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experimenter coded whether the child answered the questions
correctly.

Intentionality tasks
To evaluate the child’s ability to understand the goals of another,
a series intentionality tasks similar to those of Meltzoff (1995)
were used. During these tasks, the experimenter demonstrated an
action three times on the four different objects. However, during
each presentation, the experimenter unsuccessfully completed the
intended action. For example, the first object was a dumbbell-
shaped toy that could be pulled apart and put back together.
During the demonstration, the experimenter tried but failed to
pull the dumbbell apart. The second object was a prong and loop
toy. During the demonstration, the experimenter tried but failed
to hang the loop on the prong. The third object was a square
and post toy was made from a transparent plastic square and
a wooden dowel. During the demonstration, the experimenter
tried but failed to fit the plastic square over the opening of the
dowel. The fourth object was a cylinder and beads toy. During the
demonstration, the experimenter tried but failed to drop the loop
of beads in the metal can. The child did not receive any points for
playing with the toy in a way that was unrelated to the actions that
the experimenter performed or the intended action. The child
received one point if he/she mimicked the experimenter’s action.
The child received two points if he/she completed the intended
action.

Helping and cooperation tasks
Helping tasks used were those employed by Liebal et al. (2008).
The first task tested whether the participant helped the experi-
menter pick up a dropped pen. The pen was dropped within reach
of the child. During the paper balls task, a box half filled with
paper balls was placed in front of the experimenter. The exper-
imenter used tongs to place other paper balls in the box. The
test was whether the participant would help the experimenter to
reach the two paper balls out of reach. In the clothespins task, the
experimenter used clothespins to hang two infant socks on a line
that ran from one side of the table to the other. Here the test was
whether the participant would help the experimenter when she
“accidently” dropped a clothespin to the floor and was unable to
reach it. The number of times the child helped in the three tasks
was recorded.

The first cooperation task was the double-tube task from
Warneken et al. (2006). During this task, a double tube appara-
tus, consisting of one blue tube and one while tube, was placed
on the table. To demonstrate the task, the experimenter dropped
a block into the blue tube. A second experimenter was at the lower
end of the tubes and positioned a cup underneath the blue tube
to catch the block. The experimenter repeated this procedure two
more times dropping the block down the white tube. The test was
whether the participant would cooperate with the experimenter
to play both the roles of letting the block go and catching it.
During this task, an interruption period was employed once when
the participant was in the role of dropping the block and once
when the participant was in the role of catching the block. During
the interruption period the experimenter had a neutral expres-
sion and avoided making eye contact with the participant for 10 s.

After the 10 s passed, the experimenter resumed playing the game.
The experimenter coded for whether the child successfully caught
the wooden block in the cup. The child’s behavior during the
interruption period was also coded. The experimenter coded the
child’s overall behavior as either disengaged or orientated towards
the experimenter.

The second cooperation task was a turn-taking task devel-
oped by the experimenters as a measure of cooperation. In this
task, three different colored cylinders were placed in a horizon-
tal line on a circular turntable (see Figure 1, top panel). After

FIGURE 1 | Illustrations of the experimental set-up. The top panel
displays the turn-taking cooperation task, the middle panel the imitation and
synchrony tasks, and the bottom panel the drumming task.
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explaining to the child “we are going to take turns in this game,”
the experimenter used a hammer to tap the left, the center, and
then the right cylinder. She then placed the hammer on the
turntable and spun it until the hammer was in front of the child.
After three rounds of the game, a 10 s interruption period was
employed. During the interruption period, the experimenter had
a neutral expression and avoided making eye contact with the
child. After the interruption period was complete, the child and
experimenter completed three more rounds of the game. The
experimenter coded for how successfully the child performed the
task. The child received a point if he/she hammered the cylinders,
if he/she placed the hammer on the turntable, and if he/she turned
the turntable. The child received an additional half of a point if
he/she hammered in the correct sequence. The child also received
a half of a point if he/she handed the hammer to the experimenter
instead of placing it on the turntable. The child’s behavior dur-
ing the interruption period was coded for whether the child was
disengaged or partner oriented.

