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ABSTRACT 

Autism Spectrum Disorder (ASD) is aneurodevelopmental disorder characterized by core deficits in social interac- 

tion and communication. Collaborative puzzle games are interactive activities that can be played to foster the collabora- 

tion and verbal-communication skills of children with ASD. In this paper, we have designed an intelligent agent that can 

play collaborative puzzle games with children and verbally communicate with them as if it is another human player. 

Furthermore, this intelligent agent is also able to automatically measure children’s task-performance and verbal-commu- 

nication behaviors throughout game play. Two preliminary studies were conducted with children with ASD to evaluate 

the feasibility and performance of the intelligent agent. Results of Study I demonstrated the intelligent agent’s ability to 

play games and communicate with children within the game-playing domain. Results of Study II indicated its potential 

to measure the communication and collaboration skills of human users. 
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1. Introduction 

Autism Spectrum Disorder (ASD) is aneuro- 

developmental  disorder  characterized  by  core 

deficits  in  social  interaction  and  communica- 

tion[1].  The  estimated  prevalence  of ASD  in  the 

United States is 1 in 59, as reported by the Centers 

for    Disease    Control    and    Prevention[2].    The 

 

individual  incremental   lifetime  cost  associated 

with ASD is over $3.2 million[3]. With its high prev- 

alence rate and associated costs, a wide range of 

studies have explored mechanisms to positively 

impact  the  social  communications  of  children 

with  ASD  as  well  as  the  improvement  of  their 

long-term developmental outcomes[4,5]. Although 

a cumulative literature review suggests that some 
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interventions  can  have  positive  impacts  on  the 

lives of children with ASD and their families, many 

families  struggle  to  access  evidence-based  care 

due to its high cost (often over $100/hour, with 

recommended intensity of at least 15 hours per 

week)  and  a  shortage  of  trained  clinicians [6– 15]. 

Therefore, an urgent need exists for inexpensive, 

accessible, and effective assistive therapeutic mo- 

dalities for ASD intervention. 

Computer-assisted  interventions  may  offer 

an alternative intervention and assessment mo- 

dality with reduced costs of care. Many children 

with ASD  have  a  natural  affinity  for  computer- 

controlled environments and exhibit a high level 

of engagement within these systems. In addition, 

computer systems can provide controllable, repli- 

cable,  and  safe  environments  for  children  with 

ASD to practice social communication skills. As 

such, various kinds of computer-mediated inter- 

vention systems have been developed in order to 

understand and enhance the social communica- 

tion skills of children with ASD. Among these are 

collaborative  game-based  interventions,  which 

usually target two users’ ability to convey infor- 

mation  to   one  another  (communicate)  and  to 

work together to achieve a common goal (collab- 

orate). 

Collaborative    games    poses     several    ad- 

vantages relative to traditional intervention and 

assessment modalities. First, many children with 

ASD  show  a  high  level  of  engagement  in  com- 

puter-based collaborative games.  Hourcade  and 

colleagues designed four computer games that re- 

quired two users to work together. They analyzed 

users’ collaborative interactions by manually cod- 

ing the users’  conversations within the  system, 

and  found  that  children  with  ASD  spoke  more 

sentences   when   they   played   these   computer 

games as compared to non-computer games. An- 

other advantage of collaborative computer games 

is that they can be designed to include strategies 

to  elicit  collaborative  skills.  Battocchi  and  col- 

leagues designed collaborative puzzle games with 

an  enforced  collaboration  rule,  which  required 

 

two users to take actions simultaneously, in order 

to  encourage  collaborations  between the users. 

They evaluated the effect of these games on users’ 

collaborations by measuring users’ task perfor- 

mance, such as task completion time and number 

of moved puzzle pieces. They found that these col- 

laborative games, equipped with the enforced col- 

laboration rule, have more positive effects on chil- 

dren with ASD, compared to games without such 

rules. Piper and colleagues designed and imple- 

mented a cooperative tabletop computer games 

for adolescents with Asperger’s Syndrome. They 

found that the cooperative computer games im- 

proved engagement, group work skills and confi- 

dence  to  interact  in  social  activities  within  the 

population. Other previous literature on collabo- 

rative  games  with  intervention  strategies  have 

also  successfully  investigated  other  collabora- 

tive behaviors of children with ASD, such as shar- 

ing[16], turn taking[17], and collaborative play[18]. 

