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Abstract. Impairments in social communication skills are thought to be core
deficits in children with autism spectrum disorder (ASD). In recent years, several assistive technologies, particularly Virtual Reality (VR), have been investigated to promote social interactions in this population. It is well-known that
these children demonstrate atypical viewing patterns during social interactions
and thus monitoring eye-gaze can be valuable to design intervention strategies.
However, presently available VR-based systems are designed to chain learning
via aspects of one’s performance only permitting limited degree of individualization. Given the promise of VR-based social interaction and the usefulness of
monitoring eye-gaze in real-time, a novel VR-based dynamic eye-tracking system is developed in this work. The developed system was tested through a small
usability study with four adolescents with ASD. The results indicate the potential of the system to promote improved social task performance along with socially-appropriate mechanisms during VR-based social conversation tasks.
Keywords: Autism Spectrum Disorder, Virtual Reality, eye tracking, social
communication, engagement.

1 Introduction
Autism Spectrum Disorder (ASD) is characterized by core deficits in social interaction and communication [1]. Children with ASD demonstrate difficulties in social
judgment and in using face as a channel for social communication [2]. Thus social
attention and its measurement is considered a major aspect in ASD intervention [3],
which could involve acquiring and analyzing eye-gaze data [4]. Also, given the limitation on the availability of trained professional resources in ASD intervention, it is
likely that emerging technology will play an important role in providing more accessible intensive individualized intervention [5]. We chose Virtual Reality (VR) technology since this possesses several strengths in terms of potential application for children
with ASD, namely, malleability, controllability, replicability, modifiable sensory
stimulation, and an ability to pragmatically individualize intervention approaches and
reinforcement strategies [6].
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Despite potential advantages, current VR environments as applied to assistive intervention for children with ASD [7] [8] are designed to chain learning via aspects of
performance alone. In fact, a number of VR applications have investigated social skill
training for children with ASD [7] [8]. These works were pioneering in establishing
the usefulness of VR in ASD intervention. However, they monitored the partipants’
performance and did not measure how long and where the individuals were looking
during interaction and thus were not able to assess their engagement to the task. Recently Wilms et al. [9] demonstrated the feasibility of linking the gaze behavior of a
virtual character with a human observer’s gaze position during joint-attention tasks.
Thus, the current VR environments as applied to assistive intervention for children
with ASD are designed to chain learning via aspects of performance alone (i.e., correct, or incorrect) thereby limiting individualization of application. Even these recent
systems that measure eye gaze do not adaptively respond to engagement predicted
from one’s viewing pattern and eye physiological indices. The viewing patterns (e.g.,
Fixation Duration (FD)), and eye physiological indices (e.g., Blink Rate (BR) and
Pupil Diameter (PD)) of an individual can be indicative of one’s engagement [10-12],
and if properly considered during a VR-based interaction, may lead to a substantially
realistic intervention.
The objective of this paper is to present the design and development of a VR-based
engagement-sensitive system with adaptive response technology that can be applied
to social communication task for children with ASD. We design the system to present
VR-based social tasks of varying difficulty levels along with bidirectional interaction
in the form of social conversations with virtual avatars coupled with the ability to
monitor one’s behavioral viewing and eye physiological indices in real-time. Based
on the participant’s behavioral viewing, eye physiological indices, and performance
metric, the system adaptively and socially responds by using a rule-governed strategy
generator. While not an intervention study, here we present the results of a usability
study as a proof-of-concept of our designed system.

2 System Design
The VR-based engagement-sensitive system with adaptive response technology has
three main subsystems: (i) a VR-based social communication task module, (ii) a realtime eye-gaze monitoring module, and (iii) an individualized adaptive response module utilizing a rule-governed intelligent engagement prediction mechanism.
2.1 VR-Based Social Communication Task Module
In this work, we use desktop VR applications. Vizard (www.worldviz.com), a commercially available VR design package, is used to develop the virtual environments
and the assistive technology. In order to perform socially interactive tasks with children with ASD, we developed extensive social situations with context-relevant backgrounds, and avatars whose age and appearance resemble those of the participants'
peers without trying to achieve exact similarities. Also, for effective bidirectional
social communication between the avatars and the participants, we developed conversation threads. Our social communication task module comprises of task presentation
and bidirectional conversation modules.
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Task Presentation Module. We developed social task presentation modules with
avatars narrating personal stories to the participants. These stories were based on diverse topics of interest to teenagers e.g., favorite sport, favorite film, etc. The voices
for the avatars were gathered from teenagers from the regional area. The avatar can
make pointing gestures and move dynamically in a context-relevant virtual environment. For example, when an avatar narrates his tour experience to a sea beach and
introduces the participant to the rocky beach while narrating the rocks on the beach,
the VR environment reflects the view of the beach (Fig. 1a). When the avatar narrates
some of his favorite activities on the beach such as, tanning during the day, the VR
world displays such a situation to the participant (Fig. 1b). Subsequently, when the
avatar narrates his experience of the remarkable view of sunset he witnessed on the
beach, the VR situation changes with a smooth transition of the background image to
display such a situation to the participant (Fig. 1c). This helped us to expose the participants to realistic social situations relevant to the topic being narrated.
The avatar heads were created from 2D photographs of teenagers, which were then
converted to 3D heads by '3DmeNow' software for compatibility with Vizard. One
can view the avatars within our system from first-person perspective.