SOCIAL MOTOR COORDINATION AND MOVEMENT TESTS
Imitation tasks
A battery of imitation tasks was developed by the experimenters
to standardize the types of tasks so that they were equiva-
lent in movement sequences, complexity, and task context. We
used imitation tasks that employed similar action sequences
for object-directed (body-object, object-object), body-directed
(body-body), and space-directed (body-alone, face-alone) move-
ments. When administered, children sat at a table facing the
experimenter (see Figure 1, middle panel). During each task, the
experimenter demonstrated the action and prompted the child to
imitate by saying “It’s your turn.” She then repeated the action and
prompted the child to imitate two more times. During the object-
object and body-object tasks, the child and experimenter each
had a set of three different colored plastic cylinders positioned
in front of them on the table. In the object-object task, the exper-
imenter used a wooden hammer to tap each of the cylinders in
order from left to right. In the body-object condition, the experi-
menter followed the same procedure, but used her pointer finger
to tap each of the drums rather than using a hammer. After these
two tasks, the experimenter removed the plastic cylinders from
the table. During the body-body task, the experimenter used her
pointer finger to tap her left shoulder, the center of her chest, and
then her right shoulder. In the body alone task, the experimenter
used her pointer finger to tap a point in space approximately
12 cm in front of her left shoulder, the center of her chest, and
then her right shoulder. During the face alone task, the experi-
menter stuck out her tongue as she moved her head to the same
three points in space as during the body-alone task. The qual-
ity of the child’s imitation on each item of the imitation battery
was coded. The child was awarded 1 point if he/she exhibited
similar movement to that of the experimenter. Similar move-
ment was defined as a clear attempt to imitate the experimenter.
The child received an additional 0.5 point if he/she made three
correct actions and another 0.5 point if he/she performed the
three correct actions in the correct sequence. Correct actions were
defined as three distinct movements toward a different location
in space.

Social synchronization tasks
A set of synchronization tasks was developed that consisted of
the same five kinds of movements as the imitation battery. After
the initial demonstration of the movement, the experimenter
prompted the child to perform the action with them in synchrony
by saying, “Now, let’s try it a few times together” so that the
child and the experimenter performed the movements at the same
time. The purpose of this synchronization battery was to deter-
mine how well the child coordinated their movements with the
experimenter in time.

Motor coordination tasks
The degree of manual motor dexterity was evaluated using
three different drumming tasks. For all three tasks, movement
acquisition Polhemus Liberty sensors (Polhemus Corporation,
Colchester, VT) were attached to the hammers used by the child
to drum (see Figure 1, bottom panel). In the single hand task,
a plastic cylinder was placed on the table in front of the child
and he/she was given a hammer. After watching a 10 s demon-
stration by the experimenter, the child was prompted to drum for
15 s using his/her dominant hand. A second drum and hammer
were used for the inphase (i.e., hitting the two drums at the same
time with the two hammers) and antiphase (i.e., hitting the two
drums in alternation with the two hammers) bimanual drum-
ming tasks. After a 10 s demonstration of inphase drumming, the
experimenter prompted the child to drum in the same manner
for 15 s. The experimenter followed the same procedure for the
antiphase task.

PROCEDURE
Each child was tested individually and the experimental ses-
sion lasted approximately 45 min. The experimental protocol was
piloted with two TD children (not included in the data analysis).
After that, experimental sessions with ASD and TD participants
were scheduled based on availability such that sessions for ASD
and TD participants were interleaved. Two female experimenters
carried out the experimental session. One performed the tasks
with the children while the other was responsible for bringing
experimental materials into the room at the appropriate time.
The entire experimental session was recorded using a Mangold
Multi-media workstation with four Sony Handycam camcorders.
One camera focused on the child, another was focused on the
experimenter, and the two other cameras offered overhead views
of the table where experimenter and participant were seated.
Children were randomly assigned to either perform the imita-
tion or synchrony tasks. After a brief familiarization period in
which the experimenters oriented parent and child to the exper-
imental setup, the experimenter led the child into the testing
room. The order of presentation of the experimental conditions
was randomly chosen. Given the complexity of the experimental
design, the order of presentation of conditions was the same for
all participants.

Once in the testing room, the child was seated at a table fac-
ing the experimenter. In front of both the child and experimenter
were three plastic cylinders and a wooden hammer. The child
either performed the synchrony or imitation battery. Next, the
experimenter initiated the pen helping task using materials that
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had previously been placed under the table. The, child partici-
pated in the first initiating joint attention task with a wind-up toy.
To perform the motor control battery, the experimenter placed
a cylinder in front of the child and placed a hammer in his/her
dominant hand. Polhemus Liberty system sensors were attached
to the hammers. After watching a brief demonstration by the
experimenter, the child completed the single hand, in-phase and
anti-phase drumming tasks. The experimenter removed the cylin-
ders from the table and led the child through the first responding
to joint attention task.

