape-grid and shape-net, see section
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Eye tracking
Eye-tracking tags
fixation point

Hand performing
a gesture

Figure 2: left: view from the Logitech web camera, of a child during an episode of play. They are wearing Tobii eye-tracking
glasses and an Empatica E4 wristband. right: view from the Tobii eye-tracking glasses, showing the Logitech webcamera and
Microsoft Kinect. The red dot on-screen represents the child’s real-time point of focus. The child does not see this during

gameplay.

3), and provided researchers the opportunity to collect more data
per child. As well, previous experience informed us that children
enjoyed the game and typically wanted to play several sessions. The
experimental setup of a child, wearing the data collection devices,
while playing Marvy Learns, is shown in Figure 2.

4.4 Data Collection

Children’s game sessions were recorded using a Logitech video
camera and three additional sensor devices: Tobii eye-tracking
glasses, Empatica E4 wristbands, and Microsoft Kinect. System logs
were also collected to observe event data and game analytics (e.g.,
response times, game score).

4.4.1 Logitech video camera. Children’s interactions were captured
using a front facing Logitech web camera, which was fastened to
the top of the game play screen. Because the children’s play space
was located approximately 1.5-2 metres from the camera, the HD
recording set to a zoom level of 200% and at 10 Frames Per Second
(FPS).

4.4.2 Tobii eye-tracking glasses. Children’s gaze data was collected
using Tobii eye-tracking glasses with a 50Hz sampling rate and
one-point calibration. The glasses contain an objective camera built
into the nose-bridge, which was used, in conjunction with Tobii
glass controller software, to capture children’s field of view. Video
resolution was 1920x1080 at 25 FPS.

4.4.3 Empatica E4 wristbands. Children’s wrist data was captured
using the Empatica E4 wristband, which collects four different
variables: HRV (1Hz), EDA (64Hz), skin temperature (4Hz), and
BVP (4Hz).

4.4.4  Kinect Skeleton. Children’s skeletal data was collected using
the Kinect sensor, which recorded at a sampling rate of 1Hz. This
data represented the 3D position of 20 joints: head, shoulder-centre,
spine and hip-centre, hand, wrist, elbow, shoulder, feet, ankle, knee,
and hip (both left and right for the last 8).

4.5 Data Pre-processing

4.5.1 Video Coding Procedure. To identify and annotate children’s
naturally expressed behaviours, two researchers with expertise in
learning theories and technologies (and who are authors), coded
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the video data by adopting an iterative inductive coding approach
[58], as outlined in Figure 3. First, one coder viewed 27 game ses-
sions (i.e., 36% of video data) and made observational notes on
children’s innate behaviours. The coders discussed the findings
and, with support from previous relevant works in CCI [6, 28], cat-
egorised children’s actions as play, problem solving, and else codes.
Coders selected 15 new game sessions (i.e., 20% of video data) for
separate coding, according the initial coding criteria, after which
comparison of individual assignments commenced. To resolve dis-
crepancies, the coders parallel coded three new game sessions, and
engaged in discussion until consensus was reached. This resulted
in revision of the original coding criteria. The original 15 game
sessions were then re-coded separately according to the new re-
aligned understanding and the results from these individual codings
were used to determine inter-rater reliability. The consensus was
measured using Cohen’s kappa value. The result of the Kappa was
0.84, which illustrates substantial agreement [49]. The remaining 57
game sessions were divided and coded separately. In this way, the
coders settled on three non-mutually exclusive observable codes
(i.e., play, problem solving [sub-divided into informed [13] and
guessing [8, 100]], and else), grounded in CCI literature on play
and learning [6, 7, 28]. These behaviours manifested by children
naturally and were not intentions of the game. Play [28] concerned
interactions that were primarily directed at invoking fun, rather
than solving Marvy Learns tasks. Problem solving described the
process that children exhibited when attempting to match a card
to the correct box (i.e., determining a solution to Marvy Learns
tasks). For informed problem solving, children actively seeked to
determine the correct solution to a given question by considering
the information presented, and learning objective (i.e., determine
the correct name of the geometric shape), and through deductive
reasoning and logical thought, they attempted to construct a cor-
rect answer. Guessing behaviour [8, 100] was evident when a child
“chose multiple incorrect answers before the correct answer” [8]
(e.g., engaged in an exhaustive search). This was supported by chil-
dren’s response time Beal and Cohen [8]. Specifically, when children
responded (i.e., grabbed a card and attempted to match it to a box)
so quickly that their response time was less than the minimum time
required to read the question and consider the options presented
[100], children’s behaviour was coded as guessing. The else code
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Table 1: Coding scheme of children’s play and problem solving (guessing, informed) behaviours during their interaction with

Marvy Learns.

