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Abstract
This study extends the previous research in which it has been shown that a mixed reality (MR) system fosters social interac-
tion behaviours (SIBs) in children with Autism Spectrum Condition (ASC). When comparing this system to a LEGO-based 
non-digital intervention, it has been observed that an MR system effectively mediates a face-to-face play session between 
a child with ASC and a child without ASC providing new specific advantageous properties (e.g. not being a passive tool, 
not needing to be guided by the therapist). Considering the newly collected multimodal data totaling to 72 children (36 tri-
als of dyads, child with ASC/child without ASC), a first goal of the present study is to apply detailed statistical inference 
and machine learning techniques to extensively evaluate the overall effect of this MR system, when compared to the LEGO 
condition. This goal also includes the analysis of psychophysiological data and allows the context-driven triangulation of the 
multimodal data which is operationalized by (i) video-coding of SIBs, (ii) psychophysiological data, and (iii) system logs of 
user-system events. A second goal is to show how SIBs, taking place in these experiences, are influenced by the internal states 
of the users and the system. SIBs were measured by video-coding overt behaviours (Initiation, Response and Externaliza-
tion) and with self-reports. Internal states were measured using a wearable device designed by the FuBIntLab (Full-Body 
Interaction Lab) to acquire: Electrocardiogram (ECG) and Electrodermal Activity (EDA) data. Affective sliders and State 
Trait Anxiety Scale questionnaires were used as self-reports. Repeated-measures design was chosen with two conditions, 
the MR environment and the traditional therapy LEGO. The results show that the MR system has a positive effect on SIBs 
when compared to the LEGO condition, with an added advantage of being more flexible.

Keywords Children with Autism · Mixed reality · Embodied interaction · Social initiation · Psychophysiology · Multi-
modal evaluation

1 Introduction

Current improvement of daily lives of people with Autism 
Spectrum Condition (ASC) can benefit from well-structured 
interventions at a behavioral level. Interventions that pro-
vide practice on specific skills may help people with ASC 
overcome some of the challenges that our society imposes 
on them. For example, interventions that help them acquire 

better social skills can make a huge difference in their daily 
wellbeing, in their social integration, and ultimately in their 
autonomy as adults.

Social initiation is the primordial social act to improve 
social skills in general and lead a more autonomous life. 
Providing tools and intervention methods to foster and prac-
tice social interaction behaviors (SIBs) can help people with 
ASC in their social life. Early intervention has the greatest 
possibilities of having an impact on their behaviors and on 
improving their adult lives; hence, addressing children is 
essential. Typical interventions to foster SIBs mediated by 
a therapist are affected by subjectivity of the expert and suf-
fer the interference of having a human social agent in the 
process; i.e., experts are often unsure whether the behav-
ior of the child with ASC is indeed an initiation or merely 
a response to a previous action of the expert (Paul 2008; 
Kasari and Patterson 2012; Srinivasan et al. 2016).
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Computer-mediated intervention has the advantage of 
reducing bias, subjectivity, and very importantly, allows the 
mediation of social experiences without the human inter-
ference, as the therapist can observe the session externally 
(Golan and Baron-Cohen 2006; Ramdoss et al. 2012). In 
addition, computer-mediated interventions are stable and 
predictable environments which allow reducing the anxiety 
that people with ASC may present during real social interac-
tions. FuBIntLab (Full-Body Interaction Lab) has developed 
in the last five years a large-scale mixed reality (MR), full-
body interaction environment, which allows two children 
to play face-to-face using: exploration of the physical and 
virtual worlds simultaneously; body gestures and nonverbal 
communication; joint attention; and collaborative activities. 
This environment allows a child with ASC to play with a 
child without ASC and fosters SIBs to allow the child with 
ASC to understand the mechanisms and benefits of SIBs. It 
is an ecologically valid context as it resembles the encoun-
ters that children with ASC may find in a public park or in 
the school playground with a technology that is non-invasive 
and unencumbered. It also allows the child without ASC to 
see the child with ASC as a valid play partner and enhances 
the integration of children with ASC in society.

The MR system was designed in a two-year feasibility 
study that allowed us to prove that it fosters SIBs in children 
with ASC (Mora-Guiard et al. 2016). We then undertook 
a three-year phase to compare its potential with a typical 
intervention used by therapists, based on construction toys 
(e.g. LEGO bricks) (LeGoff 2004). Through an initial set of 
18 trials from the second phase, it has been observed that the 
MR system generates at least as many SIBs in children with 
ASC as an intervention using LEGO bricks, while having 
the advantage of not being a passive tool as LEGO, and not 
needing to be guided by the therapist who could introduce 
interference (Crowell et al. 2020). Moreover, the MR system 
has great flexibility by providing a broad range of differ-
ent experiences. It is an adaptable tool that can provide an 
ecologically valid experience for different types of children.

Since this project provides multi-modal data, it has been 
evaluated by using as many data sources as possible. Dur-
ing the first phase, the effects of the MR system has been 
evaluated by using: video-coding (coding behavioral data 
from video recordings) of overt behaviors using an adapted 
video-coding scheme to acquire fine-grained detail; system 
log files detailing system triggering of events and decisions, 
spatial position of children, etc; and questionnaires to the 
children and to the parents (Mora-Guiard et al. 2016). To 
try to achieve more objective information, during the second 
phase psychophysiological measures were added: heart rate 
variability (through ECG) and electrodermal activity (EDA) 
(Crowell et al. 2020).

Based on our previous observations, in this study, the fol-
lowing research question is being answered: Is it possible to 

develop a full-body interactive ICT system, and in particular 
an MR system, to affect the frequency of SIBs as much as a 
traditional therapy setting? To this end, in the current study, 
the data from 36 children have been added and multi-modal 
data models have been obtained to evaluate the overall effect 
of the MR system, when compared to the LEGO condition. 
Moreover, context-driven approaches operationalized by the 
video-coding of social interaction behaviors, psychophysi-
ological data and system logs have been used. Additionally, 
it has been shown that how the SIBs taking place in these 
experiences may be influenced by internal states and system 
logs.

2  Background

Social interaction includes person to person contact in the 
form of a changing sequence of initiations and responses 
between individuals or groups (Goffman 1955). A consider-
able amount of literature has been published on high func-
tioning children with Autism Spectrum Condition (ASC) 
and their capability on continuing social interactions when 
an initiation is addressed to them. However, they are sig-
nificantly less successful in generating social initiations by 
themselves (Sigman et al. 1999).

The emergence of technology and promising results on 
the affinity that children with ASC have toward the Informa-
tion and Communication Technologies (ICT) has allowed 
the development of more engaging and dynamic interven-
tions and learning experiences. There is a large volume 
of published studies describing the important role of ICT 
applications in ASC therapy because it triggers less socially 
threatening situations (Brown and Murray 2001; Bernard-
Opitz et al. 2001; Moore and Calvert 2000). Moreover, much 
of the current literature pays particular attention to the vir-
tual reality (VR) interventions since they create an immer-
sive experience so that children remain focused while using 
them (Trepagnier 1999).

