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In the current investigation, we used a single case alternating treatments design to examine the effects of a
robot prompter on the characteristics of vocal utterances in six children with autism spectrum disorder
(ASD). Across two alternating conditions, robot prompting (RP) and no robot prompting (NRP) we
measured participants mean length of utterances in morphemes (MLU) and the type-token ratio (TTR) as a
degree of lexical variation. Our findings demonstrated that children who produced a high overall MLU
demonstrated a decreased MLU in the RP condition compared to the NRP condition. Children who
produced a low overall MLU had a higher MLU in the RP compared to the NRP condition. No differences
in children's TTR during RP and NRP conditions were found. The results suggest that the use of a social
robot prompter positively affects the morphosyntactic complexity of speech in children with ASD,
however, large individual variability was observed.
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1. INTRODUCTION

Autism spectrum disorder (ASD) is a developmental disorder characterized by challenges in social
interactions (American Psychiatric Association, 2013). Its cardinal features include deficits in language and
social communication as well as the presence of restricted repetitive behaviors (American Psychiatric
Association, 2013). Due to these deficits, students with ASD may have reduced peer interactions, more
social isolation, and experience more bullying (Bauminger et al., 2003; Cappadocia et al., 2012; Humphrey
& Symes, 2011). In addition, ASD can cause deleterious impacts on post-secondary outcomes such as
employment, independent living, and community participation (Nasamran et al., 2017; Song et al., 2021).

Given the negative effects of ASD on student language and social communication, researchers have
proposed numerous interventions to improve outcomes for this population (Kamps et al., 2014; Kamps et
al., 2015; Steinbrenner et al., 2020). For example, peer-mediated interventions that combine adult
facilitation with social learning opportunities among peers have been demonstrated to improve social and
communication skills in learners with ASD including language growth and increased initiations towards
peers. More recently, researchers have advanced technology-assisted instruction (TAI) for improving
social-communication skills in individuals with ASD. Technology-assisted instruction centers technology
as the main instructional feature that supports the learning and performance of the student (Steinbrenner et
al., 2020). The purpose of the current pilot study was to explore the effects of an autonomous robot change
agent on the conversational skills of six children with ASD. It served a part of a project funded by the
National Science Foundation to develop and evaluate a range of technologies for improving outcomes for
children with ASD.

Social robot assisted instruction falls under the broader category of TAI and has garnered greater
interest as an intervention due to its broad applicability and reported positive outcomes for students with
ASD (Boccanfuso et al., 2017; Cabibihan et al., 2013; Fachantidis et al., 2020; Kim et al., 2013). A subfield
of social robotics has emerged in which interventionists use robots to facilitate engagement. Recent research
findings have indicated that social robots have the potential to increase social interactions, and improve
communication and emotional skills in students with ASD (Boccanfuso et al., 2017; Fachantidis et al.,
2020; Kim et al., 2013). In addition, these social robots can be used as to assist clinicians with ASD
diagnoses, as social mediators between the child and therapist, or even as playmates for children with ASD
(Cabibihan et al., 2013). Robot-assisted instruction may be specifically beneficial for children with ASD
because robots are less complex than humans, provide less sensory stimulation, and may be less
intimidating than people (Cabibihan et al., 2013).

Researchers have demonstrated that social robots can assist with the development of linguistic skills in
pediatric populations diagnosed with ASD who usually demonstrate deficits in a number of linguistic
domains including limited attention to speech, reduced rates of communication, deficits in prosody,
echolalia, as well as a number of deficits in pragmatic characteristics of the language (e.g. turn-taking skills,
managing discourse topics, using inappropriate style of speech to fit conversation partners and settings, and
having trouble inferring what information is relevant or interesting to others) (Paul, 2008). Studies have
shown that the use of social robots increases the quantity of speech and the vocal turn-taking in children
with ASD (Boccanfuso et al., 2017; Kim et al., 2013; Pennington et al., in press) suggesting an effect of the
therapy on the pragmatic use of language. For example, Kim and colleagues (2013) demonstrated that 4- to
12-year-old children with ASD spoke more and directed more speech to the adult when the interacting
partner was a robot as compared to a human or computer game interaction partner. Similarly, Boccanfuso
et al. (2017) demonstrated an increase in mean length of spontaneous utterances and receptive language
skills in 3- to 6-year old children reflecting the child’s ability to comprehend language, playing a critical
role in effective social interaction during robot-assisted therapy. A recent study by Pennington and
colleagues (in press) investigating the effects of a robot prompter on the amount of social interaction among
three pairs of 11-year-old children with ASD indicated that participants produced more utterances and
conversational turns when a robot prompter was present. In addition, researchers reported large variability
on measured outcomes across participants (Kim et al., 2013; Pennington et al., in press).

