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This important study combines a two-person joint hand-reaching paradigm with game-
theoretical modeling to examine whether, and how, reflexive visuomotor responses are
modulated by a partner's control policy and cost structure. The study provides a
convincing set of behavioral findings suggesting that involuntary visuomotor feedback is
indeed modulated in the context of interpersonal coordination. The work will be of
interest to cognitive scientists studying the motor and social aspects of action control.
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Abstract
We have a remarkable ability to seamlessly and rapidly coordinate actions with others, from
double dutch to dancing. Humans use high-level partner representations to jointly control
voluntary actions, while other work shows lower-level involuntary feedback responses to sudden
visual perturbations. Yet, it is unknown if a high-level partner representation can be rapidly
expressed through lower-level involuntary sensorimotor circuitry. Here we test the idea that a
partner representation influences involuntary visuomotor feedback responses during a
cooperative sensorimotor task. Using two experiments and dynamic game theory predictions, we
show that involuntary visuomotor feedback responses reflect a partner representation and
consideration of a partner’s movement cost (i.e., accuracy and energy). Collectively, our results
suggest there is top-down modulation from high-level partner representations to lower-level
sensorimotor circuits, enabling fast and flexible feedback responses during jointly coordinated
actions.

Significance Statement
Humans have an adept ability to rapidly coordinate their movements with others. Yet it is
unknown how fast the sensorimotor system can use a representation of others to jointly control
movement. Remarkably, ‘intelligent reflexes’ (i.e., involuntary visuomotor feedback responses)
consider high-level partner representations within 180 - 230 ms. Further, these involuntary
visuomotor feedback responses show that the sensorimotor system is willing sacrifice energy to
help a partner.
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Introduction
To successfully coordinate voluntary actions, humans form a representation of others to consider
their partner’s goals1,2,3 and movement costs (i.e., accuracy and energy).4,5 Other work has shown
that the sensorimotor system modulates involuntary feedback responses based on the structure of
the individual’s own goal.6 Yet it is unknown if the sensorimotor system uses a partner
representation to tune these rapid and involuntary feedback responses. Investigating the
influence of high-level partner representations on lower-level involuntary sensorimotor responses
is crucial to understanding how humans achieve coordinated interactions during rapid
movements.

A representation of a partner to consider both their goals and costs has been shown to influence
voluntary movements. Behavioural work examining human-human sensorimotor interactions has
suggested that a partner representation influences reaction time,7 action planning,2,5 and
reaching movements.1,2,4,8,9,10 While work with a single individual has shown that humans
minimize a self movement cost,11,12,13,14 work with multiple individuals suggests that humans will
select voluntary actions that minimize a joint cost that considers both self and a partner.5 While
these past works have broadened our understanding of voluntary coordinated actions, it remains
unknown if a high-level partner representation and consideration of the partner’s cost can
influence lower-level involuntary sensorimotor feedback responses.

Elegant work has shown that the sensorimotor system has a remarkable ability to generate rapid
and involuntary feedback responses—prior to voluntary control—that are tuned by task dynamics
and goals.6,15,16,17 Nashed and colleagues (2012) had participants reach to either a narrow target
(task-relevant) or wide target (task-irrelevant).6 The narrow target was task-relevant since
participants needed to correct for lateral deviations to successfully hit the target. The wide target
was task-irrelevant since participants did not need to correct for lateral deviations to hit their
target. As early as 70 ms following a mechanical perturbation, they found greater muscular
feedback responses when reaching to a narrow task-relevant target compared to a wide task-
irrelevant target. Likewise, pioneering work by Franklin and Wolpert (2008) demonstrated that
sensorimotor circuits also generate involuntary feedback responses to visual perturbations
between 180 - 230 ms.17 To measure involuntary feedback responses, they laterally constrained a
participant’s hand within a rigid force channel and recorded the lateral hand force in response to
a lateral cursor jump. They found that these rapid and involuntary visuomotor feedback responses
are also tuned according to relevant and irrelevant task demands. While considerable work has
examined visuomotor feedback responses of a human acting alone, it is unknown whether the
sensorimotor system uses a partner representation to tune involuntary visuomotor feedback
responses.