In this work, we present the design of an in-  

telligent agent able to play  collaborative games  

with children with ASD, and simultaneously com-  

municate with them during the games. In addition, 

the intelligent agent was designed to automati-  

cally measure collaboration and verbal-commu-  

nication  skills  of  children  with ASD  when they  

played these games. Such an intelligent agent may  

have the ability to 1) encourage collaborative in-  

teraction  and  communication  in  children  with  

ASD; and 2) automatically evaluate the impacts of  

these collaborative games on these children. We  

also conducted two preliminary studies to evalu-  

ate the feasibility of the intelligent agent to inter-  

act with the target population, as well as its po-  

tentialto measure their collaboration and verbal-  

communication skills. 

The main challenge of designing such an in- 

telligent agent is to understand the unrestricted 

human language using a computer program. Note 

that designing a computer program that can un- 

derstand human language and conduct conversa- 

tions as a human  (i.e.,  Turing  test)  is yet to be 

solved  from  a  technical  point  of  view.  Existing 
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intelligent agents with conversation capabilities 

can only work in narrowly defined domains [19– 22]. 

In our implementation, the intelligent agent was 

also  designed  with   narrowly  defined  domains 

when  communicating  and   playing  games  with 

children with ASD. 

Figure 1: An example of the collaborative puzzle games. 

 

2. Intelligent Agent 

A. Overall Description and Architecture 

We  designed  an  intelligent  agent  with  the 

ability  to  elicit  and  assess  COllaboratioN  and 

COmmunicatioN  (ICON2) skills  of children with 

ASD through games and conversation tasks. The 

overall view of ICON2 is shown in Fig. 2. ICON2 

can perceive a human’s speech and game-related 

actions,  i.e.,  what  the  human-partner  says  and 

what  he/she  does  to  play  collaborative  puzzle 

games.  Then,  it  generates  speech  and  game-re- 

lated actions based on the perceived information. 

Finally,  it  executes  these  generated  speech  and 

game-related actions as responses to the human. 

ICON2 monitors input in realtime without requir- 

ing the presence of a human therapist or coder. As 

ICON2 plays the games, as described below, it can 

assess collaborative and communicative aspects 

of  the   interaction   through   machine   learning 

methods using several collaboration and commu- 

nication  features  that  were  defined  based  on 

 

previous work. 

A  human  user  interacts  with  ICON2  when  

playing collaborative puzzle games. ICON2 acts as  

a  virtual  partner  that  is  capable  of  conversing  

with the human user and also executes game ac-  

tions  during  game  play.  ICON2  is  aware  of  the  

game states, the rules of the games, and the layout  

of the virtual environment. As described in sec-  

tion II, the puzzle games employ two configura-  

tions to promote collaboration, “turn-taking” and  

“move together.” When the game is in the “turn-  

taking” configuration, the human user first moves  

a puzzle piece to the target image, and ICON2 ob-  

serves the movement and waits for its own turn.  

If the human user does not make a move, ICON2  

will prompt the user by saying, “This isaturn-tak-  

ing game. It is your turn to move the puzzle piece.” 

When it is ICON2’s turn to move a puzzle piece, it  

asks the human user which piece it should move.  

It then “listens” to what the human user says and  

independently moves the identified piece to the  

target. When the game  is  in  a  “move together” 

configuration, ICON2 waits for the human user to  

communicate which piece to move together, ver-  

bally confirms the selection, and moves the piece  

together with the human user. If the human user  

does  not  verbally  communicate  which  piece  to  

move (e.g., User silently clicks on a piece to move),  

ICON2 will attempt to prompt user communica-  

tion by asking, “Which piece should we move?” 

 

Figure 2: Overall view of ICON2. 