There are several VR-based technologies that have been 
explicitly developed and introduced for users with ASC 
(Strickland et al. 2007; Ke and Im 2013; Parsons et al. 
2006). Parsons et al. (2006) developed two types of VEs 
(Virtual Environments)—a cafe’ and a bus to investigate 
whether participants with ASC relate their use of the VE 
to experiences in the real world. The VEs presented to 
participants on a laptop. Strickland et al. (2007) presented 
a series of VR programs spanning to their 15 years of 
research that teach real world actions to children with 
ASC. These programs included immersive street and fire 
safety VR (first-person interaction) delivered through VR 
headsets, PC and web based programs. Ke and Im (Ke 
and Im, 2013), examined the implementation and poten-
tial effect of a VR based social interaction program on the 
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interaction and communication performance of children 
with ASC. This program was using web based VR and 
participants practiced communication in the Second Life 
game. Moreover, there is an additional benefit of using 
virtual environments in terms of becoming an adaptable 
tool that can provide the most adequate type of experience 
for different types of children. The study by Bernardini 
et al. (2014) described how the actions of a child were 
continuously interpreted by a system that tailored a vir-
tual character’s responses to interact with the child spon-
taneously. However, there are issues in these studies. On 
the one hand they do not provide face-to-face interaction 
with other users without encumbering or invasive tech-
nologies. This makes them less ecologically valid since 
they miss the potential of exchanging non-verbal commu-
nication, facial expressions and proximity cues. Moreover, 
they miss the coupling between the virtual environment 
and the user’s body proprioceptive abilities, kinesthetic 
sensation, and navigational potential of physical space. 
Embodied cognition theories emphasize the formative role 
of proprioceptive and kinesthetic cues when people make 
sense of the world through their bodies (Wilson 2002). 
According to the Embodied Cognition, human awareness 
is based on the active interplay between our body and the 
environment (Borghi and Cimatti 2010). Along with the 
unique viewpoint, each individual’s cognition is affected 
and linked with its respective body dynamics and social 
context (Roussos et al. 1999), defining an embodied state, 
embodiment. In our view, the lack of embodiment in the 
interaction design is a missed opportunity in fully utiliz-
ing the virtual environments. This view is backed up by 
Di Paolo, where the critical role of the embodiment for the 
promotion of better social understanding is emphasized 
(Di Paolo et al. 2010). Already in 2001–2004 a pioneer-
ing project in multi-modal interactive spaces for children 
with ASC, known as MEDIATE, integrated the concepts 
of full-body interaction where children were able to 
involve themselves within the environment through body 
cues, touch and movement (Pares et al. 2005). In the ASC 
context, this study was one of the first to discuss ways to 
encourage and improve exploration in interactive settings 
in both communication and social scenarios. Other stud-
ies have also found that an increase in body movements 
contributed to an increase in the player’s engagement and 
created a playful social context (Bianchi-Berthouze et al. 
2007), making Mixed Reality (MR) full-body interactive 
systems beneficial for intervention. In Pico’s Adventure, 
for example, children with ASC were called upon to coop-
erate with others by synchronized gestures and motions, 
where game play was controlled by Kinect motion track-
ing sensors (Malinverni et al. 2017). Furthermore, large 
scale interactive full-body environments also facilitate 
the ability to effectively navigate a physical and virtual 

space simultaneously. They also make face-to-face com-
munication possible between participants, where interac-
tion is not limited to just verbal exchanges as they include 
also nonverbal body cues such as interactional synchrony, 
joint attention, and proximity (Mora-Guiard et al. 2016). 
Although the advantages are apparent, this can also be 
problematic for children with ASC, in cases where the 
embodiment is needed. While there is no consensus on 
the question around “Do people with ASC have distinct 
embodiment?”, difficulties in coordination and/or sensory 
responsiveness is highly common. Moreover, people with 
ASC may be exhibiting overt behaviors which do not cor-
respond with their internal state. Besides, self-assessment 
questionnaires for many people with ASC can be mislead-
ing too (Picard 2009); e.g. people with ASC can appear 
relatively calm despite being in a hyperaroused state which 
can be detected with physiological cues such as high rest-
ing heart rate (Goodwin et al. 2006). Likewise, an indi-
vidual with ASC can have an electrodermal activity (EDA) 
between the hyperarousal and the hypoarousal levels with-
out showing obvious behavioral changes (Hirstein et al. 
2001). Thus psychophysiology may be useful for studies 
on social practices for individuals with ASC. The impact 
of anxiety can be quantified through physical cues such 
as heart and muscle activity. It has been shown that the 
EDA and electromyogram (EMG) measurements provide 
valuable information to assess the shifts in anxious behav-
ior when a training is conducted with a virtual teacher 
(Prendinger et al. 2005). In this regard, the project Vir-
tual Environment System for Social Interaction (VESSI) 
(Welch et al. 2010) undertook an evaluation which brought 
together the ratings from a clinical observer and partici-
pants’ physiological signals to undercover patterns in 
anxiety with respect to specific social factors (e.g. eye 
contacts and proximity). Their observations were aligned 
with the previous social anxiety studies in the context of 
adults withouth ASC in real-world experiences, as well as 
children with ASC and children without ASC in a virtual 
environment. In another study, two computer-based cog-
nitive tasks were used to investigate anxiety in children 
with ASC (Liu et al. 2008). Using Machine Learning (ML) 
techniques they were able to classify anxiety (with the 
tagged instances from a behavioral therapist) at an average 
accuracy of 79.5%, using different physiological modali-
ties together, including ECG and EDA.

Nonetheless, psychophysiological signals are prone to 
contamination by motion artifacts (Boucsein 2012). Par-
ticular consideration should be paid to using both ECG and 
EDA, since they are susceptible to motion artifacts due to 
movement of the peripheral body. Furthermore, an asso-
ciation between physical activity and the measured physi-
ological signals can also exist (Picard and Healey 1997). 
Thus, an ambulatory nature of the experiences (especially 
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in ecologically valid conditions) and the design of wearable 
sensing devices should be considered carefully in terms of 
how physical activity of participants can affect the assess-
ment of physiological measurements. How this is addressed 
will be described in the following section.

3  Materials and methods

3.1  Wearable multichannel psychophysiology

To acquire physiological signals, ECG and EDA sen-
sors were embedded in a comfortable wearable designed 
by FuBIntLab (Full-Body Interaction Lab). The hardware 
multi-modal platform developed by PLUX was used as a 
main processing unit which possesses sufficient signal fidel-
ity for recordings of physiological signals (PLUX Wireless 
Biosignals 2020). This plux platform is a ISO 13485 class 
medical device for biosignals’ acquisition. The designed 
wearable is primarily designed and built to capture accurate 
physiological data (robust to variations in contact during 
motion) from children (with and without ASC) in the context 
of full-body interaction. In addition, the sensors and cables 
were integrated into the wearable that was kid friendly by 
giving it a form factor that is comfortable and acceptable 
for them. It is quite unobtrusive and does not interfere with 
the user’s experience or create additional stress or burden 
(hands-free). Different choices of sensor and electrode types 
and their placement on the body were analyzed and tested as 
they play a significant role in the accuracy of the measured 
physiological signals. Gelled self-adhesive disposable Ag/
AgCl electrodes were preferred, as adhesive pads provide 
sufficient contact so as to not move around the attached loca-
tion. In EDA measurements, it has been shown that the most 
responsive measurement sites are the feet, fingers and shoul-
ders compared to other evaluated body parts (van Dooren 
and Janssen 2012). Therefore, in order to get a stable signal 
that is least disturbed by movement artifacts, we verified the 
best position for EDA electrodes that was on the shoulder. 
As accurate ECG signal analysis can also be confounded 
by movement artifacts, proper placement of electrodes on 
locations far from high muscle activity can help reduce inter-
ference artifacts. Thus, to avoid these, two of the three lead 
ECG electrodes were placed in the upper chest area, and the 
ground electrode was placed on the neck. Further, details 
will be disclosed in a future article.