Across two experiments, we tested the overarching idea that a high-level partner representation
influences lower-level involuntary sensorimotor circuits. Human pairs were required to move a
jointly controlled cursor into their own target. We manipulated the width of both participant
targets to be either task-relevant or task-irrelevant. We measured visuomotor feedback responses
following either a cursor (Experiment 1) or target jump (Experiment 2). We made a priori
predictions using four unique dynamic game theory models. Each of these models tested a specific
hypothesis on whether visuomotor feedback responses reflect: i) a partner representation and, if
so, ii) a weighting of the partner cost. Collectively, our empirical and computational work provides
novel insights into how humans rapidly control their actions with others.

Results
Experimental Design
In Experiment 1 (n = 48) and Experiment 2 (n = 48), participants completed a joint reaching task
with a partner (Fig. 1A     ). Participants had vision of their own cursor, a partner’s cursor, and a
center cursor. The center cursor was at the midpoint of their own cursor and their partner’s
cursor. They also viewed their own self target and their partner’s target on their screen.
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Participants were instructed to move and stabilize the center cursor in the self target within a time
constraint. Participants received the message ‘Good’, ‘Too Slow’, or ‘Too Fast’ if they stabilized
within their self target between 1400 - 1600 ms, > 1600 ms, or <1400 ms respectively. They were
explicitly informed that their success in the task was determined by moving and stabilizing the
center cursor only within the self target. Therefore, the instructions and timing constraints did not
enforce participants to work together.

We manipulated the width of both the self and partner target (Fig. 1B     ) to be either narrow (task-
relevant) or wide (task-irrelevant). The narrow target is task-relevant since participants would
need to correct for lateral deviations to hit their target. The wide target is task-irrelevant since
participants do not need to correct for lateral deviations to hit their target. Thus, we used a 2
(Partner Irrelevant or Partner Relevant) x 2 (Self Irrelevant or Self Relevant) repeated measures
experimental design with four blocked experimental conditions: i) partner-irrelevant/self-
irrelevant, ii) partner-relevant/self-irrelevant, iii) partner-irrelevant/self-relevant, and iv) partner-
relevant/self-relevant.

The goal of Experiment 1 and Experiment 2 was to determine if a representation of a partner
and consideration of their costs influences involuntary visuomotor feedback responses. To address
this goal, we had participants perform non-perturbation trials, perturbation trials, and probe
trials in each experimental condition. In both the non-perturbation trials and perturbation trials,
participants reached freely in the lateral and forward dimensions. However, in perturbation trials
(Fig. 1C-D     ) either the center cursor (Experiment 1) or both targets (Experiment 2) jumped 3 cm
to the right or left when the center cursor moved 25% of the forward distance to the targets. In
probe trials (Fig. 1E-F     ), both participants were constrained by a force channel and could only
move along the forward dimension. Here they experienced the cursor or target jump for 250 ms
before returning to the original lateral position. Critically, as a metric of visuomotor feedback
responses, we measured the lateral force participants applied against the channel in response to
center cursor or target jumps.

Dynamic Game Theory Model
We generated a priori predictions of hand trajectories and visuomotor feedback responses for
each of the experimental conditions using a dynamic game theory model (Fig. 2A     ). We modelled
our task as a linear quadratic game of the form

(1)

xk is the state (e.g., position) of the system at time step k, A represents the task dynamics, u1

and u2 are the control signals, and B1 and B2 converts the control signals to a force that

produces movement. Here the subscripts 1 and 2 respectively refers to controller 1 and 2,
representing a pair of participants in our task. Throughout, we describe the model with
controller 1 as the self and controller 2 as the partner.

Controller 1 and 2 select their own control signal  or , which considers their respective costs.
We can define individual cost functions J1 and J2 as:

(2)

(3)