Code ‘ Description

Play Playing with the card included waving, exaggerated and exploratory movements. Playing with the avatar included
dancing, jumping, waving limbs, clapping, exaggerated, exploratory, celebratory movements.

Guessing ‘ Dragging a card to every box to find a match.

Informed Theory or evidence-based card-box matching included matching based on card characteristics, and recognising
similarities between boxed cards and unboxed cards.

Else Moments where the child did not exhibit any play or problem solving behaviours, such as: tying their shoe,
speaking to the experimenter.

R1 & R2: How do children experience play, guessing,
and informed problem solving behaviour during their
interactions with MBEG?

v

Review literature to identify preliminary categories
A coder views 27 sessions, suggests basis for codes
Coders discuss and establish initial codes

v

Separate coding of 15 sessions

Coders code

v 3 sessions
1st round only together to
Compare results > strengthen

Discuss until consensus reached understanding
Revise codes of the revised
2nd round only codes
Inter-rater reliability (kappa 84%)

Remaining 57 sessions divided
and coded separately

v

Interpretation of results |

Figure 3: The phases outlining the inductive category devel-
opment process, based on Mayring [58]

was applied to behaviour that could not be categorised as play or
problem solving (e.g., asking experimenters a question, stopping to
tie shoelace, etc). Examples of the different behaviours associated
with the play and problem solving codes are presented in Table 1.

4.5.2  Tobii eye-tracking glasses. Fixations and saccades were de-
tected using the Tobii’s default algorithm [65]. We also removed
blinks from the raw data before detecting the fixations and saccades
by using a speed based filter. To remove the noise and subjective
variance in the pupil diameter caused by factors such as brightness
of screen, time of day, the child’s gender, age, amount of sleep, and
contextual biases, we considered the first 30 seconds of eye tracking
data to normalise pupil dilation.

4.5.3 Empatica E4 wristbands. Similar to pupil dilation, HRV and
EDA can have subjective and contextual biases. Correspondingly,
we used the same pre-processing techniques to remove these biases
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from the HRV and EDA data, which weree used with the pupil
diameter data (except the brightness-control step).

4.5.4  Kinect Skeleton. No pre-processing was required.

4.6 Measurements

We extracted the following six variables from the collected MMD:
cognitive load, perceived difficulty, physiological stress, physiologi-
cal engagement, emotional regulation, and fatigue (Table 2).

4.7 Data Analysis

Though our coding process included non-mutually exclusive codes
(play and problem solving, Figure 4), the resulting data revealed that
children’s interactions with MBEG contained minimal overlaps. To
accommodate for the few overlapping episodes, we adhered to the
following guidelines. Overlaps occurring at the transition between
the two codes (Figure 4, left), were discarded. Additionally, for short
duration overlaps with one code completely embedded within the
other, we discarded the minority episode and the dominant code
prevailed. This resulted in removal of 7%, 2.3% (Figure 4, centre),
1.8% (Figure 4, right) of the data, respectively. Furthermore, the
“else” category was also found to be negligible (1.7 % of total time).

To address the cognitive and affective differences that children
experienced during the play and problem solving episodes (RQs),
we conducted repeated-measure Analysis of Variance (ANOVA).
For ANOVA, we use the student ID as a grouping factor. We checked
the preconditions of ANOVA, i.e., normality and homoscedastic-
ity, using Shapiro-Wilk’s test [76] and Breusch-Pagan test [12],
respectively. Furthermore, we applied Bonferroni corrections for
p-values for multiple tests. Lastly, during a post-hoc analysis, we
compared play episodes against informed problem solving and
guessing episodes, separately. For this purpose, we used an ANOVA
in a similar way as for our two main research questions, RQ1 and

RQ2.