Next, the helping task with paper balls and the second initiat-
ing joint attention task using a mechanical toy were performed.
Following these tasks, a second experimenter entered to demon-
strate the double tube cooperation task and the double tube task
cooperation task (Warneken et al., 2006) was performed. Next
the turn-taking cooperation task, the theory of mind task, and
the second responding to joint attention task were completed
in sequence. Finally, the intentionality tasks (the dumbbell, the
prong and loop, the square and post and the cylinder and beads)
were performed followed by the third initiating joint attention
task with a windup toy. The child was then reunited with his/her
parent.

ANALYSES
The cognitive social coordination measures were coded using
Mangold Interact software using the behavioral codes as out-
lined above. The second author served as the primary coder
and was not blind to the experimental conditions. The measures
of motor coordination and imitation/synchrony tasks required
analyses of the participants’ movement. To examine motor coor-
dination, experimenters analyzed time series data collected using
the Polhemus Liberty system during the drumming tasks. Using
analysis routines written in Matlab, we calculated the period and
period standard deviation for the single-handed drumming task,
as well as the dominant and non-dominant hands of the inphase
and antiphase bimanual drumming tasks. Additionally, to eval-
uate the degree of coordination in the inphase and antiphase
drumming tasks the relative phasing of the wrist time series was
evaluated. Relative phase is an angle that measures where one
rhythm is in its cycle (i.e., its phase) with respect to where another
rhythm is in its cycle. If two rhythms are in identical parts of their
cycles at the same time, they have a relative phase of 0◦ and are
inphase. If two rhythms are in opposite parts of their cycles, they
have a relative phase of 180◦ and are in antiphase. To calculate
the relative phasing, an instantaneous relative phase algorithm
(Pikovsky et al., 2001) was employed that calculated the relative
phase angle for each sample of the time series (i.e., every 8.3 ms).
The calculated relative phase time series were then analyzed by
finding the frequency of occurrence of the relative phase angles
in each of nine 20◦ relative phase regions between 0◦ and 180◦
(Schmidt and O’Brien, 1997; Richardson et al., 2005). The resul-
tant distributions of relative phase could then be used to evaluate
how well the movements were inphase or antiphase by determin-
ing whether there were concentrations of relative phase angles in
the 0◦ or 180◦ regions.

We also evaluated the degree to which participants exhibited
bodily coordination with the experimenter during the imitation

and synchrony tasks. To do so, the experimenter used the com-
puter program Interact by Mangold, to create separate video clips
of each task in the imitation or synchrony battery. Following the
methodology established by Schmidt et al. (2012), experimenters
used video analyses written in Matlab to evaluate the amount of
pixel change between adjacent video frames which corresponds
to the amount of activity of the participant or the experimenter
when the only movement in the frame is that of the participant
or experimenter. The video frames were first cropped to include
the movements of only one person. Then the number of pixels
that changed between adjacent frames was calculated for each
pair of frames to indicate the amount of whole body activity that
occurred for that person at that point in time. A time series of
these pixel change values was created for each participant in the
interaction.

Additionally, to assess the degree of coordination during the
imitation and synchrony tasks, the distributions of relative phase
angles formed between the two activity time series were calculated
using the procedure described above for the drumming tasks.
How well the participant imitated the experimenter can be deter-
mined by ascertaining the degree of alternation in the activity
time series as indicated by relative phase angles near 180◦since
imitation is an alternation in time of activity. We would expect
less socially coordinated individuals to produce a less consistent
antiphase alternation of activity and hence produce fewer phase
angles near 180◦. How well the participant synchronized with the
experimenter can be determined by the degree of inphase syn-
chronization as indicated by relative phase angles near 0◦. We
would expect less socially coordinated individuals to produce a
less consistent inphase activity and hence produce fewer phase
angles near 0◦Adjustments for violations of sphericity were made
as necessary in the statistical analyses performed.

All statistical analyses were performed in SPSS Statistics
20 (IBM). The psychological tests and motor coordination tasks
were evaluated using unpaired t-tests. The imitation, social syn-
chronization, and motor tasks were evaluated using frequency
distributions and ANOVAS. A principal components analysis was
used to evaluate the relationship between the psychological, social
cognitive coordination measures, and social motor coordination
measures. Intrapersonal motor control data could not be included
in the PCA because adequacy criteria for performing the analysis
were not satisfied as a consequence of the elimination of three
subjects due to experimental error. The Kaiser-Meyer-Olkin mea-
sure of sampling adequacy was below the recommended value of
0.5, and Bartlett’s test of sphericity was not significant. Perhaps,
more importantly adding the antiphase drumming variable led
to an un-interpretable factor structure: it added an additional
factor and on which only itself and the theory of mind task
loaded.