3.2  The MR system (experimental condition)

The MR system is an installation based on a virtual environ-
ment, specifically developed as a space to encourage social 
initiations in children with ASC while playing with children 
without ASC, where exploration and discovery of hidden 

virtual objects and surprises is possible. It is an ecologi-
cally valid face-to-face full-body interaction environment 
in which a natural dynamic of collaboration and exploration 
is fostered.

Users experiment and share their experiences immersed 
in a floor-based, six-meter diameter, circular visual inter-
face generated by two full HD projectors. The interaction 
with the VE occurs through a physical object acting as a 
“placeholder” (Fig. 2). This object is designed in the shape 
of a firefly net to allow the children to have a better sense 
of control over the VE and focus their attention. The LED 
lights placed on these nets are tracked on the playing field 
with the help of a multi-camera system.

The range of sounds and visuals, the changes in the char-
acters and objects, as well as the surprising elements, all 
generated by the system, provide a positive reinforcement 
to players and encourage creative exploration, which would 
have otherwise been provided by the therapist, having to 
mediate, guide and support the progress of the children. The 
MR system provides structure and assistance to therapists to 
observe and mediate the session externally, while ensuring 
a stable and predictable context for children to put social 
interactions into practice.

The game is based on an imaginary world designed 
through Participatory Design Workshops together with four 
male children with ASC (10–12 years old). It is a world 
covered by a layer of virtual fog which opens wherever the 

Fig. 1  Configuration of the MR system during an experimental trial

Fig. 2  Manipulation of an object by two players when their place-
holders brought together (left) / Children were motivated to work 
together in building constructions in LEGO condition (right)
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children place their nets. This way they can locate and col-
lect virtual fireflies that transform into companion charac-
ters. The environment employs sophisticated techniques, 
inviting and motivating the children to interact with the 
game in terms of modifying objects and merging charac-
ters in a collaborative way. For a detailed explanation of the 
interaction design elements in the game, refer to (Mora-Gui-
ard et al. 2016). All the features extracted from the system 
logs will be hereinafter referred to as game activity measure-
ments (Fig. 1).

3.3  The traditional play therapy: LEGO (control 
condition)

The traditional play activity was created based on Daniel 
Legoff’s well-known therapy. Legoff obtained promis-
ing results in improving the acquisition of social skills in 
children with ASC especially in peer interaction scenarios 
(LeGoff 2004). We have adopted this strategy and created 
a customized LEGO condition, with the advice from the 
team of experts that we collaborated with in the Hospital 
Sant Joan de Déu. It matches the game dynamics defined 
in the MR environment such as the ambulatory nature of 
the activity, the exertion which children have to go through, 
standing position with downward looking attitude, scenarios 
around proximity between children. This is achieved by an 
especially designed LEGO play environment in the form of 
a hexagonal-shaped table that allows free movement around 
it, as opposed to playing by sitting on the floor. The children 
start the game by looking for pirate-themed figures in buck-
ets that contain the LEGO blocks, placed on the six vertices 
of the table. Following the discovery of these figures they 
continue by collaboratively building a ship for the figures in 
the center of the table. A notable difference with the MR sys-
tem is that this one is a passive system in which the therapist 
mediates the activities (Fig. 2).

4  Experimental design and procedure

The user trials were developed based on dyads of children: a 
child with ASC (high-functioning) and a child without ASC. 
Seventy-two children (36 child with ASC/child without ASC 
dyads) participated from the city of Barcelona, with ages 
between 8-12 years old (N = 12 female, N = 60 male). With 
the help of the collaborator hospital, children with ASC who 
had been diagnosed with high-functioning ASC through the 
scale of Observation for the Diagnosis of Autism (ADOS) 
module 3 having a minimum severity diagnosis of 4 (Lord 
et al. 1989) were recruited. Children without a diagnosis for 
ASC were recruited through dissemination on social media 
and in schools. Additionally, both children with ASC and chil-
dren without ASC had to score a minimum IQ level of 70, 

as determined by the Wechsler Intelligence Scale for Chil-
dren (WISC) (Wechsler 1949). People scoring below 70 are 
considered to have mental retardation Gordon and Fleisher 
(2010). It was decided that these exclusion/inclusion criteria 
mentioned above would allow accomplishing the minimum 
degree of collaboration needed to go through the game play 
specified in the experimental conditions, so the child with ASC 
and child without ASC could play without the assistance of a 
therapist or parent.

All procedures performed were aligned with the 1964 Hel-
sinki declaration, and had ethical approval granted by the eth-
ics committee of the collaborator hospital for conducting the 
sessions. Consents to participate were gathered from parents 
through a signed informed consent form, which detailed the 
goals and procedures of the project. Assents from the children 
were also gathered on the day of the trial to make sure they 
were willing to participate. All data have been kept anonymous 
and under Universitat Pompeu Fabra’s approved data safety 
protocols.

At the beginning of the session, the psychologist wel-
comed the children and created the first contact with them. 
In a relaxed environment, the psychologist explained the ses-
sion and used the visual support tool called “Jumby is Calm” 
(Gallo and Annenberg 2009), as used in social skills therapy, 
to anticipate possible reactions from the children during the 
session. Having gained the children’s attention and trust by 
the psychologist, a researcher fitted a kid-friendly wearable, 
designed by FuBIntLab for recording the psychophysiological 
measurements. Open Signals software, developed by PLUX 
Wireless Biosignals S.A., was used to verify the correct place-
ment of the electrodes (EDA & ECG) and be ready for acquisi-
tion to start. The child with ASC and the child without ASC 
dyads were exposed to two conditions in a single experimen-
tal session: the MR system (experimental condition) and the 
LEGO play activity (control condition). Each pair of children 
played each of the conditions once for 15 minutes, with a 5 
minutes break between them. The children went through the 
MR system (experimental condition) and the LEGO activity 
(control condition) just one time. Before each condition, there 
were 1 min baseline recordings, in a standing position, look-
ing at black screen. Before and after each condition, question-
naires were administrated. The assignment of the order of the 
conditions was carried out randomly to counterbalance the 
order effect of the tasks. Before the children played in the MR 
system, they were introduced to the placeholder they needed 
to interact with the VE, and watched an introductory video of 
how they should use it.
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5  Data analysis

5.1  Preprocessing and feature extraction

5.1.1  Video‑coding

Aligned with the previous research (Bauminger 2002; 
LeGoff 2004; McMahon et al. 2013; Owens et al. 2008; 
Ruble et al. 2008), the SIBs from the overt behaviors were 
coded using an observational grid with the categories 
derived from Bauminger’s Social Emotional Intervention 
study (Bauminger 2002). With the help of the collabora-
tor hospital and the project’s psychologist, Bauminger’s 
scheme was adapted to fit the real-time specificities of the 
data set being analyzed. This scheme determines whether 
each SIBs is:(1) initiation: the child with ASC begins a 
new social sequence directed toward the other participant, 
distinguished from a continuation of a previous sequence 
by a change in activity; (2) response: the child with ASC 
responds verbally and/or nonverbally to social stimuli 
directed toward him/her by the other participant; (3) 
externalization: when the behavior of the child with ASC 
was not clearly directed to anyone in particular, or was 
addressed at a game element, it was coded as an “exter-
nalization” (e.g. self-talk, shouting, dancing). Externaliza-
tions are also an adaptation that have been included in the 
coding process. They are important and relevant because, 
despite them not being formal initiations addressed to the 
child without ASC, they do have the potential to call his/
her attention, as if it were addressed to him/her, and spark 
a response. The intercoder reliability of the video-coding 
scheme was calculated for each category (occurrence of 
social initiations, responses and externalization), both 
through percentage agreement and Cohen’s Kappa. Kappa 
scores were between 0.60 to 0.69 and the percentage level 
of agreements were between 0.71 to 0.78 with three cod-
ers, providing reliability of the data. See the Supplemen-
tary Materials for the cross-tables that the Kappa scores 
calculated from.

