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Abstract. Research shows that teammates often exhibit similarity in their phy-
siological and behavioral responses during cooperative task performance, a
phenomenon referred to here as physio-behavioral coupling (PBC). Goals of
this manuscript are to provide an overview of research examining the utility of
PBC as an index of team processes (e.g., coordination) and performance, dis-
cuss applied and theoretical issues in PBC measurement, and present findings
from a study using linear and nonlinear statistics to assess PBC.
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1 Introduction

This manuscript supports the parallel session entitled, “Modeling the Complex Dy-
namics of Teamwork.” The focus of this manuscript is physio-behavioral coupling
(PBCO), its relation to team processes and performance, and issues regarding its mea-
surement and interpretation, with an emphasis on practical applications. An experi-
mental illustration of these issues is provided.

1.1 PBC, Team Processes, and Team Performance

PBC can be defined as a statistical similarity in the cortical, autonomic, or beha-
vioral activity of two or more members of a team engaged in cooperative behavior.
Over the past three decades, researchers have identified PBC in a number of phy-
sio-behavioral responses, including cardiac inter-beat intervals (IBIs), electrical
brain activity, and human postural sway, and in diverse team task environments,
such as military room clearing, team puzzle solving, and duet guitar playing [1-5].
In many cases, PBC manifests as an emergent (i.e., spontaneous and self-
organized) phenomenon outside conscious awareness [1]. As such, there has been
speculation about the underlying causes (or drivers) of PBC, its role in cooperative
task performance, and the associations it shares with important team processes
(e.g., strategy, coordination, communication, cohesion, etc.).
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Most explanations posit that PBC reflects important team-level processes, such as
communication and coordination [1]. For example, oral communication is a vector
employed by teams to discuss strategy and coordinate action [6]. Research has dem-
onstrated that oral communication is sufficient to drive the coupling of human postur-
al sway, supporting speculation that sway coupling can serve as an indirect index of
team communication dynamics [4] — a speculation that our own research supports [5].
Other research has identified PBC between group members performing very different
actions (e.g., active participants and passive observers) [7], supporting the perspective
that PBC may be caused by emotional (arousal) and/or cognitive (shared situation
awareness) dynamics associated with group/team membership. Finally, PBC has been
shown to exhibit relationships with psychosocial phenomenon like rapport and trust
[8, 9], prompting some to speculate that PBC may facilitate, rather than simply reflect
a consequence of, team processes.

To date, only a small number of studies have examined the association between
PBC and team performance. While several studies suggest a positive relationship (i.e.,
higher PBC is related to better team performance) [2, 3], our research indicates that a
negative relationship is possible [5].

From an applied perspective, PBC has been shown to exhibit a moderate relation-
ship with performance (absolute r ~ .4) [1, 5], which is comparable in magnitude to
correlations observed between performance and other team processes such as cohe-
sion and collective efficacy (both r ~ .25) [10, 11]. This suggests that PBC measures
may have an advantage over other (largely self-reported) team process assessments
since many responses used to estimate PBC are minimally invasive (e.g., cardiac IBI,
postural sway), and many metrics of PBC can be computed in real-time without inter-
rupting task performance.

1.2 PBC Measurement: A Historical Review and Recent Developments

PBC has been characterized using a variety of different statistical measures, leading to
inconsistency across studies. It has also been exceedingly rare for researchers to
communicate why a particular measure (or set of measures) was chosen to over others
(see [7] and [12] for exceptions). However, choosing the proper measure is critical
since it may influence the ability to detect meaningful changes in PBC, determine the
information about PBC obtained (e.g., coupling strength versus phase relation), and
have implications for the utility of PBC measurement in applied applications.

Early PBC studies used independent rater analysis of recorded video and/or phy-
siological signals to detect response similarities [8]. While these methods were care-
fully implemented, they are subjective, as well as both cost and time prohibitive.