Although research findings suggest that the use of social robots increases the quantity of speech and
the amount of vocal turn-taking (Boccanfuso et al., 2017; Kim et al., 2013; Pennington et al., in press),

Proceedings of Meetings on Acoustics, Vol. 50, 060006 (2023) Page 2



A. Shah et al. Effect of a robot prompter on child speech

there is a gap in our knowledge whether the quality of speech in children with ASD is affected by this type
of therapy. One of the characteristics of the quality of speech is lexical diversity and morphosyntactic
complexity. Lexical diversity is related to children’s productive vocabulary and stages of language
development; morphosyntactic complexity is related to children’s grammatical development as reflected
by morpheme (Brown, 1973). Research suggests that children with ASD have deficits in lexical diversity
and morphosyntactic complexity compared to typically developing (TD) children (Boucher, 2012; Eigsti et
al., 2007). Therefore, it is necessary to investigate whether robot assisted therapy affects these
characteristics that are commonly used to measure dynamic language progress in children with ASD
(Tager-Flusberg et al., 2009).

Lexical diversity and morphosyntactic complexity are reflected by morpheme usage (Brown, 1973).
Such measures as Mean Length of Utterances in morphemes (MLU) and Type Token Ratio (TTR) have
been widely used to assess the average number of morphemes per utterance (MLU) (Gabig, 2021) and the
degree of lexical variation defined as the total number of unique words over total words in each utterance
(TTR) (Yang et al., 2022). Studies examining MLU and TTR in children with ASD have demonstrated
mixed results. Some researchers have found that children with ASD produce shorter utterances with fewer
grammatical morphemes, thus exhibiting a lower MLU, than their TD peers (Eigsti et al., 2007; Gabig,
2021; Salem et al., 2021). Other study findings have shown that children with ASD followed the same
developmental pattern as TD children demonstrating similar MLU (Tager-Flusberg et al., 1990). Similarly,
studies have demonstrated no difference in TTR measures between children with ASD and TD peers
(Goodkind et al., 2018; Kelley et al., 2006; Suh et al., 2014). However, other studies have shown that
children with ASD displayed a slightly higher TTR than chronologically age matched neurotypical peers
(Cola et al., 2022; Eigsti et al., 2007). In summary, these mixed results on MLU and TTR measures might
reflect the different impacts of child age, stage of development, as well as the individual level of support
needs (Kjelgaard & Tager-Flusberg, 2001; Naigles et al., 2011; Suh et al., 2014; Tek et al., 2014).

The aim of the current study is to examine whether the use of a social NAO robot as a mediator affects
the MLU and TTR in 10- to 11-year-old children with ASD. This research was conducted as part of a
National Science Foundation-funded initiative to develop and evaluate a variety of technologies for
enhancing outcomes for children with ASD. This study extends existing knowledge in two domains. First,
a robot-assisted intervention was implemented in the absence of a human instructor. The robot was
programmed to detect absences in the students’ conversation and then provide content-related prompts to
facilitate conversation (e.g., What is your favorite subject in school, Tell each other about something that
made you smile today). Second, it is possible that the use of a social NAO robot may increase MLU and
TTR measures that reflect morphosyntactic skills in children with ASD (Boucher, 2012; Brown, 1973;
Eigsti et al., 2007; Gabig, 2021; Yang et al., 2022). Assuming efficacy is demonstrated, autonomous robot
change agents might have the potential to facilitate student interactions in various settings, including
schools, if and when an adult interlocutor may not be present.

2. METHODS

A. PARTICIPANTS

Six male school-aged children (M = 11.4 years, SD = 0.86, range: 10.4-11.9 years) were recruited from
an autism center affiliated with the University of Louisville, focused on providing care for children
diagnosed with ASD. Participants were asked to join providing they satisfied the following criteria: (a)
chronological age range of 8 to 12 years; (b) a diagnosis of ASD based on Diagnostic Statistical Manual
Sth edition (Diagnostic and statistical manual of mental disorders: DSM-5™, 5th ed, 2013); (¢) were not
reported to have an intellectual handicap; and (d) used vocal communication to engage in interactions with
others. Clinicians characterized the participants as having challenges with social skill performance,
particularly managing conversations. Participants were randomly assigned to three child-child dyads for
additional testing. The same children were included in each dyad for all sessions. Participants and their
guardians filled out consent forms approved by the University’s Internal Review Board prior to the
experiment. The caregivers and children were not paid for their participation.
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B. SETTING AND EQUIPMENT