 

A human user interacts with ICON2 when play- 

ing collaborative puzzle games. ICON2 acts asavir- 

tual partner that is capable of conversing with the hu- 

man user  and  also  executes  game  actions  during 

game play. ICON2 is aware of the game states, the 
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rules of the games, and the layout of the virtual envi- 

ronment. As described in section II, the puzzle games 

employ two configurations to promote collaboration, 

“turn-taking” and “move together.” When the game 

is in the “turn-taking” configuration, the human user 

first moves a puzzle piece to the target image, and 

ICON2 observes the movement and waits for its own 

turn.  If the  human  user  does  not  make  a  move, 

ICON2 will prompt the user by saying, “This is a 

turn-taking game. It is your turn to move the puzzle 

piece.” When it is ICON2’s turn to move a puzzle 

piece, it asks the human user which piece it should 

move. It then “listens” to what the human user says 

and independently moves the identified piece to the 

target. When the game is in a “move together” con- 

figuration, ICON2 waits for the human user to com- 

municate which piece  to move together, verbally 

confirms the selection, and moves the piece together 

with the human user. If the human user does not ver- 

bally communicate which piece to move (e.g., User 

silently clicks on a piece to move), ICON2 will at- 

tempt  to  prompt  user  communication  by  asking, 

“Which piece should we move?” 

ICON2 is aware of the human user game actions 

(puzzle piece locations and mouse clicks locations) 

and  combines  this  information  with  verbal  input 

from the human user. For example,a human user can 

opt to  get  color information  from  ICON2  in two 

ways: 

Human user can ask ICON2, “What color is 

puzzle 5?” or 

Human user can use the mouse to click on puz- 

zle 5 and ask ICON2, “What is the color for this?” 

ICON2 can correctly respond to both user ac- 

tions with the color information of puzzle 5, even 

though in the later way the user did not specify the 

number of the puzzle piece. 

Different game characteristics are employed to 

encourage communication and collaboration in the 

human user and described in Table II and Table III. 

For example, in both configurations, when the color 

information of the puzzle pieces is only available to 

 

one user (human user or ICON2), both partners have 

to exchange the color information in order to move 

the pieces to the target image. If prompted by the hu- 

man user, ICON2 will always respond with the cor- 

rect color information. When color information is not 

available for ICON2, it will ask the human user the 

color  information before the puzzle piece  can be 

moved to the target image. 

3. Skill Measurements Procedure 

We now present the procedure to measure both 

communication and collaboration skills. The system 

generated task-performance and verbal-communica- 

tion features to represent the participants’ behaviors 

when they interacted with ICON2 in the CVE. Then 

we applied machine learning methods to measure 

these skills based on the system-generated features. 

A. System-Generated Features 

The  system  automatically  generated  multiple 

verbal-communication  and  task-performance  fea- 

tures, which were designed based on previous litera- 

ture in the field. All the features and their definitions 

are shown in Table VI. Previous literature demon- 

strated that dialogue act features, such as requests for 

information, providing  information,  and  acknowl- 

edging other people’s actions, were useful in under- 

standing group discussion behaviors of both children 

with ASD and TD children. In addition, word fre- 

quency and sentence frequency have been found use- 

ful to reflect the behaviors of children with ASD dur- 

ing collaborative puzzle games. Bauminger-Zviely 

and colleagues found that the success frequency and 

failure frequency reflected important aspects of col- 

laborative behaviors of children with ASD in collab- 

orative puzzle games. White and colleagues reported 

that the dragging time and collaboration time fea- 

tures could reflect collaborative efficiency of chil- 

dren with ASD when they played collaborative puz- 

zle games with their TD peers. In our system, all the 

features shown in Table VI were generated by the 

system in real-time and recorded for offline analysis. 

B. Skill Measurements 
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We built machine learning models to measure 

participants’ communication and collaboration skills 

using the  system-generated  features. In particular, 

we trained machine learning models to classify a data 

sample, which  included  all  system-generated  fea- 

tures of a game, into abinary-class, i.e., a high level 

of skills or a low level of skills. First, we applied 

Principal Component Analysis (PCA) to reduce the 

feature dimension. Then we trained a Support Vector 

Machine with Radial Basis Function  (SVM-RBF) 

model to measure communication skills using the 

system-generated features and ratings of communi- 

cation skills on a binary scale, and trained another 

SVM-RBF model to measure collaboration skills us- 

ing the features and rating of the collaboration skills 

on a binary scale. We selected SVM-RBF kernel as 

the  machine  learning  method   for  the   classifica- 

tion because this method usually performs well in 

classifying data with a small sample size. The perfor- 

mance of these models in measuring these skills was 

evaluated using their classification accuracies, which 

were   computed   using   a   6-fold   cross-valuation 

method. 