In more recent studies assessing PBC in cyclical motor tasks (e.g., swinging of
handheld pendulums), researchers have often employed relative phase statistics [13].
Though relative phase is an intuitive indicator of synchronicity (a specific sub-type of
coupling) and phase relation (e.g., in-phase versus out-of-phase), it is effective pri-
marily for examining responses that exhibits near-sinusoidal oscillations [14].

An additional approach employed by Henning and colleagues [2] has been to ex-
amine PBC using cross-correlation (CC) and cross-spectral coherence (CSC), which
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are linear statistics that describe the degree of similarity between two time series in
the time and frequency domains, respectively. Advantages of the measures include a
long and accepted history for examining complex time-series data and the ability to
provide estimates of multiple coupling dynamics (CC: coupling strength and temporal
lag; CSC: coupling strength at particular frequencies) in near-real-time [15]. Disad-
vantages include linear assumptions of periodicity and stationarity (i.e., equal mean
and variance), which many physio-behavioral responses are known to violate [16, 17].

In an attempt to overcome the limitations of linear statistics, some researchers (in-
cluding the current authors) have explored the use of nonlinear measures to character-
ize PBC. Although computationally quite different from one another, this family of
statistics, which include measures such as Cross-Recurrence Quantification Analysis
(CRQA) [12], Cross Sample Entropy (CSEn) [18], and Average Mutual Information
(AMI) [19], can be used to confirm the existence of nonlinear coupling and quantify
its strength. To illustrate how the information obtained from linear and nonlinear
coupling measures differ, consider that CC, when a zero lag is employed, is equiva-
lent to a Pearson product-moment correlation [20]. Thus, CC characterizes the degree
to which two time-series share a one-to-one (i.e., linearly synchronized) relationship
in both time and (relative) amplitude. Conversely, nonlinear measures (with acknowl-
edgment that the following is a broad generalization) quantify the degree to which
two time series exhibit matching temporal patterns (i.e., strings of sequential data
points) across an entire time interval, regardless of where those matches occur within
that interval. Thus, nonlinear measures do not index synchronicity (a potential limita-
tion if this is the coupling dynamic of specific interest), but rather the overall degree
of patterning shared between two data streams within a specified temporal envelope.

It is because of this flexibility that nonlinear measures may be better suited for de-
tecting and quantifying coupling strength in aperiodic and noisy systems [12]. This
view is supported by findings that nonlinear coupling measures demonstrate greater
sensitivity, compared to more traditional linear measures like CC and CSC, for detect-
ing changes in coupling dynamics among paired physical systems [21], financial
trends [22], human postural sway [12], and animal neurophysiological responses [23].

However, claiming that nonlinear coupling measures are more sensitive than linear
measures, without first identifying that the systems under examination exhibit mea-
ningful (i.e., deterministic) linear and/or nonlinear coupling, is problematic. To estab-
lish that meaningful coupling is evident, surrogation tests are required.

The most straightforward and intuitive method to perform surrogation tests first in-
volves obtaining estimates of PBC (for each metric of interest) from originally sam-
pled time-series representing the response(s) of interest (e.g., postural sway from two
people engaged in oral communication). Next, new (surrogate) time-series are
generated by (separately) randomly shuffling the sequence of data points within each
original time-series. The result of this procedure are two time-series in which any
deterministic temporal structure that originally existed in individual responses, as well
as any meaningful coupling between those responses, is eliminated. Then, PBC esti-
mates are obtained for the surrogate time-series and compared with those from the
original time-series. If the two sets of PBC estimates are shown to be equivalent (of-
ten determined using inferential statistics applied to an entire experiment’s sample),
this suggests that no meaningful coupling existed in the original time-series. Con-
versely, if PBC estimates in the original time-series are greater than those observed
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from the surrogates, this suggests that meaningful coupling does exist in the original.
In a case where both linear and nonlinear measures are used to examine PBC, and
both detect meaningful coupling, then it is possible to examine the PBC metrics for
sensitivity differences, with the understood caveat that each type of metric characte-
rizes a different coupling dynamic. However, in a case where meaningful nonlinear
coupling is detected but linear coupling is not, investigating sensitivity differences is
futile, since the very application of linear statistics in this case is inappropriate.