All of the sessions were held at a university-affiliated autism facility. Each pair was assigned one of
three therapy rooms with a table, two chairs, and cabinets. Participants were seated exactly opposite one
another. During robot prompting (RP) sessions, the robot was positioned at one end of the table, facing the
participants while forming a triangulated position. The beginning of the session was defined as the time
that the experimenter left the room, and the end of the session was defined as the time that the experimenter
returned to the room. Three sides of the room were outfitted with two Flip Ultra HD digital video cameras
and an iPad for audio-visual recording under all circumstances. Before each session, the researcher entered
the room, activated the cameras, and left. The cameras captured the meetings but did not transmit video
outside the room. During RP sessions, a SoftBank Robotics H25 NAO robot was utilized. NAO is a
humanoid robot created for human-robot interactive tasks. Each NAO robot measured 57 cm in height,
weighed 5.4 kg, and had 25 degrees of freedom (DOF) between the head, two arms, two hands, three fingers
on each hand, pelvis, and two legs. The robot interacted wirelessly with a Dell Inspiron N4110 laptop
equipped with a Western Digital solid-state drive (SSD) in place of a traditional hard drive. The Linux
operating system and Choregraphe software (Softbank Robotics, 2021) on the laptop were used to program
the robot. The NAO robot behaved autonomously according to a pre-programmed set of behaviors for
listening, providing a prompt, and animating while prompting.

C. PROCEDURE

Each of the three child-child dyads completed 10 to 12 sessions lasting 5-10 min with their order
counterbalanced. The sessions occurred in either Robot Prompting (RP) or No Robot Prompting (NRP)
conditions. Prior to each RP sessions, researchers entered the room and asked the participants to talk to
each other, not touch the robot, and remain seated during the session. The researcher explained to the
participants that the robot would produce prompts but not respond to questions or interactions directed from
the participant to the robot. Subsequently, the researcher left the room and started the session. During the
RP condition, the robot produced a prompt (a) if both participants were silent for more than 30 s or (b) if
one subject was dominating the conversation by producing speech continuously for more than 1 min while
the other subject was silent. The robot emitted one of 53 randomly selected vocal prompts (e.g., “Talk about
your favorite subjects in school.”) and did not repeat the same prompt within a session across the duration
of the study. If the prompt was emitted in response to one subject producing continuous speech, it was
preceded by the participants’ names and a brief reminder about the directions of the activity (e.g., Andrew
and Charles, make sure you both share. Tell each other about your favorite holiday.) The researchers sat in
an adjacent room with no direct visual access to participants but used the Choregraphe software to indirectly
observe whether the robot’s position was altered by participants. The participants did not disrupt the robot
at any time during sessions. At the end of each session, the researcher re-entered the room and delivered
general praise to the participants. Prior to NRP sessions, a researcher entered the room and vocally directed
the participants to talk to each other and remain in their seats during the session. Then, the researcher left
the room and started the session. At the end of each session, the researcher re-entered the room and delivered
general praise to the participants.

D. ANALYSIS OF RECORDINGS AND MEASURES

Dyads 1 (AC) and 3 (WD) participated in 10 sessions, while Dyad 2 (MH) participated in 12 sessions.
Dyad 1 produced in total 512 utterances across all sessions, Dyad 2 produced in total 1041 utterances, and
Dyad 3 produced 884. On average, weekly sessions lasted 8.57 minutes (SD = 1.11) each. An independent-
samples t-test demonstrated no difference in the duration of sessions between Robot (M = 8.71 minutes, SD
= 1) and No Robot (M = 8.44 minutes, SD = 1.24) conditions, ¢ (30) =2.04, p = 0.5.

The language sample analysis approach (LSA) was used to assess each child's language production and
to track the accompanying change for each condition (Miller et al., 2016; Schmidt et al., 2017). The
Systematic Analysis of Language Transcripts (Miller & Iglesias, 2012) software package was used to
facilitate the transcription of the video probes. The transcripts were analyzed by using SALT’s built-in
“Standard Measures” analysis feature. The following measures were collected for each utterance using
SALT software.
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Mean Length of Utterances (MLU). MLU was calculated for each child utterance. MLU was defined
as the number of morphemes per utterance (Gabig, 2021).

Type-Token Ratio (TTR). TTR was calculated for each child utterance. TTR was defined as the total
number of unique words (types) divided by the total number of words (tokens) in each utterance (Yang et
al., 2022).
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Dyad 1: Charles and Andrew

MLU. In the RP condition, Charles produced on average 7 (SD = 1.7) morphemes per utterance and
Andrew produced on average 5.3 (SD = 0.4) morphemes per utterance. In the NRP condition, Charles
produced on average 7.1 (SD = 1.5) morphemes per utterance and Andrew produced on average 4.5 (SD =
3.2) morphemes per utterance. These results indicate that Charles had a higher MLU than Andrew in both
RP and NRP conditions. Charles demonstrated no difference in MLU between RP and NRP condition.
Andrew demonstrated a slightly higher MLU for RP compared to NRP sessions. Across sessions, in the RP
condition, Charles exhibited an initial decrease in the MLU but then remained stable. Andrew on the other
hand, demonstrated a stable ML U across all RP sessions. In the NRP condition, Charles increased MLU by
Session 5 but decreased MLU by Session 10. Andrew, however, demonstrated a steady decrease across all
NRP sessions.