Here J1 is the individual cost for controller 1 (e.g., self) and J2 is the individual cost for

controller 2 (e.g., partner). N is the final step, which represents the end of a trial. The term Q
penalizes deviations of the center cursor relative to each target.
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Figure 1. Experimental Design.
A) In both experiments, each participant in the pair grasped the handle of a robotic manipulandum and made reaching
movements in the horizontal plane. An LCD projected images (start position, targets, cursors) onto a semi-silvered mirror.
Each trial began with each participant’s hand (dark grey circle) within their respective start position (white circle). After a
short and random time delay, the self target appeared as a filled dark grey rectangle and the partner target appeared as an
unfilled light grey rectangle. Simultaneously, the center cursor (green circle) and partner cursor (light grey circle) also
appeared on the screen. After a constant time delay of 500 ms, participants heard a tone that cued them to begin their reach.
Participants were instructed to move the center cursor into their own target. Each participant received independent feedback
once the center cursor was stabilized within their own target. B) Experimental Conditions. We manipulated the width of
both the self and partner targets to be either narrow (task-relevant) or wide (task-irrelevant). The narrow target is task-
relevant since participants would need to correct for lateral deviations to successfully complete their task. The wide target is
task-irrelevant since participants do not need to correct for lateral deviations to successfully complete their task. Human pairs
performed four blocked experimental conditions: i) partner-irrelevant/self-irrelevant ii) partner-relevant/self-irrelevant iii)
partner-irrelevant/self-relevant iv) partner-relevant/self-relevant. C-D) Perturbation Trials. On a subset of trials, the center
cursor in (C) Experiment 1 or both targets in (D) Experiment 2 jumped 3 cm laterally to the left or right. E-F) Visuomotor
Probe Trials. On a subset of trials, the center cursor in Experiment 1 (E) or both targets in Experiment 2 (F) jumped 3 cm
laterally for 225 ms, then jumped 3 cm back to the original lateral position. During these probe trials, the hand of both
participants in the pair was constrained to a force channel. Here we measured each participant’s visuomotor feedback
responses as the force (N) they applied to the wall of the stiff force channel.
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Figure 2. Control Model Framework and Hypotheses.
A) Control Model. Human pairs were modelled as controllers within a dynamic game theory framework. Here we depict the
feedback control loop from the perspective of one participant (i.e. the self). The self and partner control policy each generate
a motor command to produce jointly controlled movement. An efference copy of the motor command passes through an
internal model (representation of dynamics) to generate predicted states. Each controller also receives noisy and delayed
sensory feedback on the states (e.g., position of the self and partner hand, center cursor, and self and partner targets). Both
the self and partner controllers have a state estimator that combines the predicted state and sensory feedback in a
statistically optimal manner to produce estimated states. The estimated states are used by the control policy to generate
motor commands on each time step. B) Hypotheses. The dynamic game theory framework allowed us to test four distinct
hypotheses. The hypotheses test whether the control policy: i) has a representation of a partner, and ii) considers only a self
cost or joint (self + partner) cost of accuracy and energy. No Partner Representation & Self Cost Hypothesis: The
sensorimotor system has a control policy that does not use a representation of a partner, and only considers a self cost.
Partner Representation & Self Cost Hypothesis: The sensorimotor system has a control policy that uses a representation of
a partner, but only considers a self cost. Partner Representation & Equal Joint Cost Hypothesis: The sensorimotor system
has a control policy that uses a representation of a partner, and equally considers both a self cost and partner cost (i.e., equal
joint cost). Partner Representation & Weighted Joint Cost Hypothesis: The sensorimotor system has a control policy that
uses a representation of a partner, and that weights the self cost greater than the partner cost (i.e., weighted joint cost). Each
of the four hypotheses generate unique predictions of human hand movement (Fig. 3A-P     ) and visuomotor feedback
responses (Fig. 4     ).
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Depending on the experimental condition, we modelled i) a task-relevant target using a higher
value of Q, and ii) a task-irrelevant target using a lower value of Q. The term R penalizes the
control signal (u), which would relate to an energetic cost. Further, we define a joint cost function
as:

(4)

(5)

where αi ∈ [0, 1] determines the degree to which controller i considers their partner’s cost

function.

The optimal control signal for controller 1  and controller 2  is determined by the time-

varying feedback gains F1 and F2 that minimize the joint cost function  and  respectively:

(6)

(7)

Here,  for i = {1, 2} is controller i’s posterior estimate of the state (see Methods). The
feedback gains F1 and F2 constitute a Nash equilibrium solution to the linear quadratic game

defined by eqs. 1     -5     . Throughout, the feedback gains determine hand movement and
visuomotor feedback responses. The Nash equilibrium solution F1 that minimizes  can

utilize knowledge of the partner’s control policy F2 through the coupled algebraic Riccati

equations (see Supplementary C).