5.1.2  ECG signal processing and feature extraction

Heart Rate Variability (HRV) indicates the parasympa-
thetic nervous system (PNS) index, which is of great inter-
est since greater PNS activity of the vagal tone is associ-
ated with better social functioning (Laborde et al. 2017). 
HRV was computed from the raw ECG signal obtained 
through the electrodes of the wearable; and the signal data 
was imported into Kubios HRV software (Tarvainen et al. 
2014). Kubios HRV software is a device independent soft-
ware and supports data from heart rate monitors. Kubios 

HRV provides detailed HRV analysis for short- and long-
term measurements and for different kinds of study proto-
cols. The software computes commonly used time-domain, 
frequency-domain and nonlinear HRV indices. Using 
Kubios HRV, first, the samples were analyzed manually 
for possible artifacts. The processing of the signal features 
was performed in a time window of 15 minutes following 
the start of each experimental condition in which there 
were series of R-R intervals. The R-R interval refers to the 
time between two R peaks of a traditional ECG signal. All 
features were extracted in the time-domain, the frequency-
domain, and the nonlinear indices that the spectrum of 
Kubios includes. Each feature was separately normalized 
by subtracting the corresponding baseline values from 
experimental condition values. In the statistical inference 
analyses (see Sect. 6.1 for the details), RMSSD (root mean 
square of successive difference of R–R Intervals) was used 
which is one of the main variables reflected in HRV (Shaf-
fer and Ginsberg 2017) also associated with social func-
tioning. In the ML analyses (see Sect. 6.2 for the details), 
all the extracted features were used.

5.1.3  EDA signal processing and feature extraction

The EDA signal is made up of the superposition of two sig-
nals: the tonic level of skin conductance (SCL), representing 
the baseline signal, and the superimposed phasic increases 
in conductance. The phasic components reflect a unitary 
skin response (SCR). In turn, the responses are given by 
the activity of the eccrine sweat glands in response to exter-
nal stimuli (Fowles et al. 1981). The decomposition of both 
components of the EDA signal was done through a software 
package for MATLAB called Ledalab 3.4.9 (Benedek and 
Kaernbach 2010). The Automatic EDA Artifacts Identifi-
cation library EDA Explorer (www.edaexplorer.media.mit.
edu) was used to identify possible artifacts in the samples. 
Following this step, the identified artifacts were corrected by 
interpolation. The movements of the body did not generate 
strong artifacts, so the features of the signal could be cor-
rectly extracted. Subsequently, the deconvoluted signal was 
analyzed by the default peak detection algorithm. To detect 
significant peaks, the local maximum must have a difference 
greater than 0.01 microsiemens compared to the previous 
peak or must follow a local minimum (Braithwaite et al. 
2013). The phasic features were calculated within a response 
window (rw) up to 15 minutes during each experimental 
condition. All the features included in the Ledalab’s analysis 
spectrum were extracted. Each feature was separately nor-
malized by subtracting the corresponding baseline values 
from experimental condition values. In the statistical infer-
ence analyses (see Sect. 6.1 for the details), CDAAmpSum 
(the sum of amplitudes of all reconvolved SCR with onset 
in response window) was used which is one of the main 
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variables reflecting the phasic activity. In the ML analyses 
(see Sect. 6.2 for the details), all the extracted feature were 
used.

5.1.4  Questionnaires

To gather data on the child’s changes in anxiety level after 
each experimental condition, a standardized questionnaire 
called STAIC (State-Trait Anxiety Inventory for Children) 
was used (Spielberger et al. 1973). This part of the question-
naire (STAIC_state) was read aloud to the children from a 
tablet by the psychologist of the team, although children 
could also read the questions themselves; they could then 
mark their responses. It has been seen in the previous studies 
that interviewing children with ASC with sensory objects 
(Kirby et al. 2015), and the potential of multi-touch apps 
(Hourcade et al. 2013), have been seen successful. Children 
answered inventory items such as “Right now, I feel calm” 
with one of three responses: Not at all, Somewhat, A lot. 
All questions were translated into Spanish and Catalan, as 
the children were belong to mix culture and they were non-
English speakers. Moreover, the Affective Slider scales were 
used, which were judged related well to the questions on the 
children’s affective state (Betella and Verschure 2016). The 
Affective Slider consists of continuous Likert scales with 
icon images on either ends to measure the levels of arousal 
(arousal_level) and valence (valence_level). Together with 
these sliders, questions such as “How well do you know your 
partner right now?” (social_status) and “Would you like to 
get to know them more?” (desire_to_know_more) (Fig. 3) 
were asked. See also the Supplementary Materials for the 
details of the questionnaires.

5.2  Hypotheses

This study has analyzed how a full-body interactive ICT 
system, specifically an MR system, can be used to foster the 
SIBs in at least a similar degree as can be achieved with a 
traditional therapy setting (e.g. with LEGO blocks). Within 
this big picture, the study also analyzed how SIBs taking 
place in these experiences are related to the internal states 
of the participants as well as the events generated and sensed 

by the system. More in detail, the hypotheses of the work 
were: 

Hypothesis 1: The MR system generates a similar fre-
quency of SIBs (operationalized by the video-coding of 
their overt behaviors and questionnaires) in children with 
ASC as LEGO
Hypothesis 2: The level of internal state activity during 
MR sessions (operationalized as the psychophysiological 
measurements and questionnaires) will be related to the 
frequency of SIBs shown by the children with ASC in 
at least the same level as they are related for the LEGO 
sessions.
Hypothesis 3: The count of Game Activity during the 
MR sessions (operationalized as the amount of events 
triggered by the system) will show a significant relation 
to the amount of SIBs shown by the children with ASC.

6  Results

6.1  Statistical inference analyses

The analyses took place in two phases. Firstly, paired sample 
T tests were used to evaluate the efficacy of the MR system 
in affecting the SIBs as much as a traditional therapy set-
ting (LEGO). Secondly, the link between SIBs taking place 
in these experiences with internal state activity and game 
activity was analyzed. In this regard, correlation analysis and 
multilevel linear regression analysis were used to evaluate 
their reciprocal influence. The statistical analyses used the 
SPSS 23 software (Spss 2015).

6.1.1  Paired sample T tests

When the paired sample T tests were conducted with the 
target variable MR/LEGO, results showed that there were 
no statistically significant differences in the operational-
ized measurements between the MR and LEGO conditions 
(Table 1).

6.1.2  Correlation analysis

To better explore the possible link between SIBs with the 
internal state activity and game activity, in both setups, the 
correlations between SIBs and internal state activity; and the 
correlations between SIBs and game activity were analyzed.