Fig. 1. Snapshot of avatar narrating his tour experience to a sea beach within VR environment

Bidirectional Conversation Module. The participant was asked to watch and listen
to the avatar narrating a personal story during the VR-based task presentation. At the
end of this task presentation, the participant was asked to extract a piece of information from the avatar using a bidirectional conversation module with varying levels of
interaction difficulty (e.g., ‘Easy’, ‘Medium’, and ‘High’). The bidirectional conversation module followed a menu-driven structure used by the interactive fiction community. The degree of interaction difficulty was controlled by requiring the number of
questions a participant needed to ask in order to obtain a desired piece of information
from the avatar and the nature of the conversation. In order to control the interaction
difficulty, we chose three levels of conversation tasks, namely, Type 1, Type 2, and
Type 3 tasks. In Type 1 conversation task, the participant was required to obtain a
piece of information from the avatar that was directly narrated in the story and could
be obtained by asking a minimum of 3 questions if the participant chose the right
sequence of questions. In Type 2 conversation task, the participant was required to
obtain a piece of information from the avatar that was not directly narrated in the
story but was hinted during the narration and could be obtained by asking a minimum
of 5 questions if the participant chose the right sequence of questions. Finally, in Type
3 conversation task, the participant was required to obtain a sensitive piece of information (e.g., the avatar’s feeling about a situation in general or some personal details,
etc.) from the avatar that was not discussed in the story and could be obtained by
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asking a minimum of 7 questions if the participant chose the right sequence of questions. If a participant could acquire the needed information in a particular level by
asking the minimum number of questions for that interaction difficulty level, he/she
achieved the highest performance score. On the other hand, if the participant could
not choose the right questions in the right sequence, causing him/her to ask more
questions to find the needed information, he/she would acquire a proportionately less
performance score. After a certain number of attempts if the participant was still unable to obtain the right information, the system would terminate the task and provide a
task of lesser challenge to the participant. In order to ensure consistency among the
tasks, task in each level of difficulty was carefully designed in consultation with experienced clinicians such that the structure of conversation remains similar regardless of
the topics.
Type 1 Conversation Task with Easy Level of Interaction Difficulty. For an easy scenario, a participant was required to ask 3 appropriate questions in right sequence to
get the intended piece of information using the conversation-thread structure as shown
in Fig. 2.
For example, after an avatar narrated his experience of a football game during the
VR-based task presentation, the participant was asked to find the avatar’s experience
of his first football game that he played. If the participant first selected the choice 3
(from the top) of the menu (Fig. 3) to introduce (represented by block A in Fig. 2)
himself to the avatar, the avatar responded by saying “Hi. I am Tom. Yes. I really
love football, especially when I get to play!” If instead of selecting choice 3, the participant chose any other option, then the avatar responded as, “I’m sorry! Do I know
you? Maybe we should introduce ourselves first.” thereby serving the role of a facilitator. Then if the participant selected the choice 1 (from the top) of the menu (Fig. 3)
to ask the avatar about the topic (represented by block B in Fig. 2) of the conversation
(i.e., regarding the first time the avatar played a football game), the avatar responded
by saying “Of course! I was in the second grade. Our P.E. teacher split our class into
two small junior football teams.” Finally, if the participant selected the choice 2 (from
the top) of the menu to ask the avatar regarding his overall feeling (represented by
block C in Fig. 2) of his first football game, the avatar ended the conversation by
saying “Yes, it was a lot of fun to play with my classmates.”