Modelling partner representation
A partner representation is defined as knowledge of the partner’s control policy F2. That is, a
person accounts for their partner’s actions. No partner representation would reflect the case
where F1 is selected under the assumption that F2 = 0. More simply, a person does not account for
their partner’s actions.

Modelling self and partner cost
We also modelled the degree to which a person considers their self cost, or some joint cost of both
self and partner. In Eq. 19     , α1 determines the degree to which controller 1 considers its partner’s
cost. α1 = 0 reflects only a self cost, which would imply a person does not consider their partner’s
cost. Conversely, α1 = 1 reflects an equal joint cost that would imply a person considers their self
cost and partner cost equally. Finally, α1 = 0.5 reflects a higher weighting on the self cost than the
partner cost, implying that a person primarily considers their own cost and to a lesser extent their
partner’s cost.

Through our computational framework, we considered four alternative hypotheses, each testing
how a partner representation and consideration of a partner’s cost influences sensorimotor
behaviour (Fig. 2B-E     ): i) No Partner Representation & Self Cost, ii) Partner Representation & Self
Cost, iii) Partner Representation & Equal Joint Cost, iv) Partner Representation & Weighted Joint
Cost. For each experimental condition, we used these four models to make a priori predictions of
reaching trajectories (Fig. 3     ) and visuomotor feedback responses (Fig. S1     ).

Hand and Center Cursor Trajectories
An exemplar pair (Fig. 3A-D     ) and group average (Fig. 3E-H     ) hand and center cursor
trajectories are shown for each experimental condition in Experiment 1. Note that while both
participants in the pair began each trial to the right of the center cursor (see Fig. 1A     ), we refer to
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Figure 3. Experiment 1 Hand and Center Cursor Trajectories.

Collectively, the self cursor in models with only a self cost do not laterally deviate to correct for the cursor jump in the partner-
relevant/selfirrelevant condition. In contrast, the self cursor in models that consider a self and partner cost laterally deviate to
correct for the cursor jump in the partner-relevant/self-irrelevant condition. A-D) Individual hand and center cursor positions
of an exemplar pair for each condition in Experiment 1. Thin traces represent each trial. Thick traces represent the average
across trials for the human pair. E-H) Group average hand and center cursor positions in Experiment 1. Traces represent the
mean and shaded regions reflect ±1 standard error of the mean.
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one of the participants as the ‘self’ and the other participant as the ‘partner’ (see Methods for
details). In the partner-irrelevant/self-irrelevant condition (Fig. 3A,E     ), neither participant
laterally deviated to correct for the cursor jump since both targets were irrelevant. In the partner-
relevant/self-irrelevant condition (Fig. 3B,F     ), the self cursor laterally deviated less than the
partner cursor. In the partner-irrelevant/self-relevant condition (Fig. 3C,G     ), the self cursor
laterally deviated more than the partner cursor. Finally, in the partner-relevant/self-relevant
condition (Fig. 3D,H     ), both the self and partner cursor had a similar amount of lateral deviation.

The group average trajectories in both Experiment 1, Experiment 2 (see Supplementary Fig. 2     ),
and final lateral hand deviation (see Supplementary B) aligned closest with the Partner
Representation & Weighted Joint Cost model (see Supplementary Fig. S1M-P     ). Together, the
model predictions and empirical hand trajectories support the notion that voluntary sensorimotor
control reflects a partner representation and a consideration of the partner’s cost.

Visuomotor Feedback Responses
In these experiments, we were primarily interested in the involuntary feedback responses to
visual probes. We modeled these visuomotor feedback responses computationally and measured
them experimentally using cursor and target jumps.