5 RESULTS

Initially, we verified the lack of age and gender bias for each of the
six MMD measurements. Additionally, we did not find any relation
between children’s time-on-task effect and MMD measurements.
To address RQ1, we compared the MMD measurements between
episodes of play and problem solving behaviour (see Figure 5). All
statistical analyses reported were conducted with a significance
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Table 2: Descriptions of the multimodal measurements used in our study, including their device source.

Measurement | Data source | Explanation and relevant citations
Cognitive Eye-tracker This is the level of mental processing involved to solve a given problem. It is captured using
load pupil diameter [26], and is related to performance and different phases of learning [68, 103]
This is captured using saccades from the eye-tracking glasses, and is computed as the saccade
P.erceived Eye-tracker velocity in a given temporal window [22]. Perceived difficulty has been used in various
difficulty problem solving and educational contexts to differentiate between learning performance
levels [79, 80]
Phvsi . This is computed as heart rate’s increasing slope. The more positive the slope of the heart
ysiological Wristband te is i i i i i i
Stress rate is in a given time window, the higher the stress is [90]. The heart rate has been use to
measure stress in educational [79] and problem solving [59] contexts.
Physiological . This is computed as a line‘a.r combination of EDA’s increasing slope and the arri\‘/al rate of
engagement Wristband EDA peaks. The more positive the slope of the EDA and the higher the rate of arrival of peaks
in a given time window is, the higher the engagement is [39, 53].
This measurement is directly computed from HRYV, captured by the Empatica E4 wristband.
Emotional Wristband The index of emotional regulation was computed as the rate of arrival of HRV peaks as
regulation suggested by [9, 97]. The lower the arrival rate of HRV peaks the higher is the emotional
regulation.
Fatigue is proportional to the Jerk in the movement. Jerk is computed as the time derivative
Fatigue Kinnect of the acceleration of the joint’s movement. (also known as 'th.e fourtl'1 derivative of .
displacement), and represents the average jerk of all of the joints. It is shown to be inverse
of the energy spent [37].

Figure 4: Annotations with overlapping episodes. left: episodes with discarded overlap.centre: episode considered as problem-

solving. right: episode considered as play.

level of 0.05. Results from the ANOVA revealed that physiological
stress in play episodes was significantly lower than physiological
stress in problem solving episodes (F[1,73] = 52.14, p < .0001). As
well, emotional regulation during play behaviour, was lower than
emotional regulation in problem solving episodes (F[1,73] = 38.14, p
<.0001). However, we found no significant difference between phys-
iological engagement during play and problem solving episodes
(F[1,73] = 3.80, p > .05). Cognitive load, on the other hand, was
significantly lower during play episodes, than during children’s
problem solving (F[1,73] = 31.97, p < .0001). Similarly, perceived
difficulty was also lower during play episodes than during problem
solving episodes (F[1,73] = 9.25, p < .01). Finally, fatigue was higher
during play episodes than during problem solving episodes (F[1,73]
=10.39, p < .01).