To date, very few PBC studies have included any form of surrogation test. Howev-
er, it is our view that these tests are critical since they not only provide useful infor-
mation about the underlying dynamics of a coupled relationship, but also verify the
appropriateness of statistics used to draw inference about the phenomenon.

2 Empirical Application of Linear and Nonlinear Measures
for Assessing PBC in a Cooperative Team Task

The remainder of this manuscript is dedicated to describing methods and results from
a single experiment in which PBC was examined in dyads performing a cooperative
pointing task (Fig. 1). The purpose of including this experiment here is to provide
guidance on application of linear and nonlinear measures to examine PBC, as well as
explore the unique (or analogous) information linear and nonlinear metrics may pro-
vide about team coordination and performance.

Fig. 1. Illustration of the cooperative pointing task used in this experiment. The goal of the task
was to achieve complete overlap of two “virtual” circles projected onto a far wall by manipulat-
ing handheld remote controls (Nintendo Wii Remotes) that controlled the circles’ movements.

The pointing task employed in this experiment required dyads to control the
movements of two “virtual” circles (each participant controlled one circle) and align
them such that the two circles completely overlapped one another. This particular task
was selected because it presented a context in which PBC (i.e., wrist coupling), team
coordination, and team performance should be closely related. Thus, we hoped in
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utilizing this task we might draw more direct inference from PBC measurement about
the coordination dynamics supporting team performance, and about how those dy-
namics are altered by a manipulation of task constraints (i.e., an increase in difficul-
ty). Other goals included a determination of the presence of meaningful linear and/or
nonlinear coupling in team members’ wrist movements (using surrogation tests) and a
comparison of the sensitivity of linear and nonlinear coupling measures to team per-
formance differences across task difficulty conditions.

2.1 Methods

To perform the pointing task, dyads (N = 30 pairs) stood upright facing a far wall at a
distance of 1.5 m while holding handheld remote controls (Nintendo Wii remotes —
“wiimotes”) in their dominant hand with elbow flexed to 90 degrees. Two large circles
(145 and 150 pixels in diameter, respectively) were shown on a far wall using a video
projector. The vertical and lateral movements of the circles were linked to the move-
ments of the wiimotes using custom software and Bluetooth connection. The task per-
formance goal was to achieve complete overlap of the two circles (at a location near the
center of the wall) and hold that position for “as long as possible” in 90 second trials.

Task difficulty was manipulated by altering the wiimote-to-circle movement ratio.
In the easy condition the ratio was 1:.25, meaning that a 1 cm translation of the wii-
mote elicited a .25 cm translation of the circle to which it corresponded. In the normal
and hard conditions the ratio was 1:1 and 3:1, respectively.

Dyads performed two trials of each condition in counterbalance order (six trials to-
tal). Throughout trials wrist movements (yaw and pitch rotation) were recorded from
participants at 75 Hz using two wireless Xsens Technologies Mtw inertial trackers. In
post-processing, yaw and pitch time-series were cropped to 60 second durations by
removing the first and last 15 seconds of each trial. The truncated times-series were
then subjected to .1 to 30 Hz 2" order Band-pass Butterworth filters (to achieve sta-
tionarity and eliminate high frequency noise) and normalized to unit variance.

Normalized time-series were then paired within dyad and rotational plane and ex-
amined using CC, CRQA (percent recurrence; %REC)I, CSEn? and AMI in 13.65 sec
(1,024 data point) windows with a 6.83 (512 point) overlap.® This procedure rendered
six values in each trial for each PBC measure; from those six values, the median was
recorded for each measure to indicate the central tendency of yaw and pitch wrist
coupling. Median PBC estimates from like conditions were then averaged.

%REC is the percentage of points (Where point represents a distance vector comprised of a
serial sequences of data values) that repeat in a 2-dimenstional recurrence plot. It serves as an
indicant of the overall amount of patterning in a time-series [12].

In subsequent reporting the inverse of CSEn, CSEn’', is presented to facilitate directional
correspondence with interpretation of all other PBC measures.