In LEGO, positive correlations emerged between 
the internal state measurement RMSSD and Initiation, 
Response and Externalization. Moreover, a negative cor-
relation emerged between the internal state measurement 
arousal_level and Externalization. Correlation analyses were 
not applicable between LEGO game activity measurements 

Fig. 3  Tablet questionnaire included sliding bars and icons for 
arousal, valence, knowing the other peer, and motivation for knowing 
other peer levels
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and other measurements as the game events in LEGO have 
not been logged (Fig. 4).

In MR, there were no correlations between SIBs and 
internal state measurements. However, there was a posi-
tive correlation between social_status and number of col-
lected fireflies during the MR experience (hunted_fireflies). 
Moreover, a positive correlation emerged between internal 
state measurement HRV (RMSSD) and game activity meas-
urement distance between participants (distance_btw_par-
ticipants) and a negative correlation between RMSSD and 
number of manipulated props (manipulated_props). Addi-
tionally, a positive correlation emerged between valence_
level and distance_btw_participants. On the other hand, 

negative correlations emerged between valence_level and 
game activity measurements such as number of pointing at 
action of the virtual character toward other virtual objects 
(point_at_action) and number of virtual character merges 
between participants (merge_char) (Fig. 4). As there were no 
correlations between SIBs and internal state measurements, 
in order to investigate any indirect relationship, the rela-
tionship between hunted_fireflies and other game activity 
measurements which are associated with the internal state 
measurements was further investigated. It was found that 
there was a positive correlation (0.426*) between hunted_
fireflies and distance_btw_participants (which was positively 
correlated with RMSSD).

Table 1  Paired Sample T tests with the target variable LEGO/MR

Modality Item LEGO MR Significance

Video-Coding of Overt Behaviors Initiations M = 9.39 ( SD = 6.78) M = 7.97 ( SD = 7.32) 0.225
Responses M = 7.06 ( SD = 5.06) M = 5.48 ( SD = 4.93) 0.084
Externalizations M = 5.61 ( SD = 5.38) M = 6.35 ( SD = 6.01) 0.475

Psychophysiological Measurements HRV (RMSSD) M = −9.23 ( SD = 23.82) M = −10.81 ( SD = 21.5) 0.705
EDA (CDAAmpsum) M = 70.29 ( SD = 92.38) M = 47.59 ( SD = 65.97) 0.12

Questionnaires social_status M = 0.17 ( SD = 0.33) M = 0.27 ( SD = 0.39) 0.32
desire_to_know_more M = 0.01 ( SD = 0.1) M = 0.02 ( SD = 0.08) 0.609
arousal_level M = 0.05 ( SD = 0.32) M = −0.04 ( SD = 0.36) 0.256
valence_level M = −0.01 ( SD = 0.25) M = −0.06 ( SD = 0.22) 0.298
STAIC_state M = 39.34 ( SD = 1.45) M = 39.63 ( SD = 2.25) 0.5

Fig. 4  Left: Results for the correlation analyses in LEGO. Right: Results for the correlation analyses in MR. **Correlation is significant at the 
0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed)
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6.1.3  Hierarchical multiple regression analyses (HMRA)

In the analyses done for LEGO, SIBs from the video-coding 
were significantly predicted by some internal state meas-
urements (Table 2, LEGO). In particular, the RMSSD was 
included in all the significant models with the only exception 
of the Externalization. Instead in the prediction of Exter-
nalization, CDAAmpsum and arousal_level were effective.

In the analyses done for MR, Initiation and Externali-
zation were significantly predicted by some internal state 
measurements, game activity and SIBs from self-report 
measurements (Table  2, MR). In particular, desire_to_
know_more and hunted_fireflies were included in all the 
significant prediction models.

6.2  Automatic classification

In order to better understand the deeper details of the link 
between SIBs with internal state activity and game activity, 
all the aforementioned features were brought together and 
nonlinear connections between these features were analyzed 
with ML techniques.

From the SIBs obtained from overt behaviors, as a first 
step, Initiation was analyzed in detail since it is considered 
as one of the most important elements of social interaction 
(Sigman et al. 1999). After all, social initiation is the primor-
dial social act to improve social skills in general and lead a 
more autonomous life. The levels of social initiation were 
contextualized, based on the mean values of each interaction 
in each condition. Each participant’s score was compared 
(lower or higher than) to the average number of initiations 
taking place in the experimental and control condition, and 
each participant’s score was placed in one of the two classes 
generated, namely below average initiations or above aver-
age initiations.

In this regard, the problem is formulated as a binary 
classification task for both platforms. The below and above 
average initiations in the MR system were named as in_
MR_below (n: 15) and in_MR_above (n: 14). The below 
and above average initiations in the LEGO experience were 
named as in_LEGO_below (n: 15) and in_LEGO_above (n: 
14). In order to combine the information from all the uni-
modal features, a single fused vector integrating the data 
from all the modalities was generated. The resulting feature 
sets for LEGO (64 features in total, 47 HRV, 12 EDA, 5 
Questionnaires) and MR (74 features in total, 47 HRV, 12 
EDA, 5 Questionnaires, 10 Game Activity ) were quite large. 
Therefore, to reduce dimensionality of the data, to improve 
the classification performance, different feature selection 
techniques were used.

Using Weka Data Mining Software (Hall et al. 2009) the 
results of two different classifiers were compared. Neural 
Networks (NN), a state-of-the-art nonlinear classifier, and 
Decision Trees, an interpretable classifier to better under-
stand the modeling process. Neural networks are seen as one 
of the most effective techniques to model complex nonlinear 
hypotheses even when the input feature space is large. They 
are not bounded by assumptions about the feature distribu-
tions. However, Neural Networks were recently viewed as 
‘black boxes’ as they could not explain their predictions. On 
the other hand, decision trees are very intuitive data struc-
tures, and visualizing them can give valuable insights on 
their criteria for classifying new data.

6.2.1  Feature selection

Two types of feature selection strategies were used: 

1. All Features (FS1): For LEGO (64 features, 47 HRV, 
12 EDA, 5 Questionnaires) and for MR (74 features, 

Table 2  Hierarchical Multiple 
Regression Analyses

Predicted Variable Models Predictor Variable Significance

LEGO
Initiation Model 1 RMSSD 0.006

Model 2 RMSSD, social_status 0.003
Response Model 1 RMSSD 0.012
Externalization Model 1 arousal_level, CDAAmpsum 0.005
MR
Initiation Model 1 CDAAmpsum, desire_to_know_more 0.032

Model 2 CDAAmpsum, desire_to_know_more,creature_changed 0.023
Model 3 CDAAmpsum, desire_to_know_more,creature_changed, 

hunted_insects
0.002

Response Model 1 desire_to_know_more 0.064
Externalization Model 1 valence_level, social_status, STAIC_state 0.054

Model 2 valence_level, social_status, STAIC_state, desire_to_
know_more, hunted_insects

0.023
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47 HRV, 12 EDA, 5 Questionnaires, 10 Game Activity) 
were used as a result of feature extraction.

2. WrapperSubsetEval (FS2): A wrapper approach (with a 
best-first search method) to feature subset selection was 
used in order to find a minimum set of attributes that are 
tailored to the particular domain which maximize the 
performance of the classifiers. The results of the feature 
selection strategies can be found in Table 3.