Fig. 2. Block Diagram of the Conversation Threads (Easy Level of Interaction Difficulty)

Type2 Conversation Task with Medium Level of Interaction Difficulty. For a scenario
with a medium level of interaction difficulty, a participant was required to ask 5 questions in the right sequence to obtain the needed information from the avatar using a
conversation-thread structure as shown in Fig. 4.
For example, after an avatar narrated her experience of her trip to a zoo with her
friends during the VR-based task presentation, the participant was asked to find out
some more details from the avatar about her experience at the zoo.
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Fig. 3. Snapshot of a bidirectional conversation module (Easy Level of Interaction Difficulty)

Fig. 4. Block Diagram of the Conversation Threads (Medium Level of Interaction Difficulty)

Type3 Conversation Task with High Level of Interaction Difficulty. For a scenario
with a high level of interaction difficulty, a participant was required to ask 7 questions
in the right sequence to obtain the needed information from the avatar using a conversation-thread structure as shown in Fig. 5.
For example, after an avatar narrated her experience of playing softball and her not
liking the softball coach, the participant was asked to find out what the avatar actually
felt for not liking the softball coach (i.e., ‘sensitive’ topic).

Fig. 5. Block Diagram of the Conversation Threads (High Level of Interaction Difficulty)

2.2 Real-Time Eye-Gaze Monitoring Module
The system captures eye data of a participant interacting with an avatar using eyetracker goggles from Arrington Research Inc. This eye-tracker comes with some basic
features acquiring capability for offline analysis and with a Video Capture Module
with a refresh rate of 30 Hz to acquire a participant’s gaze data using the ‘Viewpoint’
software. We designed the Viewpoint-Vizard handshake module, acquired the raw
gaze data using Viewpoint, and transformed it to the Vizard compatible format using
the handshake interface in a time synchronized manner. Subsequently, we applied
signal processing techniques, such as windowing, thresholding, etc. to eliminate noise
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and extract the relevant features, such as, mean Pupil Diameter (PDMean), mean Blink
Rate (BRMean), mean Fixation Duration (FDMean) at an interval of 33 ms.
2.3 Individualized Adaptive Response Module
Our goal was to switch tasks based on the composite effect of one’s performance and
engagement to the task. One’s engagement to the VR-based social task was predicted
based on objective metrics such as, dynamic viewing patterns characterized by Fixation Duration (FD) and two eye physiological indices - Blink Rate (BR), and Pupil
Diameter (PD) – all of which have been shown to indicate engagement in other studies [10-12]. In order to discretize the engagement space, we assigned numeric values
of 1, 2, and 3 (Tables 2a, 2b, and 2c) to these indices to quantify engagement in three
levels – ‘not engaged’, ‘moderately engaged’ and ‘highly engaged’ respectively. If the
cumulative sum of the engagement level obtained by real-time monitoring of FD, PD,
and BR ≥ 6, then the engagement was considered as ‘Good Enough’, otherwise this
was ‘Not Good Enough’. If a participant scored ≥ 70% of the maximum score possible (e.g., 18, 30, and 42 for ‘Type 1’, ‘Type 2’, and ‘Type 3’ tasks representing the
‘Easy’, ‘Medium’, and ‘High’ difficulty level respectively with each relevant choice
of bidirectional conversation options giving 6 points and an irrelevant choice causing
a penalty of 3 points) in a task, then the performance was considered as ‘Adequate’,
otherwise, this was considered as ‘Inadequate’.
Table 2. Prediction of Engagement based on (a) Fixation Duration (FD), (b) Pupil Diameter
(PD), and (c) Blink Rate (BR)
Fixation Dura- Value
Pupil Diameter
Value
Blink Rate
Value
tion
0% ≤ T ≤ 50%
1
PDNow> PDPrev
1
BRNow > BRPrev
1
50% < T < 70%
2 PDPrev≥PDNow≥0.95PDPre 2 BRPrev ≥BRNow ≥0.95BRPrev 2
T ≥ 70%
3
PDNow<0.95PDPrev
3
BRNow < 0.95BRPrev
3
T : Percent FD towards Face region i.e., Face_ROI (during conversation) out of total FD.
PDNow, PDPrev:Pupil Diameter during present and previous situation respectively.
BRNow, BRPrev: Blink Rate during present and previous situation respectively.

This module fuses the information on the engagement (i.e., ‘Good Enough’ or,
‘Not Good Enough’) and the task performance (i.e., ‘Adequate’, or, ‘Inadequate’) to
dynamically switch tasks of different difficulty levels by implementing an individualized task modification strategy (Table 3).
Table 3. Task Modification Strategy based on Composite Effect of Behavioral Viewing, Eye
Physiology, and Performance
Case No.
Case1
Case2
Case3a/b
Case4

Engagement
Good Enough
Good Enough
Not Good Enough
Not Good Enough

Task Performance
Adequate
Inadequate
Adequate
Inadequate

Overall Predicted Engagement
Engaged
Not Engaged
Semi-Engaged
Not Engaged
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In Case1, the strategy generator will increase task difficulty level. In Case2, task
difficulty level will be reduced. In Case3a, the strategy generator will maintain tasks
at the same level of difficulty and look out for an improvement in the next cycle. In
case of no further improvement in the next cycle, task difficulty level will be reduced
(Case 3b). In Case4, the task difficulty level will also be reduced. We implemented
the dynamic task switching by a finite state machine representation [14] (Fig. 6).