CC was estimated with zero lag, replicating the procedures of [2]. CSEn parameters, M = 3
(vector lengths for comparison) and r = .3 (vector tolerance) were set using a parameter selec-
tion procedure described by [24]. CRQA parameters, i.e., embedding dimension (EmD = 9),
time delay (td = 4), rescaling method (rescale = euclidean), and radius (rad = 10), were estab-
lished using the procedure described by [12]. AMI requires no parameter selection using the
algorithm provided in [19].
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2.2  Results

Surrogation tests were used to determine whether meaningful linear and/or nonlinear
coupling existed between wrist movements of dyads using identical methods to those
described earlier in section 1.2. Inferential comparisons testing for differences in PBC
estimate from original and surrogate time-series were carried out using paired samples
t-tests for all PBC metrics.

Results indicated that, across nonlinear measures, PBC estimates from the original
time-series were significantly greater than those obtained from surrogates. However,
no difference was found between PBC estimates of original and surrogate time-series
for CC (Table 1). This indicates that the wrist movements of teammates exhibited a
nonlinear, as opposed to linear, coupled relationship. From a practical perspective this
means that dyad wrist movements did not exhibit linear synchronicity, though they
did exhibit meaningful similarities in overall temporal patterning. Consequently, CC
was dropped from further analyses and comparisons.

Table 1. Mean of median PBC estimates and standard errors (in parentheses) obtained from
original and surrogate (randomly shuffled) time-series pairings

PBC Measure Original pairs Surrogate pairs t
CC —yaw -.01 (.01) .00 (.00) .53
CC — pitch -.03 (.01) .00 (.00) 1.87
CSEn' - yaw 11.01 (.25) .68 (.00) 41.40*
CSEn' - pitch 10.76 (.33) .67 (.00) 30.14*
%REC — yaw 3.95 (.13) .00 (.00) 30.39*
%REC - pitch 3.83(.13) .00 (.00) 29.71*
AMI - yaw .29 (.00) .03 (.00) 56.64*
AMI - pitch .30 (.05) .03 (.00) 55.32*
Note. t-crit 4e_g9 4= 05 =1.99.
*p<.05

Next, effects of task difficulty were examined using separate repeated-measures
ANOV As for PBC measures and the team performance metric, Circle Overlap®. Om-
nibus main effects of Circle Overlap, F (1.60, 46.31) = 2701.14, p < .05, and AMI-
yaw, F (1.87, 54.33) = 6.89, p < .05, were detected. Post-hoc pairwise comparisons
revealed a precipitous decline in Circle Overlap as a product of increases in fask diffi-
culty (Fig. 2a). Circle Overlap decreased as task difficulty increased, which confirms
that the experimental manipulation was effective in diminishing team performance.

Post-hoc assessment of AMI-yaw revealed lower wrist coupling in the normal and
hard, as compared to the easy condition — indicating that nonlinear wrist coupling
decreased as a result of increases in task difficulty (Fig. 2b).

* Circle Overlap is defined as the cumulative time (in seconds) during a 90 second trial that
complete overlap of the two circles was achieved.
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Fig. 2. Mean estimates of Circle Overlap (a) and Average Mutual Information in wrist-yaw
rotation (b) across task difficulty conditions. Connected arrows represent significant pair-wise
differences at p < .05. Error bars are standard errors.

Finally, Pearson (r) correlations were used to assess the relationship between team
performance (i.e., Circle Overlap) and nonlinear wrist coupling strength for each fask
difficulty condition (Table 2). Interestingly, all of the nonlinear metrics we employed
were analogous in detecting a negative relationship between PBC and performance
across all conditions, indicating that a decrease in coupling was related to better per-
formance. In other words, lower similarity in the temporal patterning of coupled wrist
movements was related to a greater ability to keep the two circles aligned. The similar
direction of effect detected across measures is also intriguing, and suggests that these
measure, though computational quite different form one another, are sensitive to simi-
lar dynamical properties about a coupled relationship (as argued in section 1.2).