6.2.2  Algorithms

The study includes an overall comparison between the 
models obtained with two feature selection strategies (FS1, 
FS2) for both platforms. The accuracy, precision, recall 
and F1-score metric were used to evaluate the models. The 
hyperparameters of each model are tuned based on two 
grids of parameters. The grid of parameters used for the 
NN model refers to a learning rate ranging from 0.0025 to 

0.1 with the step size 0.0025 and momentum ranging from 
0.1 to 0.5 with the step size 0.1. The grid of parameters 
used for the Decision Tree model refers to the confidence 
factor ranging from 0.1 to 0.9 with the step size 0.1 and 
minimum number of objects ranging from 1 to 4 with the 
step size 1. The best set of parameters leading to the best 
performance of the models were obtained across a 10-fold 
cross validation. Table 4 depicts the overall scores obtained 
for the feature sets FS1 and FS2, for each participant in a 
subject-independent manner for LEGO and the MR system, 
respectively. With automatic classification it was possible to 
show that social initiation level recognition scores based on 
internal state activity and game activity, as a combination 
of feature sets, for both LEGO and MR conditions are above 
chance level (ZeroR CV accuracy: 51.72%). Model scores 
were significantly different from the baseline performance. 
Moreover, the observed classification scores were not statis-
tically different between LEGO and the MR system. Regard-
ing the details of the decision tree generated using FS2 and 
discussed in Sect. 7.3 see Fig. 5.

Table 3  Feature Selection Strategies

Category Type Dataset

All (FS1)
 Time-domain, Frequency-Domain, Nonlinear Features HRV LEGO
 Continuous Decomposition (CDA), Standard trough-to-peak (TTP) Analysis EDA
 STAIC_state, arousal_level, valence_level, social_status, desire_to_know_more Questionnaire
 Time-domain, Frequency-Domain, Nonlinear Features HRV MR
 Continuous Decomposition (CDA), Standard trough-to-peak (TTP) Analysis EDA
 STAIC_state, arousal_level, valence_level, social_status, desire_to_know_more Questionnaire
 manipulate_prop, merge_char, point_at_action, hunted_fireflies, Game Activity
 distance_btw_participants, time_of_first_char, char_greeting,
 char_texture_change, char_being_idle, area_covered

Wrapper Subset(FS2)
 pNN50(%),HF(ms2), HF(n.u.), HF(%), VLF(Hz), LF(ms2), Meanlinelength(beats) HRV LEGO
 TTPnSCR, CDASCR EDA MR
 DET, LF/HF HRV
 manipulate_prop, time_of_first_char Game Activity
 desire_to_know_more Questionnaire

Table 4  Classification Performance of Different Algorithms on LEGO and MR data

Method FS1 FS2

Precision (%) Recall F-Measure CV Acc. Precision Recall F-Measure CV Acc.

LEGO
 Decision Trees 24.1 24.1 24.1 24.1 69.6 69.0 68.5 68.9
 Neural Networks 66.0 65.5 65.4 65.52 89.8 89.7 89.6 89.6

MR
 Decision Trees 62.3 62.1 61.5 62.0 84.3 82.8 82.6 82.7
 Neural Networks 51.7 51.7 51.7 51.7 89.9 89.7 89.7 89.6
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7  Discussion

7.1  Hypothesis 1: The MR system generates 
a similar frequency of SIBs in children with ASC 
as LEGO

The video-coding of overt behaviors revealed no significant 
differences in the generated number of SIBs between the 
MR setting and the LEGO control condition. This finding 
was also consistent with the findings from automatic clas-
sification when the complex dynamics between all the fea-
tures which contribute to the generation of different levels 
of SIBs (initiation) were analyzed. There were no significant 
differences between the evaluated automatic classification 
models in terms of performance for LEGO vs. MR environ-
ment. These results imply that the MR system is capable of 
fostering SIBs in children with ASC with similar success 
as the traditional strategies, such as playing with LEGO 
bricks. This is important since there is no human interven-
tion in motivating the children in the MR system, whereas 
traditional strategies focus on the abilities of the therapist 
to foster SIBs in children. This does not mean that the MR 
system is an unsupervised system that does without experts. 
On the contrary, the MR system can, on the one hand, free 
the experts from having to mediate the session and allows 
them to focus on observing the evolution of the child within 
the intervention program. On the other hand, the MR system 
fosters SIBs in children with ASC in a homogeneous and 
unified manner for all children without incorporating human 
subjectivity. The presence of therapists has been found to 
interfere in traditional sessions since they represent an added 
human actor in the activity (Paul 2008; Kasari and Patterson 
2012; Srinivasan et al. 2016). Because of this, they cannot 
be absolutely sure whether the social event generated by the 

children with ASC is an initiation that comes from their own 
inner drive and will, or whether it is merely a response to 
previous actions started by the therapists themselves. In an 
MR experience, however, the system defines a context that 
mediates the session between the children without having 
the human figure get in the way. The experts can define the 
parameters of the MR system to adapt the session to each 
child and can intervene in the session only if they deem 
necessary.

Analyzing the questionnaires, it is seen that no signifi-
cant difference existed between the two conditions regarding 
the reported level of knowledge of the play peer (social_
status), and the desire to know more about the peer after 
playing (desire_to_know_more). In this regard, the promo-
tion of collaboration in the MR environment is probably 
helping children with ASC to see their peers as valuable 
play partners, in a similar way to how they see peers in the 
LEGO condition. Given the challenges in social integration 
and maintaining social relationships in children with ASC 
(Strain 1983; Gupta et al. 2014), creating scenarios where 
users see each other as valuable partners could help in devel-
oping and maintaining friendship. The MR system offers the 
possibility of having a broad diversity of scenarios and can 
therefore provide even more possibilities to create collabo-
ration situations, compared to a static unchanging approach 
such as the LEGO bricks are.

7.2  Hypothesis 2: The level of internal state 
activity during MR sessions will be related 
to the frequency of SIBs shown by the children 
with ASC in at least the same level as they are 
related for the LEGO sessions

Based on the Paired Sample T tests with the target variable 
MR/LEGO, the STAIC_state results were not significantly 
different between MR and LEGO. While it has been seen 
above that the MR condition is fostering SIBs, here it is 
seen that the children’s perceived state anxiety, assessed 
through the STAIC_state questionnaire, was similar to that 
of the LEGO condition. This is an important finding, since 
the MR system is a new and unknown play context, while 
the LEGO condition is a very well known and familiar play 
context. The LEGO play context in general, tends to make 
the children either play solo building their own thing, or 
play together with the pieces from the start if the therapist 
mediates the experience and motivates children to build 
something together. On the other hand, the MR system pro-
vides different levels of relationship between users and the 
system. The MR system allows the users to start by doing 
solo activities and slowly and seamlessly brings the two 
together to allow them to discover joint play situations. 
Moreover, the MR system allows the children to step back 
from collaborative play and go back to solo playing at any 

Fig. 5  Decision tree for the classification of social initiation levels in 
MR



 Virtual Reality

1 3

one time, and then back to collaboration again. We believe 
that this design approach (named encouraged collaboration, 
as opposed to enforced collaboration which is most often 
used in ICT for ASC), which gently encourages collabo-
ration, created a comfortable setting for socialization and 
hence lowered potential anxiety coming from a novel and 
unknown situation.

On the other hand, the results obtained for the reported 
arousal/valence levels of children after playing show no 
significant difference between the two conditions. There is 
considerable evidence that factors specific to anxiety include 
negative valence as well as positive arousal, as mapped on 
the circumplex model of affect (Feldman 1995). In this 
regard, not seeing any significant difference in reported 
arousal/valence measurements between the MR and LEGO 
condition might also be related to the results found from 
the state anxiety scales. However, it should be noted that 
the reliability of self-reports from children with ASC might 
show fluctuations as they may have difficulties in interpret-
ing their own experiences (Berthoz and Hill 2005).