To address RQ2, we compared the MMD between children’s
guessing and informed problem solving episodes. We observed
that children’s physiological stress during informed behaviour was
higher than their physiological stress during guessing behaviour
(F[1,73] = 19.30, p < .0001). Similarly, emotional regulation was
also higher during informed behaviour than during guessing be-
haviour (F[1,73] = 24.29, p < .0001). In line with the comparisons
between play and problem solving, children’s physiological engage-
ment did not warrant significant differences between informed and
guessing behaviour (F[1,73] = 2.95, p > .05). Considering the eye-
tracking measurements, cognitive load was higher during informed
behaviour than during guessing behaviour (F[1,73] = 24.29, p <
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.0001); while perceived difficulty for informed behaviour was lower
than for guessing behaviour (F[1,73] = 4.11, p < .05). Finally, we did
not encounter a significant difference between children’s fatigue
during informed and guessing episodes (F[1,73] = 1.39, p > .05).
After identifying the differences between children’s play and
problem solving episodes (RQ1), and their guessing and informed
problem solving (RQ2) episodes, we performed a two part post-
hoc analysis during which we compared the MMD measurements
between children’s play and informed problem solving episodes.
We observed that children’s physiological stress (F[1,73] = 22.70, p
< 0.0001), emotional regulation (F[1,73] = 29.95, p < 0.00001), and
cognitive load (F[1,73] = 22.14, p < 0.00001), were higher during
informed problem solving episodes than during play episodes; how-
ever fatigue was lower for the informed problem solving (F[1,73]
= 6.14, p < 0.001); and no significant difference was observed for
engagement (F[1,73] = 1.80, p > 0.05) or perceived difficulty (F[1,73]
= 1.47, p > 0.05). During the second set of post-hoc comparisons,
we compared the MMD measurements between children’s play and
guessing episodes. We observed that physiological stress (F[1,73]
=15.47, p < 0.0001), emotional regulation (F[1,73] = 7.40, p < 0.01),
cognitive load (F[1,73] = 5.01, p < 0.05), and perceived difficulty
(F[1,73] = 8.78, p < 0.01) were higher during children’s guessing than
during play episodes; fatigue was lower when children guessed,
as opposed to when they demonstrated play behaviour (F[1,73] =
18.54, p < 0.0001); and no difference between guessing and play
episodes was observed for engagement (F[1,73] = 0.03, p > 0.05).
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Figure 5: Differences between play and problem solving episodes (RQ1). The vertical bars show the 95% confidence interval.

6 DISCUSSION
6.1 Interpretation of Results

In the results section, we offer findings that address each RQ sepa-
rately. However, our discussion is primarily centred on the post hoc
analysis, as it provides the most detailed comparison/account of
children’s different play and problem solving behaviours (informed,
guessing) exhibited during their interactions with MBEG through
the lens of MMD.

During informed problem solving episodes, we observed that
children’s physiological stress, cognitive load, and emotional regu-
lation were the highest. When children are presented a problem to
solve, they may feel under pressure (external or self-imposed [60])
to answer the question correctly. An example of such pressure, is
the “fear of evaluation or fear to perform” which is characteristic
of examination anxiety [96]. During our study, children interacted
with a MBEG; however, despite the intended “fun factor” that typi-
cally accompanies games, the pressure to academically perform (i.e.,
correctly match a card-box pair) may have elevated children’s stress
levels [38, 87]. This may explain why children’s stress levels peaked
during episodes of informed problem solving. In a similar vein,
increased levels of cognitive load during informed problem solving
may be directly linked to the mental effort that children expended as
they reasoned through problems [88]. Lastly, emotional regulation
relates to children’s HRV [9, 97]. A plausible reason for observing
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the highest levels of emotional regulation during informed prob-
lem solving might be due to the immediate feedback that children
received directly after they attempted to make a card-box match.
The anticipation of the MBEG assessment/evaluation may have
influenced children’s heart rate, causing high levels of variability
as children invested themselves in informed problem solving. Thus,
in accordance with prior research [32], we hypothesise that the
feedback in general, may have triggered cognitive and affective
responses which affected learning, particularly during this ongoing
tasks (i.e., a collection of questions asked in series).

Contrary to previous research [69, 84], our results did not indi-
cate a connection between guessing behaviour and children’s lack
of engagement during their interactions with the MBEG (Figure 6,
top right). As such, we propose that during episodes of guessing,
children experienced some degree of external and/or self-imposed
pressures to determine answers correctly (as during informed prob-
lem solving). Aside lack of engagement, it has been suggested that
children also exercise guessing behaviour when a question’s level
of difficulty exceeds the scope of their prior domain knowledge
and sits outside their problem solving ability [18]. We argue that
under these particular circumstances (i.e, children do not possess
the knowledge or problem solving skills required to reason through
the task at hand, but have not disengaged), children must receive
certain support (e.g., hints offered by the system or the educational
facilitator). Moreover, such scenarios can be prevented, or greatly
reduced, by adopting adaptive MBEG, which scale questions based
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Figure 6: Post-hoc analysis of measurements showing significant differences between the playful, guessing and informed

behaviours.

on their level of difficulty to appropriately match children’s prior
knowledge and demonstrated abilities (e.g., ongoing performance).