4. Conclusions 

In this paper, we designed an intelligent agent 

that could communicate and play games with chil- 

dren with ASD in a CVE as well as generate mean- 

ingful features to measure their communication and 

collaboration skills. Results of the two preliminary 

studies  presented  here  indicate  the  potential  of 

ICON2 to 1) communicate and collaborate with chil- 

dren with ASD in the CVE as indicated by the self- 

report results; and 2) generate meaningful features to 

measure communication and collaboration skills of 

the participants as indicated by high accuracies of 

these measurements. 

In particular, we found that ICON2 could appro- 

priately initiate conversations and respond to the par- 

ticipants’ conversation in Study I. ICON2 generated 

82.93% appropriate initiations and 89.33% appropri- 

ate replies when interacting with the children with 

ASD. These accuracies are comparable to results of 

other     intelligent      agents     with      conversation 

 

capabilities designed for TD individuals. Given dif- 

ferences in data sample numbers and task domains, 

it is hard to directly compare numerical results of dif- 

ferent systems in this area. However, we believe that 

the communication capability of ICON2 are compa- 

rable to existing systems by comparing the numerical 

results available in the literature. For example, Kopp 

and colleagues designed a conversational agent as a 

museum guide to communicate with museum visi- 

tors.  The  agent  could  understand  visitors’  utter- 

ances by mapping keywords with  138  rules.  The 

agent could correctly respond to visitors’ 50423 ut- 

terances with an accuracy of 63%. Tewari and col- 

leagues designed a question-answer system to help 

improve reading skills of children in the lowest so- 

cio-economic status. The system could correctly an- 

swer questions with an accuracy of 86%, which was 

computed with 346 utterances. However, this system 

could not initiate conversations and did not support 

non-speech interactions. Ramin and colleagues de- 

signed a spoken system to assist elderly users about 

their weekly planning. The system could respond to 

elderly users with 84.8% accuracy, which was com- 

puted from only 46 utterances. 

ICON2 has the potential to evaluate communi- 

cation and collaboration skills of the participants as 

seen in Study II. The system could accurately gener- 

ate verbal-communication features as indicated by 

the low error rates of these features. For example, the 

sentence  frequency  feature  had  a  low  error  rate 

0.0566. All the features together could measure these 

skills with high accuracies using machine learning 

models. The accuracy to measure the communication 

skills was 89.58%, while the accuracy to measure the 

collaboration skills was 75.40%. Although these ma- 

chine  learning  models  were  built  offline,  they 

could be used for real-time measurements in the fu- 

ture. The results indicate that the system has the po- 

tential to automatically measure both communica- 

tion   and   collaboration   skills   in   human-agent 

interactions based  on these  system-generated  fea- 

tures. Automated  systems  for  capturing,  labeling, 

and measuring communicative overtures could, in 

the  future,  augment  our  ability  to  systematically 

measure change in important social-communication 
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therapy goals. This has the potential to reduce costs 

associated with human observation and coding as 

well as reducing subjective bias in behavioral obser- 

vation. That being said, in the current work the sys- 

tem required intensive human-coder classification in 

order to develop and optimize our models. Future, 

use of such a paradigm will ultimately have to over- 

come this system development cost to move toward 

larger scale use. 

The errors that occurred when the system gen- 

erated verbal-communication features were because 

of errors in speech recognition and errors in dialogue 

act classification. Errors of the word frequency and 

the sentence frequency features were due to errors of 

the speech recognition; while errors of other verbal- 

communication features, such as the Request Color 

frequency, Provide frequency, and Direct Movement 

frequency, were due to both the speech recognition 

errors and the dialogue act classification errors, as 

shown in Table X. This might be the reason why the 

word frequency and sentence frequency features had 

the lowest error rates. We also found a high error rate 

for  the  Request  Object  frequency  feature.  This 

maybe because the participants spoke only a few Re- 

quest Object sentences, as indicated by the small ra- 

tio of the Request Object frequency to the sentence 

frequency in Table X. As a result, a few incorrectly 

detected Request Object sentences could lead to a 

high error rate. We found similar results regarding 

the Request Color frequency feature. 