Psychophysiology, as an objective measure, might pro-
vide more representative information about the children’s 
internal state. Hence, this study monitored their physiology, 
and the results from both HRV and EDA did not exhibit 
statistically significant differences between MR and LEGO 
conditions. In our case, it is seen that results from physi-
ological analysis seem to support the self-report analysis 
described above. Firstly, it should be noted that HRV indi-
cates the parasympathetic nervous system (PNS) index and 
the PNS activity through vagal tone is associated with better 
social functioning (Laborde et al. 2017). Seeing both plat-
forms induce a similar level of HRV might show that the 
choice of an MR full-body interactive system has an effect 
on socialization as much as a traditional setting. Besides, 
seeing positive correlation between the level of HRV and 
SIBs in LEGO might also validate the association between 
HRV and socialization mentioned before. However, the 
direction of this association were needed to be understood 
to be aligned with the previous findings. In this regard, Hier-
archical Multiple Regression Analyses (HMRA) showed that 
with the level of HRV (RMSSD), it was possible to predict 
the frequency of SIBs (initiation and response) in LEGO. 
It can therefore be assumed that the higher HRV can be 
associated with higher frequency of SIBs in LEGO. These 
results were also consistent with the findings from automatic 
classification where the complex dynamics between all the 
features were analyzed (not just with HRV and few other 
features as in HMRA) which contribute to the generation of 
different levels of SIBs (initiation). Firstly, with automatic 
classification, it was possible to show that social initiation 
level recognition scores (based on internal state activity, 
game activity and questionnaires, as a combination of fea-
ture sets) for both LEGO and MR conditions were above 

chance level. Moreover, model scores were significantly dif-
ferent from baseline performance. Secondly, the discovered 
features with the wrapper subset evaluation method (FS2) 
just included HRV-related features in the classification 
model for the LEGO condition. However, on the contrary, 
in the MR environment it was not possible to see a similar 
relationship (neither in correlation analysis, or in HMRA 
analysis, or in Automatic Classification) between HRV and 
SIBs. This might be because of the sensitivity of the HRV 
measurements in scenarios demanding physical activity. It 
is important to bear in mind that when Autonomic Nervous 
System (ANS) activity is assessed during exercise through 
HRV, the analysis of time and frequency domain measures 
of HRV may not yield adequate information (Boettger et al. 
2010). In this regard, although the two conditions were 
designed as similar as possible, physical activity might be 
higher in the MR condition and hence, still getting in the 
way of understanding how HRV-related activation is associ-
ated with the SIBs in the MR environment (because of the 
allowed range of full-body activity). Perhaps, this is why it is 
not possible to see a correlation between HRV and SIBs, or 
any HRV-dominant features in predicting the levels of SIBs 
in the MR environment.

On the other hand, EDA is often considered one of the 
most useful indices of sympathetic nervous activity (SNS) 
(Boucsein 2012) and might provide different insights com-
pared to HRV (Posada-Quintero et al. 2019). This finding 
was reflected in the results as well. It was seen that an EDA 
feature (CDAAmpsum) was more effective than a HRV fea-
ture (RMSSD) in predicting the levels of SIBs (initiation) in 
the MR environment in HMRA based analyses. Moreover, 
EDA might be related to engagement in addition to state 
anxiety (Hernandez et al. 2014). Thus, seeing similar levels 
of EDA for both platforms can be associated with a similar 
response of children to externally presented stimuli in both 
conditions. Moreover, the results show that desire_to_know_
more is coupled with an EDA measurement in the HRMA 
and in the Automatic Classification based prediction mod-
els of SIBs (initiation) in the MR environment and not in 
LEGO. This suggests that the MR environment is probably 
creating an adequate engaging environment for getting to 
know the peer and hence foster generation of SIBs.

7.3  Hypothesis 3: The count of Game Activity 
during the MR sessions will show a significant 
relation to the amount of SIBs shown 
by the children with ASC

In MR, there were no direct correlations between SIBs 
and internal state measurements of the children. However, 
there was a positive correlation between social_status and 
number of collected fireflies during the MR experience 
(hunted_fireflies). It could be argued that there might be an 
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indirect relationship between internal states and SIBs as it 
was also found that there was a positive correlation between 
hunted_fireflies and distance_btw_participants (which is a 
feature related to some of the internal state measurements 
). A possible explanation for this three-way relation can be 
as follows.

First of all, hunting fireflies was a simple introductory 
game mechanic that children could easily understand and 
perform alone, as a first “low floor” (Papert 1980) contact 
with the virtual environment. However, the MR system inter-
action design also envisioned this as opportunities to get the 
two children interested in one another through “search & 
discovery”. For example, if a child is catching many fireflies 
and the other cannot, then the child with less fireflies can 
have sufficient interest to ask the other how he has caught 
so many. Another example would be when catching fireflies 
actually leads to the climax with the caught fireflies magi-
cally fusing into a character. This can make the child that 
achieves this exclaim his surprise and attract the interest of 
the other, or want to share emotions and thoughts. Hence, 
despite this being designed as a solo activity, the use of this 
simple introductory mechanic seems to have been successful 
in making children engage with the peer, as results show an 
increase in children’s social_status.

Secondly, the positive correlation found between the 
distance_btw_participants and hunted_fireflies might also 
signal that a larger distance between participants might 
lead players to search the playing area more extensively, 
and hence collect more fireflies and discover different sur-
prising elements. Thirdly, it should be noted that children 
without ASC might feel more comfortable in approaching 
others, compared to children with ASC (Gessaroli et al. 
2013). Thus, the unnegotiated approach of the child with-
out ASC toward the child with ASC might have created 
some level of discomfort in the child with ASC. This can be 
interpreted from the following findings: (i) positive correla-
tion between distance_btw_participants and RMSSD; and 
(ii) positive correlation between distance_btw_participants 
and valence_level. Such a discomfort is not found in the 
LEGO environment because this setting provides a context 
in which the players were already within proximity of each 
other, sharing a focal point of joint attention on the table 
(despite them having to move around it). However, once the 
barrier in close proximity is achieved in the MR environment 
(when the approach is negotiated), there might be positive 
correlations between RMSSD and SIBs in MR as well (as 
long as the physical activity does not get in the way of the 
measures), as in LEGO. It is therefore likely that such con-
nections exist between SIBs and internal state measurements 
of the children in MR.

Additionally, character merging (merge_char) might 
also show the presence of collaborative behaviors. A sig-
nificant increase in the occurrence of these might indicate 

the game’s potential to foster SIBs. However, the obtained 
negative correlations emerging between valence_level and 
the merge_char might be a sign of a weak implementation 
of this design aspect of the MR platform. One evidence of 
this is that it has been observed in several video record-
ings that the MR system was activating the character merge 
action when the participants’ creatures were close enough to 
each other, although the participants’ intentions seemed to 
be directed toward other activities. It is possible that the low 
contingency of these merge events might have led to a nega-
tive experience which is represented in the valence_level. It 
should be assured in future designs that no actions are trig-
gered by the system unless it is clearly activated by the users.