Children’s experienced the lowest stress, cognitive load, and emo-
tional regulation, during episodes of play. Playing is freedom [82],
and as children exhibited play behaviour, we observed that they
temporarily suspended their investment in Marvy Learns’ rules
and game objective, to freely and creatively engage in autotelic [82]
exploratory movements. Within play episodes, children were not
focused on solving the given task (i.e., making a card-box match),
and lacked (external and self-imposed [60]) pressures to academi-
cally perform. Rather, play episodes were comprised of exploration
into game aspects, such as its embodied affordances, and avatar
synchronicity. This finding potentially indicates a connection be-
tween play behaviour and low levels of stress, emotional regulation
and cognitive load. Moreover, children’s fatigue was significantly
higher during play, than during problem solving. Play encompassed
children’s behaviours which were directed at invoking fun, rather
than making card-box matches. These behaviours manifested as
physical interactions with on-screen content (e.g., Marvy and card),
and resulting in frequent, quick, directional changes resulting in
high amounts of movement (as confirmed by video data). On the
other hand, it was observed that on several occurrences during
problem solving episodes, children only moved once they knew
which box they planned to match the card to (either after reasoning
it through in the case of informed problem solving, or according to
a brute force approach if guessing). In this way, during the problem
solving episodes, children’s directional change in movement (aka,
fatigue) was reduced, as they already knew the exactly where they
planned to put the card once selected, and executed this movement
swiftly and purposefully.
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6.2 Implications for Research

The bulk of contemporary research on children’s interactive learn-
ing technologies centres on data collection from surveys [104],
interviews [24] and observational practices (e.g., video data [5, 7]).
We recognise the merits of such practices, as they afford rich con-
textual details that MMD measures, derived from wearable and
ubiquitous sensors, lack. However, these techniques confine re-
searcher to children’s visible external behaviours (e.g., participant
observation [27]) and subjectively reported states (e.g., motivation
[93, 104], enjoyment [93]). Furthermore, manual video coding and
compilation of survey and interview data, requires a considerable
investment of resources (e.g., person hours) and does not warrant
real-time analysis. As a result, researchers [85] in CCI have empha-
sised the need for more feasible (i.e., resource friendly) methods
to provide additional perspectives (i.e., triangulation of data) and
facilitate their work. On the other hand, MMD devices strengthen
researcher’s arsenal with which to understand children’s invisi-
ble internal states (e.g., cognitive load, stress, perceived difficulty)
through the objective, real-time investigation of children’s interac-
tive learning experiences (i.e. MBEG). Recently, CCI researchers on
the cusp of MMD and education [33, 71, 101] have demonstrated
the value of applying wearable and sensing devices to learning
environments. However, MMD measures only report on specifi-
cally predefined metrics selected by researchers, and cannot discern
children’s nuanced behaviours.

Our research contributes to the detection of children’s “invisi-
ble” states, and showcases how sensing technology can augment
the results of experts’ annotations. This opens avenues for syner-
gies between sensor data and automated processes with traditional
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research methods (e.g., manual annotation) for deepening our un-
derstanding of children’s behaviours during their interactions with
technology. Moreover, by demonstrating the feasibility of using
MMD to identify differences in children’s play, guessing and in-
formed problem solving behaviours, future work can leverage these
differences to develop techniques which support human annota-
tions. Consequently, this may reduce the number of human hours
dedicated to video annotation, and enable a more elegant man-
agement of larger data sets (e.g., more participants, longer data
capture sessions). As well, this MMD provides additional means for
researchers to better understand and properly annotate challenging
episodes by augmenting researcher’s abilities and comprehension
capacities via examination of both sensor and video data. There-
upon, and in accordance with a newly emerging discourse [51, 52],
we highlight, and advocate, the complimentary of (human-centred)
traditional practices (e.g., observation, interviews) and wearable
and ubiquitous sensors, particularly when constructing a holistic
understanding of children’s learning experiences.