Fig. 6. State Machine Representation of Dynamic Decision Task Switching

3 Methods
3.1 Participants
Four adolescents with high-functioning ASD participated in this experiment. Their
data on Peabody Picture Vocabulary Test (PPVT) [15], Social Responsive Scale
(SRS) [16], Social Communication Questionnaire (SCQ) [17] Autism Diagnostic
Observation Schedule (ADOS) [18], Autism Diagnostic Interview-Revised (ADI-R)
[19] are presented in Table 4.
Table 4. Participant Characteristics

ASD1
ASD2
ASD3
ASD4

Age (y)
17.58
13.83
18.25
15.75

PPVT
134
170
97
126

SRS
80
92
63
69

SCQ
12
14
17
23

ADOS
13
13
9
11

ADI-R
49
53
49
56

3.2 Procedure
Each participant participated in one session of VR-based social interaction task lasting
for about 1 hour. During this visit, the participant sat comfortably on a heightadjustable chair and was asked to wear the eye-tracker goggles. They interacted with
avatars narrating personal stories. They were asked to imagine that the avatars were
their classmates at school giving presentations on several different topics. They were
informed that after the presentations they would be required to interact with the avatar
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to find out some information from the avatar. They were also asked to try and make
their classmate feel as comfortable as possible while listening to the presentation.

4 Results
We conducted a usability study to test whether the designed VR-based gaze-sensitive
system with adaptive response technology functions as desired. Also, we tried to investigate whether the interaction with the system has the potential to impact the social
task performance and behavioral viewing pattern of the participants with ASD.
4.1 Progression of VR-Based Social Communication Tasks
We analyzed the VR-based task progression for the participants across trials. ASD1
and ASD2 started at Medium difficulty level, and were able to achieve high difficulty
level while interacting with our system (Fig. 7) with both of them interacting with 2 in
Easy, 4 in Medium, and 3 in High difficulty levels. On the other hand, ASD3 started
with Easy difficulty level and interacted with 7 VR-based social task trials with 2 in
Easy, 2 in Medium, and 3 in High difficulty levels. ASD4 started with the High difficulty level and interacted with 4 VR-based social task trials in High difficulty level.
Task switching ability of the system indicates the potential to individualize social
communication training in the future.

Fig. 7. VR-based Task Progression for ASD1, ASD2, ASD3, and ASD4 across trials.
Interaction Difficulty Level=1: ‘Easy’; Level=2: ‘Medium’; Level=3: ‘High’

4.2 Improvement in Behavioral Viewing Pattern
For effective social communication skills, one must not only achieve adequate task
performance measures (e.g., obtaining the required information by asking the appropriate questions), but also carry out the conversation in a socially appropriate way
(e.g., paying attention towards the face of the communicator during communication).
We investigated to see whether there was any improvement in the behavioral viewing
pattern of the participants while interacting with our VR-based engagement-sensitive
system equipped with adaptive response technology.
Fig. 8 shows variation in the behavioral viewing pattern in terms of percent fixation duration towards the face region (Face_ROI) of the avatars of each participant
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across different trials. All participants demonstrated improvement in their behavioral
viewing patterns in terms of greater attention towards the face of the communicator
from trial1 to the last trial (trial9 for ASD1 and ASD2, trial7 for ASD3, and trial4 for
ASD4). The mean percent fixation of all subsequent trials for each participant
increased from their trial1 values by 26.58%. This data, although preliminary in
nature, demonstrate that the feasibility of our system to impact the participants’ looking patterns in a positive manner, i.e., they paid more attention to the avatars during
conversation.

Fig. 8. Variation in Percent Fixation Duration while looking towards the face region
(Face_ROI) of the avatar during the VR-based social communication task trials

5 Conclusion
In the present work we developed a VR-based engagement-sensitive system with
adaptive response technology. In this paper we presented the system development and
results of a small usability study to test the efficacy of the developed system as a first
step to technology-assisted intervention. The developed system can detect subtle variations in one’s eye-physiological features, and behavioral viewing pattern in realtime. Also it seamlessly integrates these pieces of information with the VR-platform
to provide intelligent individualized adaptive response. Results of a usability study
show the capability of the system to contribute to improving one’s social task performance (e.g., ability of the participants to interact with VR-based social tasks with
increased degree of difficulty) along with encouraging socially-appropriate mechanisms (e.g., improved attention towards the face of the communicator) to foster effective social communication skills among the participants with ASD. Such an integrated
system has the potential to be incorporated into complex intervention paradigms
aimed at improving functioning and quality of life for individuals with ASD.
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