RESULTS
PSYCHOLOGICAL TESTS
In order to evaluate overall developmental differences between
children with ASD and TD children, a series of t-tests compar-
ing the Developmental Profile scores were conducted. Given the
small n in this pilot study we report both statistical significant as
well as describe patterns evidence in the data. As can be seen in
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Table 1, the typically developing children were rated by their par-
ents to be significantly more developmentally advanced than the
autistic children on physical, adaptive, social-emotional, and cog-
nitive aspects of behavior, in spite of the fact that the two groups
were not significantly different from each other in chronological
age. Only the communication behavior subscale did not reach sig-
nificance. Similar t-tests were conducted to compare the cognitive
measures of social coordination of the two groups. The cognitive
behavior tasks were less successful in significantly differentiating
the two groups (Table 2). In all except the intentionality task, the
autistic group had lower scores, but these were not statistically
significant differences. The difference between the ASD and TD
groups was significantly different for the partner orientation dur-
ing the interruption period of the cooperation tasks and theory
of mind measures approached significance. None of the helping
and cooperation measures in Table 3 significantly differentiated
the two groups.

Table 1 | Results for developmental profile subscales.

Subscale Means T -test results

ASD Typical t p r2

Physical 29 57 2.40 0.03* 0.26

Adaptive 14 43 2.50 0.02* 0.28

Social-emotional 5 49 4.58 <0.01* 0.57

Cognitive 36 67 2.45 0.03* 0.27

Communication 26 53 1.79 0.12ns 0.17

df = 16.
*p < 0.05; nsp > 0.05.

Table 2 | Results for cognitive tasks.

Task Means T -test results

ASD Typical t p r2

RJA 98.9 100 0.79 0.44ns 0.04

IJA 10.2 14.6 1.35 0.20ns 0.10

Theory of mind 1.9 2.43 1.67 0.11ns 0.15

Intentionality 85.6 73.3 1.38 0.21ns 0.10

Partner orientation 72.7 100 3.09 0.01* 0.37

df = 16.
*p < 0.05; nsp > 0.05.

Table 3 | Results for helping and cooperation tasks.

Task Means T -test results

ASD Typical t p r2

Helping 2.91 3.00 0.79 0.44ns 0.04

Double tube 3.82 3.86 0.21 0.84ns 0.10

Turn taking 89.9 76.5 1.49 0.15ns 0.15

df = 16.
nsp > 0.05.

IMITATION TASKS
To evaluate the interpersonal coordination of the imitation and
synchrony batteries, the relative phasing of the bodily movements
was analyzed. Figure 2 displays the relative phase distributions of
the five imitation tasks. The concentration of relative phase val-
ues near 180◦ indicates alternation of bodily movements of the
participant and the experimenter as expected for imitation coor-
dination. The plot also reveals that the body-alone task had the
strongest alternation while the body-body task had the weakest
alternation. A Three-Way ANOVA with between-subjects variable
of group (autism, typical) and within-subjects variables of task
(body-alone, body-body, body-object, face-alone, object-object)
and relative phase region (0–20, 21–40, . . . , 161–180) verified this
observation yielding a significant interaction between task and
region, F(11.36, 256) = 6.66, p < 0.001, η2

p = 0.45. No main effects
were significant. A follow-up One-Way ANOVA that compares
the five tasks was performed on the average of the concentra-
tions at the relative phase regions that define alternation (i.e.,
the 141–160◦ and 161–180◦ regions) found that indeed body-
alone had significantly greater alternation than the four other
tasks (all p < 0.05) and that the body-body task had signifi-
cantly less alternation than all but the object-object task (all
p < 0.05). Importantly, the Three-Way ANOVA revealed no sig-
nificant effects of group suggesting that both autistic and typically
developing participants found these same imitation tasks equally
easy or difficult to perform.