Similarly, it was possible to observe negative correlations 
emerging between valence_level and the character “pointing 
at” gesture (point_at_action). Having the character pointing 
at something was designed to help the users discover the 
nearby elements which were interactive; hence, it is acti-
vated when the character of a user approaches the virtual 
elements. At that moment, the user’s creature points toward 
the element and makes an exclamatory remark. However, 
this action might be disruptive (probably reflected by low 
valence_level) for the child; e.g. imagine the child was try-
ing to move his/her character toward a specific zone of the 
play area and suddenly the character stops following and 
does something unexpected. This could be an annoying situ-
ation for the child leading to the low valence that has been 
observed.

On the other hand, it was also possible to see how the 
collaborative act of manipulating virtual objects (props) 
through the characters of the children might have had a 
positive effect on them resulting in better social interaction. 
Aforementioned possible indirect relationships between 
SIBs (initiation) and internal state measurements could be 
observed from the prediction model of the initiation (model 
3) derived from HMRA analysis. When the hunted_fireflies 
feature was added to the prediction model 2, which already 
included an EDA-based feature, it was possible to see an 
improvement in the significance of the prediction. Moreover, 
in automatic classification models, the possible indirect rela-
tionships between SIBs (initiation) and internal state meas-
urements could also be discovered but in a more complex 
manner (in terms of predicting the level of initiation). Past 
research has indicated that different physiological measure-
ments work together (D’Mello and Kory 2012) and may 
contribute more information when treated together. Besides, 
when the feature selection techniques were considered (e.g 
FS2), the classification scores improved. Although it was not 
possible to interpret this complex relationship with the NN 
models, it was possible to see that Decision Trees provided 
interpretable results with the feature manipulate_prop and 
EDA feature (TTPnSCR). TTP.nSCR (Number of signifi-
cant skin conductance response (SCRs) within the response 
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window) is also another EDA feature which represents 
the phasic activity (http:// www. ledal ab. de/ docum entat ion. 
htm.) and can be related to the external stimuli from the MR 
system and engagement (Hernandez et al. 2014). Manipu-
late_prop is the measure of the collaboration act in the MR 
environment as the virtual elements may only be manipu-
lated when both partners work together. The decision tree 
structure which has been obtained is as follows: The number 
of social initiations is above average in the child with ASC 
only when the TTP.nSCR is higher than a certain threshold 
(namely, 138) and the feature manipulate_prop is greater 
than three (i.e., 3 manipulated objects). In any other case, 
it is possible to observe below average social initiations. In 
this regard, the mechanism of manipulating props seems to 
be a significantly adequately designed game mechanics to 
bring the children together and get them to collaborate and 
become interested in the other. And that, the more props they 
manipulate, the better their relationship becomes. With an 
apparent threshold of 3 as a minimum to really get the initia-
tions up above average. But also that to achieve this, a good 
previous engagement of the children in the game is needed. 
This could be related to many factors that need to be reas-
sessed in the future. But for now it is possible to know that 
if the children are engaged (seen by TTP.nSCR>138) then 
they have more possibilities of manipulating sufficient props 
to get involved with the peer and therefore get the initiations 
above average. However, one might argue that the explana-
tion previously given around the negative correlation found 
between point_at_action and valence_level might be linked 
to the findings from the decision tree as having the character 
pointing at something could also lead to the discovery of 
potential objects to manipulate, since it is activated when 
both users approach the virtual elements together. Therefore, 
it could be argued that possible failure in the manipulation 
of a prop, when the child with ASC attempts this in a solo 
action, might have caused some frustration, which might 
explain also part of the low level of valence. However, the 
negative valence correlated with “the pointing of character” 
might be more likely associated with the fact that the charac-
ter stops following the child and does something unexpected 
as explained before. This perhaps would tell us that in the 
future, the character should only point at props when the 
child (and the character) are in an idle situation rather than 
the character doing this action all the time. Then the char-
acter would be introducing a useful queue. The other feature 
which was effective in automatic classification models was 
time_of_first_char. This feature is related to the number of 
hunted fireflies in the first minutes of the game. After hunt-
ing a certain amount of fireflies, it was decided that fireflies 
would transform into a creature that would become a virtual 
partner for the user. As it was discussed before, hunting fire-
flies was a simple introductory game mechanic which chil-
dren could do alone and easily understand as a first contact 

with the system. Hence, despite the time it takes to collect 
the first necessary amount of fireflies, being designed as a 
solo activity, the use of this mechanic, when it is considered 
together with other features, seems to have been successful 
in making children engage with the peer in different social 
initiation levels, as results show above baseline prediction 
scores in the prediction of the level of social initiations.

8  Conclusion and future directions

This study provides new insights into the results from previ-
ous studies that indicated the potential of the designed MR 
system in fostering social interaction behaviors (SIBs) in 
children with Autism Spectrum Condition (ASC). Moreo-
ver, the present study has been one of the first attempts to 
thoroughly examine how a full-body interactive MR system 
can be used to foster the SIBs in at least a similar degree as 
can be achieved with a traditional therapy setting (e.g., with 
LEGO bricks). Within this big picture, the study also ana-
lyzed how SIBs taking place in these experiences are related 
to the internal states of the participants as well as the events 
generated and sensed by the system.

The results of this research support the idea that the 
designed MR system is capable of fostering SIBs in chil-
dren with ASC with similar success as the LEGO setting, 
with an added advantage of being more flexible. This find-
ing reported here shed new light on developing a tool that 
is mediating, guiding, and supporting the progress of the 
children in terms of practicing SIBs; and providing struc-
ture and assistance to therapists. Moreover, a further longi-
tudinal study could assess the long-term effects of this tool, 
especially when it is used in place of a passive social skills 
training program that needs to be mediated by a therapist.

The results of this study also indicate that SIBs are related 
to some of the internal state measurements suggesting simi-
lar levels of anxiety levels in both platforms, better social 
functioning through HRV and engagement through EDA-
based measurements. Nevertheless, physiological measures 
are susceptible to physical activity (especially in our case 
HRV). Indeed, special care must be taken although the two 
conditions have been designed as similar as possible. Per-
haps, for future work, physiological measurements could be 
standardized with the quantity of body motion information 
from the participants, which could be tracked with special 
algorithms through camera systems. Additionally, as a next 
step, physiological measurements can be coupled with com-
puter vision based internal state evaluation (e.g face and 
body gesture recognition) for more accurate evaluation. 
Implementation of such multi-modal objective evaluation 
tools can pave the way for carefully designing and assessing 
the novel tools that can be utilized by the ASC therapists 
and caregivers.

http://www.ledalab.de/documentation.htm
http://www.ledalab.de/documentation.htm
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Finally, the results of this investigation also show that 
SIBs are related to some of the game activity measurements. 
The results have provided very useful insight on which game 
mechanics were useful and which were not. With this infor-
mation, it is possible to improve the MR experience for the 
children, both by improving the current game mechanics, 
as well as designing new ones that can appeal to a broader 
range of children in the autism spectrum. It was also possible 
to see that basing the design on the encouraged collaboration 
approach is helpful in fostering SIBs. One of the impor-
tant findings is that it is possible to keep up engagement in 
children by providing sufficient interaction potential, using 
game elements and mechanics such as hunting fireflies and 
manipulating props collaboratively. Also that, the children 
are allowed to step back from collaborative play and go back 
to solo playing at any one time.

Considerably more work will need to be done in the anal-
ysis of these full-body interaction MR systems to better help 
children with ASC in their social skills, as well as helping 
children without ASC better integrate children with ASC 
into society.
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