Model Visuomotor Feedback Responses
We also simulated probe trials by constraining the models to a force channel and calculating the
force the models produce in response to the cursor jump (see Methods: Dynamic Game Theory
Model). For each model and condition, Fig. 4      shows the visuomotor feedback responses over
time in response to cursor jump probe trials. The inset within each of the subplots displays the
average visuomotor response between 180-230 ms, which aligns with the involuntary time
epoch.17

Models that only consider the self cost predict no change in visuomotor feedback responses
between the partner-relevant/self-irrelevant and partner-irrelevant/self-irrelevant condition (Fig.
4A,B     ). Thus, models that only consider a self cost do not help their partner achieve their goal.
Conversely, models that consider both a self and partner cost predict a greater visuomotor
feedback response in the partner-relevant/self-irrelevant condition compared to the partner-
irrelevant/self-irrelevant condition (Fig. 4C,D     ). That is, models that consider a joint cost attempt
to help a partner achieve their goal. If the involuntary sensorimotor circuits leverage a partner
representation and consideration of partner costs, we would expect to see an increased
visuomotor feedback response in the partner-relevant/self-irrelevant condition compared to the
partner-irrelevant/selfirrelevant condition.

If there is a partner representation, there are different visuomotor feedback response predictions
when the self controller has an equal joint cost versus a weighted joint cost. In the Partner
Representation & Equal Joint Cost model, the self controller is willing to spend the same amount of
energy to help their partner or itself achieve a goal. As a result, this model predicts no difference
between the partner-relevant/self-irrelevant, partner-irrelevant/self-relevant and partner-
relevant/self-relevant conditions (Fig. 4C     ).

On the contrary, the self controller in the Partner Representation & Weighted Joint Cost model
primarily spends energy to achieve its own goal, while spending comparatively less energy to help
a partner achieve their goal. During the partner-irrelevant/self-relevant condition, the self
controller is only expecting a partial visuomotor feedback response from the partner since the
partner has an irrelevant target. But in the partner-relevant/self-relevant condition, the self
controller is expecting a comparatively greater visuomotor feedback response from the partner
since the partner also has a relevant target. Therefore, the Partner Representation & Weighted
Joint Cost model predicts a greater visuomotor feedback response in the partner-irrelevant/self-
relevant condition compared to the partner-relevant/self-relevant condition (Fig. 4D     ).
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Figure 4. Model Visuomotor Feedback Responses.
Model predictions of visuomotor feedback responses (y-axis) over the time from probe onset (x-axis) for each condition
considering the (A) No Partner Representation & Self Cost, (B) Partner Representation & Self Cost, (C) Partner Representation
& Equal Joint Cost, and (D) Partner Representation & Weighted Joint Cost models. Solid lines reflect the average visuomotor
feedback response to probe trials and shaded error bars reflect ±1 standard deviation of the mean. The inset axis shows the
mean visuomotor feedback response between (180 - 230 ms), which aligns with the involuntary time epoch.17 Across the
different models, a greater visuomotor feedback response in the partner-relevant/self-irrelevant condition compared to
partner-irrelevant/self-irrelevant condition implies that there is a partner representation and a consideration of the partner’s
cost. Likewise, a lower feedback response in the partner-relevant/self-relevant condition relative to the partner-irrelevant/self-
relevant condition would indicate a partner representation, as well as a higher weighting of the self cost compared to the
partner cost.
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Experiment 1 Visuomotor Feedback Responses
Here we show group level visuomotor feedback responses over time (Fig. 5A     ), and the average
visuomotor feedback response during the involuntary (180-230 ms), semi-involuntary (230-300
ms), and voluntary (300-400 ms) epochs.

There was a significant interaction between self target and partner target (F[1,47] = 61.61, p <
0.001) on involuntary visuomotor feedback responses in Experiment 1. Interestingly, we found a
significantly greater involuntary visuomotor feedback responses in the partner-relevant/self-
irrelevant condition compared to the partner-irrelevant/self-irrelevant condition (p < 0.001, 

). Crucially, these results support the idea that the involuntary sensorimotor circuits have a
partner representation and a consideration of the partner’s cost.

Further, there was a significantly different involuntary visuomotor feedback response between
the partner-relevant/self-relevant and partner-irrelevant/self-relevant conditions (p = 0.002, 

). A lower involuntary visuomotor feedback response in the partner-relevant/self-relevant
condition compared to the partner-irrelevant/self-relevant condition further suggests a partner
representation, as well as a greater weighting of the self cost compared to the partner cost.