TTR. In the RP condition, Charles’s average TTR was 0.6 (SD = 0.1) and Andrew’s was 0.5 (SD =0.1).
In the NRP condition, Charles’s average TTR was 0.7 (SD = 0.2) while Andrew’s was 0.6 (SD = 0.4). These
results suggest similar TTRs in both children during the RP and NRP sessions. Further, both Charles and
Andrew showed a stable TTR throughout all RP sessions. In the NRP condition, TTR increased steadily
for Charles and initially increased, then decreased for Andrew.

Robot Prompts. In sum, the robot produced 29 prompts in the RP condition with the average MLU 9.3
morphemes per utterance (SD = 1.7) and the average TTR 0.7 (SD =0.1).

Dyad 2: Matthew and Henry

MLU. In the RP condition, Matthew produced on average 4.8 (SD = 0.7) morphemes per utterance and
Henry produced on average 4.6 (SD = 1.3) morphemes per utterance. In the NRP condition, Matthew
produced on average 5.1 (SD = 0.7) morphemes per utterance and Henry produced on average 2.1 (SD =
0.7) morphemes per utterance. These results suggest that Matthew had a higher MLU than Henry in both
RP and NRP conditions. Matthew demonstrated no difference in MLU between RP and NRP sessions.
Henry exhibited a higher MLU in the RP sessions compared to NRP. Across sessions, in the RP condition,
Matthew exhibited a stable MLU across all sessions. Henry on the other hand, demonstrated an initially
stable MLU but had a rapid drop in the 6™ session followed by a sharp increase. In the NRP condition, both
Matthew and Henry exhibited a stable MLU.

TTR. In the RP condition, Matthew’s TTR was, on average, 0.5 (SD = 0.05) and Henry’s was 0.7 (SD
=0.1) TTR. In the NRP condition, Matthew’s TTR was 0.4 (SD = 0.05) while Henry’s was 0.6 (SD = 0.2).
Henry had a higher TTR than Matthew in both the RP and NRP sessions. Further, both Matthew and Henry
showed a stable TTR throughout all RP sessions. Matthew exhibited a similar stability in TTR in NRP
sessions. For Henry, in the NRP condition, TTR remained initially stable but then rapidly dropped off in
the 12" session.

Robot Prompts. In sum, the robot produced 50 prompts in the RP condition with the average MLU 9.5
morphemes per utterance (SD = 0.7) and the average TTR 0.6 (SD =0.1).

Dyad 3: Winston and Dorian

MLU. In the RP condition, Winston produced on average 7.4 (SD = 2.0) morphemes per utterance and
Dorian produced on average 5.7 (SD = 2.0) morphemes per utterance. In the NRP condition, Winston
produced on average 8.4 (SD = 1.2) morphemes per utterance and Dorian produced on average 3.8 (SD =
1.2) morphemes per utterance. These results suggest that Winston had a higher MLU than Dorian in both
RP and NRP conditions. Winston demonstrated a lower MLU in the RP sessions. Dorian demonstrated a
higher MLU in the RP sessions. Across RP sessions, Winston exhibited an initial decrease in MLU followed
by stable results in following sessions. Dorian on the other hand, demonstrated an initial increase in MLU
followed by a rapid drop in the 5" session; the remaining sessions had a stable MLU. In the NRP condition,
both Winston and Dorian showed an initial increase, then decrease in MLU, but then stabilized in the
remaining sessions.

TTR. In the RP condition, Winston’s average TTR was 0.6 (SD =0.1) and Dorian’s was 0.8 (SD =0.1).
In the NRP condition, Winston’s average TTR was 0.4 (SD = 0.03) while Dorian’s was 0.8 (SD = 0.1).
These results suggest that Dorian had a higher TTR than Winston in both the RP and NRP sessions. Across
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RP sessions, Winston’s performance showed minimal variability with a slight decreasing trend over time.
Dorian’s performance remained stable in TTR with minimal change. In the NRP sessions, both Winston
and Dorian had a stable TTR.

Robot Prompts. In sum, the robot produced 43 prompts in the RP condition with the average MLU 9.7
morphemes per utterance (SD = 1.5 ) and the average TTR 0.6 (SD = 0.1).