SOCIAL SYNCHRONIZATION TASKS
Figure 3 displays the relative phase distributions of the five syn-
chronization tasks. A concentration of relative phase values near
0◦ would indicate inphase synchronization. Since chance syn-
chronization would yield a flat distribution with average values
of 11.11%, the figure reveals overall low synchronization across
the tasks suggesting that the synchronization task was some-
what harder to perform for the participants. In some of the
tasks, such as object-object, face-alone and body alone, greater
inphase coordination occurred as indicated by the higher con-
centration of relative phase values near 0◦. A Three-Way ANOVA
with between-subjects variable of group (autism, typical) and

FIGURE 2 | Distributions of relative phase for the five imitation tasks.
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FIGURE 3 | Distributions of relative phase for the five synchronization

tasks.

within-subjects variables of task (body-alone, body-body, body-
object, face-alone, object-object) and relative phase region (0–20,
21–40, . . . , 161–180) revealed a significant interaction of task
and region [F(21.3, 127.8) = 2.32, p < 0.01, η2

p = 0.28] as well as

of group, task and region, [F(21.3, 127.8) = 2.05, p < 0.01, η2
p =

0.26]. No main effects were significant. A Two-Way ANOVA with
variables of group and task performed on the average of the
concentrations at the relative phase regions specific to inphase
synchronization (i.e., the 0–20◦ and 21–40◦ regions) yielded a sig-
nificant main effect of task, F(3.5, 20.9) = 4.3, p < 0.05, η2

p = 0.42,
and significant interaction of group and task, F(3.5, 20.9) = 2.93,
p = 0.05, η2

p = 0.33. Follow-up tests on the main effect indicated
that the object-object task had significantly more synchroniza-
tion than all of the other tasks (p < 0.05) except for face-alone.
The analysis of the interaction demonstrated that the typically
developing group alone showed greater synchronization for the
object-object task.

MOTOR COORDINATION TASKS
The motor coordination data of three participants were lost due
to experimenter error, thereby, reducing the overall n to 15 par-
ticipants, 8 ASD, and 7 TD. Independent t-tests were performed
to determined if the tempo (e.g., the frequency of the movement)
and tempo variability differed (using period and period SD mea-
sures, respectively) between the autism and the typically develop-
ing groups for the single hand as well as the bimanual inphase and
antiphase drumming. As can be seen in Table 4, the autism group
tended to be slower in tempo as well as more variable although it
is only in the more difficult antiphase drumming that significant
group differences and larger effect sizes appear. A mixed design
ANOVA with a between-subjects variable of group (autism, typ-
ical) and within-subjects variable of relative phase region (0–20,
21–40, . . . , 161–180) performed on the distributions of relative
phase values calculated for inphase drumming revealed a main
effect of relative phase region [F(1.68, 21.8) = 119.8, p < 0.001,
η2

p = 0.90] but no effects of group. As Figure 4 demonstrates,
large concentration of relative phase values were observed near 0◦
phase indicating that the drumming of the two hands occurred

Table 4 | Results for drumming tempo and variability.

Task Means T-test results

ASD Typical t p r2

SINGLE HAND

Period 0.71 0.35 0.98 0.36ns 0.07
Period SD 0.42 0.04 1.10 0.31ns 0.09
INPHASE BIMANUAL

Dominant period 0.76 0.77 0.21 0.83ns 0.01
Dominant period SD 0.11 0.08 0.62 0.55ns 0.03
Non-dominant period 0.75 0.76 0.19 0.85ns 0.01
Non-dominant period SD 0.08 0.07 0.32 0.75ns 0.01
ANTIPHASE BIMANUAL

Dominant period 0.74 0.66 2.49 0.03* 0.33
Dominant period SD 0.15 0.13 0.51 0.62ns 0.02
Non-dominant period 0.77 0.65 3.14 <0.01* 0.43
Non-dominant period SD 0.19 0.12 1.90 0.08ns 0.22

*p < 0.05; nsp > 0.05.

FIGURE 4 | Distributions of relative phase for inphase drumming.

synchronously. A similar ANOVA performed on the distribu-
tion of relative phase values calculated for antiphase drumming
revealed a main effect of relative phase region [F(1.6, 20.9) = 22.5,
p < 0.001, η2

p = 0.63] but no significant interaction between

group and region [F(1.6, 20.9) = 2.45, p = 0.12, η2
p = 0.16]. As

Figure 5 displays and follow-up tests revealed, the autism group
produced during antiphase drumming had slightly higher con-
centrations in the 0–20◦ and 21–40◦ inphase relative phase
regions (p = 0.10 and 0.07, respectively) and slightly lower con-
centrations in the 161–180◦ antiphase relative phase regions
(p = 0.10).

RELATIONSHIP BETWEEN MOTOR COORDINATION
AND PSYCHOLOGICAL TASKS
In order to determine the relationship between the various
psychological tests and cognitive measures of social coordi-
nation (Developmental Profile III, RJA, IJA, theory of mind,
intentionality, partner orientation during cooperation tasks, and
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