6.3 Implications for Design

Currently, feedback mechanisms integrated with children’s edu-
cational technologies are primarily based on performance metrics
(i.e., correctness of answers [89], response time [70]). However, the
added immediacy of sensor data leading to the identification of
children’s needs and different behaviours during learning activi-
ties (e.g., lack of move off-task behaviour), may afford researchers
and designers new opportunities for the creation and streamlining
of educational technologies. Augmenting children’s performance
metrics with the real-time assessment of their cognitive, affective,
physiological states, and learning behaviours (play, guessing, in-
formed problem solving) from MMD, could be used to identify
moments where children might benefit from additional assistance.
For instance, an educational technology could notify the child’s
learning facilitator (i.e., teachers, parents, therapist) so that they
can use their contextualised awareness of the child’s current inter-
actions, combined with knowledge of the child’s learner profile to
determine appropriate and timely means of feedback by which to
direct the child through their playful learning experience.

In this study, children’s behaviour was annotated as play, guess-
ing, and informed problem solving. Though some may criticise play
behaviour as a distraction from learning (e.g., steering children
away from learning and problem solving),CCI literature recog-
nises play as integral to the ways in which children learn [95],
and celebrates the many successful roles of play, such as support-
ing children’s social and emotional skills, and assisting children
with special abilities [98]). On the other hand, one main purpose of
MBEG is to facilitate the acquisition of knowledge through logical
and inductive thinking; a characteristic of informed problem solv-
ing but not guessing. With this in mind, our underlying motivation
for design recommendations centres on moving children away from
guessing behaviour.

Our results found that a children’s perceived difficulty was sig-
nificantly higher when they exercised guessing behaviour, rather
than during informed problem solving. It follows that once chil-
dren’s saccade speed exceeds a given threshold, children are most
likely employing a guessing tactic. Therefore, it seems plausible
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to identify guessing behaviour from children’s gaze. In hopes to
encourage children towards an informed problem solving approach
(and away from guessing behaviour), in situations where children
demonstrate excessive saccade speed, we recommend offering prob-
lem solving hints (e.g., via the system or educational facilitator).
Additionally, we can take preventive measures to reduce children
guessing. Adapting content based on its difficulty is a common ap-
proach, but to achieve this, it is important to develop the necessary
infrastructure (e.g., question bank ranked on difficulty) and intelli-
gence in the system (i.e., learner model). Specifically, for games that
do not afford immediate content adaptation (e.g., when problems
are presented in tandem, such as in Marvy Learns), offering hints
may help children identify the next logical steps to pursue. On the
other hand, if the game content is malleable, then offering a slightly
easier problem may benefit children by redirect the child towards
informed problem solving. Additionally, re-engaging children with
informed problem solving by scaling the content difficulty to a
more manageable level, might also provide children with more op-
portunities to regain self-confidence using the informed strategy
[18]. Scaling the content difficulty would then occur as children’s
problem solving capabilities increase.

6.4 Limitations

The findings of this paper tackle the differences on children’s cog-
nitive and behavioural states during their play and problem solving
episodes. Our findings are subject to certain limitations, the age of
the children represent an adequate population for the indented tasks
(i.e., children who are grown enough to be able to read and perform
the needed motor movements, but not too old for the indented con-
tent). However, younger or older children might produce slightly
different results (e.g., more difficult to be stressed or to experience
mental overload). It was inherent part on our research design to con-
duct an in-situ study; meaning that the produced data exhibit high
ecological validity, but are vulnerable to potential disruptions and
noise. During our study we did not experience any long disruption
since we had an isolated space in a school, in turn, the data-quality
was very high. Sensor based measurements involve inference, and
inference within complex psycho-physiological constructs (such as
ours) involves a degree of error. In our study we selected time tested
sensing devices (e.g., Tobii, Empatica), and data streams that have
been used to infer various learning and user experience-related
constructs in previous works (e.g., [79]). Thus, although different
methodological decisions (e.g., different variables) might have had
a slight impact on the results, our general approach followed valid
and time-tested devices and variables. Lastly, we recognise that our
work constitutes a single study, and future longitudinal studies, are
needed to determine how our findings maintain and further unfold
over longer time (e.g., regular and everyday experience of play and
problem solving episodes).