4. DISCUSSION

In the current study, we examined whether the use of a social NAO robot as a mediator would affect
the lexical diversity expressed as MLU and TTR measures in 10- to 11-year-old children with ASD. Overall,
our findings suggest differences amongst participants in their responses to RP and NRP conditions in MLU
measures. Children who produced a high MLU overall demonstrated a decreased MLU in the RP condition
compared to the NRP condition. On the other hand, children who produced a low overall MLU had a higher
MLU in the RP compared to the NRP condition. Interestingly, our findings indicated no differences in
children's total number of unique words in each utterance during RP and NRP conditions, despite individual
differences in their TTR measures. For example, in Dyad 1, there were no differences in TTR measures
between participants. However, in Dyads 2 and 3, one child (Henry and Dorian) produced a higher TTR
compared to the other child (Matthew and Winston). In addition, children in each dyad demonstrated similar
TTRs in the RP conditions compared to the NRP conditions suggesting that there was no effect of social
robot use on TTRs. Across sessions, results were mixed. In general, performance was stable in Dyads 2 and
3. In Dyad 1, however, even though participants seemed to lose interest in conversing with one another, the
robot could have mediated verbal engagement when interest in the communicative partner diminished.

Researchers have suggested that the use of social robots may increase the quantity of speech and the
amount of vocal turn-taking (Boccanfuso et al., 2017; Kim et al., 2013; Pennington et al., in press).
Specifically, these findings indicated that there was greater child interest in a social robot, and that the robot
facilitated social interactions, engagement, and promotion of child-robot activities to child-other activities
through robot prompting and robot tasks (Boccanfuso et al., 2017; Kim et al., 2013). The current study has
extended previous results by demonstrating that the quality of speech, specifically its morphosyntactic
characteristics, is affected by the use of a social robot. The two most frequently derived indices to examine
speaker’s lexical (vocabulary) richness are MLU (Brown, 1973) and the TTR (Templin, 1957). Children
with ASD have been shown to produce a low MLU compared to TD peers indicating reduced grammatical
complexity (Eigsti et al., 2007; Gabig, 2021; Salem et al., 2021). Studies on TTR measures have been more
mixed, demonstrating that children with ASD produce either a slightly higher TTR (Cola et al., 2022;
Eigsti et al., 2007) and or no difference in TTR measures (Goodkind et al., 2018; Kelley et al., 2006; Suh
etal., 2014) compared to TD peers. Therefore, the results of the current study suggest that the use of a social
robot prompter may increase the lexical diversity in children with ASD, as measured by MLU but not TTR
measures. It is possible that the lack of effect of the social robot prompter on TTR can be accounted for by
a limited dataset since this measure is significantly impacted by sample size, with small samples potentially
showing excellent diversity simply as a function of few tokens (Miller, 1981; Templin, 1957; Yang et al.,
2022). Thus, future research that includes a larger sample size of children producing at last 100 words or
100 utterances (Charest et al., 2020; Watkins et al., 1995) is warranted in order to identify an effect of a
social robot prompter on TTR measures.

The results of the study have also demonstrated that the use of a social robot prompter had a positive
impact on the amount of MLU in the children who produced a lower MLU overall when compared to the
other child (with high MLU). These results suggest that the robot might suppress responsiveness for
children with high MLU to allow low MLU children to speak more. Furthermore, the use of a social robot
prompter may affect conversational adaptation in children with ASD. Conversational adaptation is defined
as a process by which individuals alter their communicative behaviors in response to cues produced by a
conversation partner; for example, the amount of language (talkativeness) with an interested versus bored
partner (Borrie et al., 2019; Cola et al., 2022; McNaughton & Redcay, 2020; Pickering & Garrod, 2006).
Research has demonstrated the social benefits of conversational adaptation in neurotypical adults. TD
children demonstrate precursors of social adaptation, for example turn-taking and pitch adjustment in
response to parental voices, early in their development (Feldman et al., 2011; Harbison et al., 2018).
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However, conversational adaptation poses a significant challenge for children with ASD (Dolan et al., 2016;
Feldstein et al., 1982; Grossman & Tager-Flusberg, 2008). For example, some autistic adults engage in
monologuing while others are overly reticent in allowing others to take over a conversation (Adams et al.,
2002). Similarly, recent research also has demonstrated that children with ASD do not adapt their
conversational contributions in response to their partner’s behavior (i.e., speaking more when their
conversational partners were interested, and speaking less when their partners were bored) (Cola et al.,
2022). It is possible that the use of a social robot as a prompter positively affects conversational adaptation
in children with ASD that constitutes one of the possible directions of the research in our laboratory.