Still, there were noticeable differences in the magnitude of relationship detected
between wrist coupling and team performance across measures. Specifically, %REC
detected the strongest relationship (r = -.50, collapsed across condition and rotational
plane), followed by CSEn™ (r = -.40) and AMI (r = -.26), respectively. This may indi-
cate sensitivity differences between these measures, at least in-so-far as accounting
for individual differences in team performance are concerned.

Table 2. Pearson correlations between PBC measures and team performance (Circle Overlap)
for each task difficulty condition

Task Difficulty Condition

PBC Measure Easy Normal Hard
CSEn' - yaw -.38* -.54* -25
CSEn' - pitch -.48* -41* -.33
%REC — yaw -.51* -.31 -.56*
%REC - pitch -41* -.68* -.50*
AMI - yaw -.43* -.40* -.23
AMI - pitch -.32 -13 -.03

Note. r-crit gp— 28 4= 05 = .36
*p<.05
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2.3  Discussion

Dyad wrist movements did not exhibit a linear, but rather a nonlinear coupled rela-
tionship in this experiment. This is important because it determined the family of
statistics that were appropriate for examining PBC experimental effects, but also be-
cause it ruled out synchronicity (the coupling dynamic indexed by CC) as a coordina-
tion strategy that could have been utilized by teams to perform the task. However, we
make this statement with some caution since our results do not exclude the possibility
that a synchronized relationship might have existed at some temporal lag, potentially
indicating a linear leader-follower coordination strategy. We are currently examining
this issue.

Findings regarding the manipulated effect of task difficulty revealed lower nonli-
near wrist coupling strength (reduced AMI) in conditions where the task was more
difficult. In interpreting this effect, it is first important to mention that this finding
does not insinuate that wrist movements were completely decoupled, since significant
nonlinear coupling was confirmed through surrogation tests. Rather, this finding indi-
cates that nonlinear coupling strength was simply less in higher difficulty conditions.
Second, if the only other information provided is that performance was also decreased
by increases in task difficulty, then one possible explanation is that higher difficulty
may have inhibited the ability of teams to coordinate effectively, leading to decreased
coupling and reduced performance. However, insight gained from the correlation
analyses supports a different interpretation; namely, that a decrease in wrist coupling
under higher task difficulty may have reflected a compensatory strategy. This inter-
pretation is supported by the ubiquitous set of negative correlations detected between
nonlinear wrist coupling and team performance across task difficulty conditions,
indicating that decreases in wrist coupling strength were associated with increases in
performance.

As mentioned in section 1.1, we found a similar relationship between team perfor-
mance and PBC (in cardiac IBIs) in a previous study [5]. In that study, we posited that
a negative correlation may have indicated general team coordination plasticity or a
complimentary coordination strategy featuring asynchronous and/or anti-phase team
member behaviors [25] — either of which could result in decreases in nonlinear coupl-
ing strength. Here we come to similar conclusions.

In considering sensitivity differences in the set of nonlinear measures we em-
ployed, it appears that our results lead to mixed interpretations. On one hand, because
AMI was the only measure to detect meaningful changes in wrist coupling induced by
the experimental manipulation of task difficulty, it could be argued that this metric
was more sensitive than the others. However, %REC exhibited the strongest correla-
tions with performance, hinting that it was best in accounting for individual team
performance differences. While the results of this study cannot definitively address
issues of measure sensitivity across coupling metrics, they raise interesting possibili-
ties. To formally address the issue further we have planned a series of modeling expe-
riment wherein coupling strength will be mathematically manipulated, allowing for
true quantitative comparisons.
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Conclusion

In this manuscript we presented an overview of PBC with a focus on studies that have
explored its utility as an index of team processes and performance. In addition, we
provided an overview of important measurement issues in PBC research, followed by
a simple empirical study that contextualized and accentuated this matter. Overall, we
believe that examination of PBC is a fruitful area for ongoing research, since it not
only appears to be informative for basic theory development of team dynamics but
also has the potential for use in real-time team monitoring.
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