6.5 Ethical aspects

Sensing technology is becoming more and more prevalent in CCI re-
search due to their inherent benefits (e.g., automatic, pervasive, tem-
poral insights), but also on their ability to be employed with more
traditional research methods and complement them [78]. From a
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practical standpoint, preparations of studies using sensing tech-
nologies require additional time and special attention to the ethics
of data collection [56]. From a recent literature review in CCI [78],
we can see the growth of sensing technologies in CCI research but
also clear recognition to the need for thorough consideration of the
ethical underpinnings. Most of the children and the adult facilita-
tors (e.g., teachers, parents) will be new to some of the technologies,
therefore, when planning to utilise MMD in your research, it is not
enough to just describe the details in the consent form. Rather, it is
extremely important to engage in discussion with the children and
parents to explaining the rationale and added value of such data
collections [78].

Specifically in this study, children were curious about what it
looked like (“can I see my heart rate?*), and inquired as to our mo-
tivations for collecting it (“what does my heart rate tell you about
how I learn/feel?”). For example, when shown the real-time tracing
of gaze movement from the eye-tracking glasses, one child became
excited that we could “see through his eyes® and then asked why
this was important (“why do you care where I am looking?”). We
replied that it was interesting to see how much time the child spent
looking at different parts of the screen. This lead to more questions
(“why does it matter how long I look at the boxes or the cards
for?”, and “What if I look at the monster instead?”). This anecdote
illustrates the need to prepare child-friendly demonstrations and
explanations of how the wearable and ubiquitous sensing tech-
nologies are used, the data collection process and reason for use.
Children’s are naturally curious, and, as with any other user-group,
the indented use of the data collected from them needs be clarifying
prior to enrolling them in research. Consequently, given that it is
unlikely for written consents to capture all the potential questions
from children, researchers must anticipate these inherent needs
by allocating enough time to engage in meaningful child-friendly
discussion and demonstration when obtaining children’s assent, as
well as throughout the study. Parallel to this is the need to ensure
that parents feel comfortable with the data being collected. On a few
occasions, children where excited to wear the devices, but parents
needed additional assurance on the safety of the employed devices
and our ability and intention to anonymise children’s sensitive data.

7 CONCLUSION & FUTURE DIRECTIONS

Leveraging sensing technologies to explore children’s experience
while interacting with systems is a valuable evaluation method
[52, 56], but, rather like an observation without dialogue, the data
is enhanced in terms of its usefulness when the evaluation triangu-
lates with other methods [56] including observations, interviews,
verbalization methods and video annotation by human experts (in
our case). In this study we employed sensing technology (i.e., eye-
trackers, wristbands, Kinect motion sensor) to explore children’s
play and problem solving behaviour, and to provide academic stake-
holders (i.e., children, parents, teachers) with educational support,
during children’s interactions with MBEG. To do so we first apply
an inductive coding scheme to video data, to classify children’s be-
haviours as play, guessing, and informed problem solving. Then, we
explored potential differences on children’s cognitive, affective and
physiological states within these episodes, with the use of MMD
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data produced during children’s interaction. The results demon-
strate significant differences between children’s cognitive, affective
and physiological states during children’s play, guessing and in-
formed problem solving behaviours. We provide insights to support
those episodes in educational games and help designers and facili-
tators to focus on children’s experience. Future work should focus
on developing consistent ways to account for children’s important
but sometimes "invisible" states thought either technological affor-
dances (e.g., intelligent agent, visualisations) and/or by adapting
the facilitation processes (e.g., revising the best-practices).

8 SELECTION AND PARTICIPATION OF
CHILDREN

All the study’s participants were students from public schools in
Trondheim, Norway. The study took place at a science museum
(Vitensenteret) and a primary school, in rooms strictly designated to
the experimental setup. Data related to the study were collected af-
ter approval from the national Data Protection Official for Research
(Norsk Senter for Forskningsdata), following all the regulations
and recommendations for research with children. A researcher con-
tacted the teacher and legal guardian of each child to obtain written
consent permitting the data collection. Children were informed
about the data collection process and their participation in the
study was completely voluntary. In addition, children were able to
withdraw their consent for the data collection at any time without
affecting their participation in the activity.
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