Finally, the study has failed to demonstrate that the use of a social robot prompter increased
participants’ verbal engagement since all dyads have shown a relatively stable MLU and/or TTR trajectory.
However, Andrew, the child in the first dyad, decreased considerably his MLU and TTR in the NRP
compared to the RP condition (Figure 1(a)). Similarly, Henry, the child in the second dyad (Figure 1 (b))
and Dorian, the child in the third dyad (Figure 1 (¢)) have demonstrated some decrease in MLU and/or TTR
measures in the NPR condition towards the end of the experiment. Previous research on the use of social
robots for autism therapy suggests that children with ASD remained relatively engaged (as measured by a
combination of non-verbal and verbal scores) when interacting with the robot over a prolonged period of
time (Rakhymbayeva et al., 2021; van Otterdijk et al., 2020). However, no significant increase in the
engagement rate over a period of 10 sessions was identified (Rakhymbayeva et al., 2021). Thus, the results
of the current study are consistent with previous research examining the familiarity and novelty effect of
the use of the social robot on child engagement (Rakhymbayeva et al., 2021; van Otterdijk et al., 2020) but
extend the findings to include child verbal behavior (MLU and TTR measures) in the presence of the social
robot prompter. Since the current project was conducted within a larger scale National Science Foundation
study identifying the robot function for long-term use in the absence of a human instructor (e.g. in a hospital
waiting room), future research examining the characteristics of long-term verbal and non-verbal interaction
between children with ASD and a social robot is warranted given that such relationships may change over
time (Rakhymbayeva et al., 2021; Torta et al., 2014).

5. CONCLUSIONS

The field of social robotics exhibits considerable potential in the domain of intervention for students
diagnosed with ASD and other developmental disabilities. The present study expands upon the existing
body of knowledge by illustrating that social robot prompters can positively impact the quality of speech
in children with ASD. These findings suggest that the lexical diversity, as measured specifically by MLU,
and conversational adaptation may be beneficially affected in children with ASD. However, the current
study was limited by its small sample size, and the fact that participants were not matched in their individual
stages of linguistic ability. Furthermore, the sessions were limited in duration, and should be lengthened in
the future to gather more utterances since MLU depends on the number of utterances produced. In the
future, the use of social robots in both school based, and therapeutic settings have the potential to increase
the vocabulary richness of children with ASD, and, ultimately, positively affect their language
development.

6. ACKNOWLEDGMENTS

This research was support by a grant from the National Science Foundation (#1838808) awarded to
Drs. Dan Popa, Karla Welch, Robert Pennington, and Gregory Barnes. The authors would like to thank the
Norton Children’s Autism Center, Louisville, KY and all of the participants in the study.

REFERENCES
Adams, C., Green, J., Gilchrist, A., & Cox, A. (2002). Conversational behaviour of children with Asperger
syndrome and conduct disorder. Journal of child psychology and psychiatry, 43(5), 679-690.
American Psychiatric Association. (2013). Diagnostic and statistical manual of mental disorders (5th ed.).

Proceedings of Meetings on Acoustics, Vol. 50, 060006 (2023) Page 9



A. Shah et al. Effect of a robot prompter on child speech

Bauminger, N., Shulman, C., & Agam, G. (2003). Peer interaction and loneliness in high-functioning
children with autism. Journal of Autism & Developmental Disorders, 33(5).

Boccanfuso, L., Scarborough, S., Abramson, R. K., Hall, A. V., Wright, H. H., & O’Kane, J. M. (2017). A
low-cost socially assistive robot and robot-assisted intervention for children with autism spectrum
disorder: field trials and lessons learned. Autonomous Robots, 41, 637-655.

Borrie, S. A., Barrett, T. S., Willi, M. M., & Berisha, V. (2019). Syncing up for a good conversation: A
clinically meaningful methodology for capturing conversational entrainment in the speech domain.
Journal of Speech, Language, and Hearing Research, 62(2), 283-296.

Boucher, J. (2012). Research review: structural language in autistic spectrum disorder—characteristics and
causes. Journal of child psychology and psychiatry, 53(3), 219-233.

Brown, R. (1973). A4 first language: The early stages. Harvard University Press.

Cabibihan, J.-J., Javed, H., Ang, M., & Aljunied, S. M. (2013). Why robots? A survey on the roles and
benefits of social robots in the therapy of children with autism. International journal of social
robotics, 5, 593-618.

Cappadocia, M. C., Weiss, J. A., & Pepler, D. (2012). Bullying experiences among children and youth with
autism spectrum disorders. Journal of autism and developmental disorders, 42, 266-277.

Charest, M., Skoczylas, M. J., & Schneider, P. (2020). Properties of lexical diversity in the narratives of
children with typical language development and developmental language disorder. American
Journal of Speech-Language Pathology, 29(4), 1866-1882.

Cola, M., Zampella, C. J., Yankowitz, L. D., Plate, S., Petrulla, V., Tena, K., Russell, A., Pandey, J.,
Schultz, R. T., & Parish-Morris, J. (2022). Conversational adaptation in children and teens with
autism: Differences in talkativeness across contexts. Autism Research, 15(6), 1090-1108.