While we have presented a novel hybrid method 

to  develop  this  intelligent  agent  for  meaningful 

measurements within the tangram puzzles domain 

with varying configurations (colors, no colors, turn 

taking, move together), ICON2’scommunication be- 

haviors could be extended to other domains by mod- 

ifying the hybrid method.ICON2’s generated speech 

responses within the game-playing domain based on 

some rules  can be  extended  to other domains by 

modifying these rules. After adjusting the variables 

of the hybrid method, ICON2 will be able to com- 

municate and interact with users in other domains. 

Also, ICON2 design was not adaptive, where the sys- 

tem  performed  at  the  same  level  for  users  from 

 

different age and developmental group. It would be 

worth exploring the influence of varying the type of 

game as well as incorporating different difficulty lev- 

els to the communication and collaboration skills of 

the participants. 

Although the present work is promising, readers 

are advised to exercise caution in interpreting there- 

sults more generally due to several limitations of the 

current work. First, the sample size was small, and 

the experimental design consisted of only one ses- 

sion. Please note that the goal of the present study 

was to design an intelligent agent that could play col- 

laborative games and communicate within the game- 

playing domain to automatically measure important 

aspects of interactions in a CVE with preliminary 

studies. Results of the preliminary studies indicated 

that this intelligent agent has the potential to interact 

with children with ASDas well as automatically gen- 

erate meaningful features to measure both communi- 

cation and collaboration skills of children with ASD. 

In the next step, we will utilize this system for real- 

time measurements with more participants and with 

a longer study duration. 

Second, the use of binary scale (0 = low,  1 = 

high) to rate the communication and collaboration 

skills may not be sufficient to provide in depth and 

continuous measure of these skills. The binary scale 

was used as an initial step to assess the feasibility of 

the agent without adding complexity of the analysis. 

Moving  forward,  work  beyond  proof  of  concept 

could possibly explore a more refined rating scheme 

that would be able to provide in depth rating of both 

skills. 

Third, the training data used to build the SVM- 

RBF model for the dialogue act classification was 

relatively small. While the accuracy (67.47%) of the 

classifier in Study I and the accuracy (69.10%) of the 

classifier in Study II were much higher than the ran- 

dom accuracy (i.e., 20%) of a five-class classifier, 

more training data may yield a classification model 

with higher accuracy. In addition, the out-of-domain 

detection method in this paper was limited. Future 

studies   should   aim   to   develop   more   efficient 
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methods for out-of-domain detection. 

Fourth,the system-generated features were lim-  

ited as well. We only explored  12 features for the  

measurements in the current study. Human behaviors, 

such as eye gaze, body language, and facial expres-  

sion, could also provide important information in  

peer-mediated  interactions.  However,  features  to  

represent these behaviors have not been explored in  

this study. In the future, these features will be cap-  

tured using eye gaze recognition, gesture recognition, 

and emotion recognition in order to understand the  

non-verbal communications. And unlike an actual  

human partner, ICON2 has the potential to crash or  

fail. This could cause user frustration. As mentioned  

earlier in the section, the system did crash and caused  

data loss for one session, but the system was recov-  

ered right away to not cause further disruption to the  

experiment  Despite  these  limitations,  the  perfor-  

mance of the games and interactions of the partici-  

pants with their partners and the system itself were  

not affected and further contributes to the collabora-  

tive learning literature by proposing a novel way to  

automatically measure communication and collabo-  

ration skills of children with ASD within a CVE us-  

ing an intelligent agent. Results of the two studies  

indicated that the presented intelligent agent was tol-  

erated and apparently engaging and enjoyable to the  

participants, as well as demonstrate its potential to  

automatically measure important aspects of interac-  

tions in a CVE. The scope of the current work was to  

design the intelligent agent and preliminarily assess  

its capability to capture both communication and col-  

laboration skills of children with ASD when they in-  

teracted with the intelligent agent in a CVE. This is  

a  necessary  first   step  before  intelligent   agents  

could be strategically deployed to assess these skills  

during peer-to-peer interactions within similar col-  

laborative environments. 
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