Diagnostic and  statistical manual of mental disorders: DSM-5™  5th ed. (2013).
[doi:10.1176/appi.books.9780890425596]. American Psychiatric Publishing, Inc.
https://doi.org/10.1176/appi.books.9780890425596

Dolan, B. K., Van Hecke, A. V., Carson, A. M., Karst, J. S., Stevens, S., Schohl, K. A., Potts, S., Kahne,
J., Linneman, N., & Remmel, R. (2016). Brief report: Assessment of intervention effects on in vivo
peer interactions in adolescents with autism spectrum disorder (ASD). Journal of autism and
developmental disorders, 46, 2251-2259.

Eigsti, [.-M., Bennetto, L., & Dadlani, M. B. (2007). Beyond pragmatics: Morphosyntactic development in
autism. Journal of autism and developmental disorders, 37, 1007-1023.

Fachantidis, N., Syriopoulou-Delli, C. K., Vezyrtzis, 1., & Zygopoulou, M. (2020). Beneficial effects of
robot-mediated class activities on a child with ASD and his typical classmates. International
Journal of Developmental Disabilities, 66(3), 245-253.

Feldman, R., Magori-Cohen, R., Galili, G., Singer, M., & Louzoun, Y. (2011). Mother and infant coordinate
heart rhythms through episodes of interaction synchrony. Infant Behavior and Development, 34(4),
569-577.

Feldstein, S., Konstantareas, M., Oxman, J., & Webster, C. D. (1982). The chronography of interactions
with autistic speakers: An initial report. Journal of Communication Disorders, 15(6), 451-460.

Gabig, C. S. (2021). Mean length of utterance (mlu). Encyclopedia of autism spectrum disorders, 2828-
2829.

Goodkind, A., Lee, M., Martin, G. E., Losh, M., & Bicknell, K. (2018). Detecting language impairments in
autism: A computational analysis of semi-structured conversations with vector semantics.
Proceedings of the Society for Computation in Linguistics (SCiL) 2018,

Grossman, R. B., & Tager-Flusberg, H. (2008). Reading faces for information about words and emotions
in adolescents with autism. Research in autism spectrum disorders, 2(4), 681-695.

Harbison, A. L., Woynaroski, T. G., Tapp, J., Wade, J. W., Warlaumont, A. S., & Yoder, P. J. (2018). A
new measure of child vocal reciprocity in children with autism spectrum disorder. Autism Research,
11(6), 903-915.

Humphrey, N., & Symes, W. (2011). Peer interaction patterns among adolescents with autistic spectrum
disorders (ASDs) in mainstream school settings. Autism, 15(4), 397-419.

Proceedings of Meetings on Acoustics, Vol. 50, 060006 (2023) Page 10



A. Shah et al. Effect of a robot prompter on child speech

Kamps, D., Mason, R., Thiemann-Bourque, K., Feldmiller, S., Turcotte, A., & Miller, T. (2014). The use
of peer networks to increase communicative acts of students with autism spectrum disorders. Focus
on autism and other developmental disabilities, 29(4), 230-245.

Kamps, D., Thiemann-Bourque, K., Heitzman-Powell, L., Schwartz, 1., Rosenberg, N., Mason, R., & Cox,
S. (2015). A comprehensive peer network intervention to improve social communication of
children with autism spectrum disorders: A randomized trial in kindergarten and first grade.
Journal of autism and developmental disorders, 45, 1809-1824.

Kelley, E., Paul, J. J., Fein, D., & Naigles, L. R. (2006). Residual language deficits in optimal outcome
children with a history of autism. Journal of autism and developmental disorders, 36, 807-828.

Kim, E. S., Berkovits, L. D., Bernier, E. P., Leyzberg, D., Shic, F., Paul, R., & Scassellati, B. (2013). Social
robots as embedded reinforcers of social behavior in children with autism. Journal of autism and
developmental disorders, 43, 1038-1049.

Kjelgaard, M. M., & Tager-Flusberg, H. (2001). An investigation of language impairment in autism:
Implications for genetic subgroups. Language and cognitive processes, 16(2-3), 287-308.
McNaughton, K. A., & Redcay, E. (2020). Interpersonal synchrony in autism. Current psychiatry reports,

22, 1-11.

Miller, J., & Iglesias, A. (2012). Systematic analysis of language transcripts (SALT), research version 2012
[computer software]. Middleton, WI: Salt Software, LLC.

Miller, J. F. (1981). Assessing language production in children: Experimental procedures (Vol. 1).
University Park Press.

Miller, J. F., Andriacchi, K., Nockerts, A., Westerveld, M. F., & Gillon, G. (2016). Assessing language
production using SALT software: A clinician's guide to language sample analysis. SALT Software,
LLC Middleton, WI.

Naigles, L. R., Kelty, E., Jaffery, R., & Fein, D. (2011). Abstractness and continuity in the syntactic
development of young children with autism. Autism Research, 4(6), 422-4377.

Nasamran, A., Witmer, S. E., & Los, J. E. (2017). Exploring predictors of postsecondary outcomes for
students with autism spectrum disorder. Education and Training in Autism and Developmental
Disabilities, 52(4), 343-356.

Paul, R. (2008). Interventions to improve communication in autism. Child and adolescent psychiatric
clinics of North America, 17(4), 835-856.

Pennington, R., Welch, K., Kondaurova, M. V., Kuravackel, G. M., Zheng, Q., & Shah, A. (in press).
Effects of a social robot prompter on the vocal interactions of peers with autism spectrum disorder
Education and Training in Autism and Developmental Disabilities.

Pickering, M. J., & Garrod, S. (2006). Alignment as the basis for successful communication. Research on
Language and Computation, 4, 203-228.

Rakhymbayeva, N., Amirova, A., & Sandygulova, A. (2021). A Long-Term Engagement with a Social
Robot for Autism Therapy. Front Robot Al, 8, 1-14. https://doi.org/10.3389/frobt.2021.669972

Salem, A. C., MacFarlane, H., Adams, J. R., Lawley, G. O., Dolata, J. K., Bedrick, S., & Fombonne, E.
(2021). Evaluating atypical language in autism using automated language measures. Scientific
reports, 11(1), 1-12.

Schmidt, C., Schmidt, M., Kamps, D., Thiemann-Bourque, K., & Mason, R. (2017). Pilot Investigation of
Language Development of Children With Autism Receiving Peer Networks Intervention. Journal
on Developmental Disabilities, 23(1).

Song, W., Shea, L., Nonnemacher, S. L., Brusilovskiy, E., Townley, G., & Salzer, M. S. (2021). Community
participation comparison between adults on the autism spectrum and adults in the general
population. Journal of autism and developmental disorders, 1-12.

Steinbrenner, J. R., Hume, K., Odom, S. L., Morin, K. L., Nowell, S. W., Tomaszewski, B., Szendrey, S.,
Meclntyre, N. S., Yiicesoy-Ozkan, S., & Savage, M. N. (2020). Evidence-Based Practices for
Children, Youth, and Young Adults with Autism. FPG Child Development Institute.

Suh, J., Eigsti, 1.-M., Naigles, L., Barton, M., Kelley, E., & Fein, D. (2014). Narrative performance of
optimal outcome children and adolescents with a history of an autism spectrum disorder (ASD).
Journal of autism and developmental disorders, 44, 1681-1694.

Proceedings of Meetings on Acoustics, Vol. 50, 060006 (2023) Page 11



A. Shah et al. Effect of a robot prompter on child speech

Tager-Flusberg, H., Calkins, S., Nolin, T., Baumberger, T., Anderson, M., & Chadwick-Dias, A. (1990). A
longitudinal study of language acquisition in autistic and Down syndrome children. Journal of
autism and developmental disorders, 20(1), 1-21.

Tager-Flusberg, H., Rogers, S., Cooper, J., Landa, R., Lord, C., Paul, R., Rice, M., Stoel-Gammon, C.,
Wetherby, A., & Yoder, P. (2009). Defining spoken language benchmarks and selecting measures
of expressive language development for young children with autism spectrum disorders.

Tek, S., Mesite, L., Fein, D., & Naigles, L. (2014). Longitudinal analyses of expressive language
development reveal two distinct language profiles among young children with autism spectrum
disorders. Journal of autism and developmental disorders, 44, 75-89.

Templin, M. C. (1957). Certain language skills in children; their development and interrelationships.

Torta, E., Werner, F., Johnson, D. O., Juola, J. F., Cuijpers, R. H., Bazzani, M., Oberzaucher, J., Lemberger,
J., Lewy, H., & Bregman, J. (2014). Evaluation of a small socially-assistive humanoid robot in
intelligent homes for the care of the elderly. Journal of Intelligent & Robotic Systems, 76, 57-71.

van Otterdijk, M., de Korte, M., van den Berk-Smeekens, 1., Hendrix, J., van Dongen-Boomsma, M., Den
Boer, J. C., Buitelaar, J. K., Lourens, T., Glennon, J. C., & Staal, W. G. (2020). The effects of long-
term child—robot interaction on the attention and the engagement of children with autism. Robotics,
9(4), 79.

Watkins, R. V., Kelly, D. J., Harbers, H. M., & Hollis, W. (1995). Measuring children’s lexical diversity:
Differentiating typical and impaired language learners. Journal of Speech, Language, and Hearing
Research, 38(6), 1349-1355.

Yang, J. S., Rosvold, C., & Ratner, N. B. (2022). Measurement of Lexical Diversity in Children’s Spoken
Language: Computational and Conceptual Considerations. Frontiers in psychology, 13.

Proceedings of Meetings on Acoustics, Vol. 50, 060006 (2023) Page 12