Fig. 5C      and Fig. 5D      show the semi-involuntary and voluntary visuomotor feedback responses.
We also found a significant interaction between self target and partner target for semi-involuntary
(F[1,47] = 79.76, p < 0.001) and voluntary (F[1,47] = 79.85, p < 0.001) visuomotor feedback
responses. Follow-up mean comparisons showed the same significant differences in both the semi-
involuntary and voluntary visuomotor feedback responses, as seen in the involuntary visuomotor
feedback responses.

The involuntary, semi-involuntary, and voluntary visuomotor feedback responses in each
condition closely match the predictions of the Partner Representation & Weighted Joint Cost model
(compare Fig. 4D      to Fig. 5     ). Remarkably, the results in Experiment 1 suggest that a partner
representation and consideration of a partner’s cost not only influence voluntary behaviour, but
also involuntary sensorimotor circuits.

Experiment 2 Visuomotor Feedback Responses
Here we show group level visuomotor feedback responses over time (Fig. 6A     ), and the average
visuomotor feedback response during the involuntary (180-230 ms), semi-involuntary (230-300
ms), and voluntary (300-400 ms) epochs.

We found a significant interaction between self target and partner target (F[1,47] = 20.54, p <
0.001) for involuntary visuomotor feedback responses in Experiment 2. Follow-up mean
comparisons again showed a significant increase in the visuomotor feedback response in the
partner-relevant/self-irrelevant condition compared to the partnerirrelevant/self-irrelevant
condition (p < 0.001, ). As shown in Experiment 1, these Experiment 2 results further
support the idea that the involuntary sensorimotor circuits have a partner representation and a
consideration of the partner’s cost.

Between the partner-irrelevant/self-relevant condition and the partner-relevant/self-relevant
conditions, we did not find a significant difference (p = 0.274, ). Nevertheless, the
involuntary visuomotor feedback responses in each condition still most closely matched the
predictions of the Partner Representation & Weighted Joint Cost model. Further, we also found a
significant interaction between self target and partner target for the semi-involuntary (F[1,47] =
68.82, p < 0.001) and voluntary (F[1,47] = 133.04, p < 0.001) visuomotor feedback responses.
Aligning with the results from Experiment 1, we found a significant difference between the
partner-irrelevant/self-relevant condition and partner-relevant/self-relevant condition for the semi-
involuntary (Fig. 6C     ; p < 0.001, ) and voluntary (Fig. 6D     ; p < 0.001, )
visuomotor feedback responses. Taken together, the visuomotor feedback responses in
Experiment 1 and Experiment 2 closely match the Partner Representation & Weighted Joint Cost
model predictions. Remarkably, the involuntary visuomotor feedback responses across two
experiments supports our hypothesis that a high-level partner representation and a consideration
of a partner’s cost influences low-level involuntary sensorimotor circuits.
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Figure 5. Visuomotor Feedback Responses in Experiment 1.
A) Visuomotor feedback response (y-axis) over time (x-axis), where 0 ms corresponds to the initial cursor jump. Solid lines
represent the group average visuomotor feedback response for each condition. Shaded regions represent ±1 standard error.
Vertical grey lines separate involuntary (180 - 230 ms), semi-involuntary (230 - 300 ms), and voluntary (300-400 ms)
visuomotor feedback responses. Average B) involuntary, C) semi-involuntary, and D) voluntary visuomotor feedback
response for each condition. Box and whisker plots show 25%, 50%, and 75% quartiles. B) We see significant differences in
involuntary visuomotor feedback responses between each condition, matching the predictions of the Partner Representation
& Weighted Joint Cost model (see Fig. 4D     ). Crucially, a greater involuntary visuomotor feedback response in the partner-
relevant/self-irrelevant condition compared to the partner-irrelevant/self-irrelevant condition (p < 0.001) suggests a partner
representation and some consideration of the partner’s cost. Further, a smaller involuntary visuomotor feedback response in
the partner-relevant/self-relevant condition compared to the partner-irrelevant/self-relevant condition (p = 0.002) suggests a
higher weighting of the self cost compared to the partner cost. Taken together, our results support the idea that involuntary
visuomotor feedback responses express a representation of a partner, while using a joint cost that more heavily weights the
self cost over the partner cost.
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Figure 6. Visuomotor Feedback Responses in Experiment 2.
A) Visuomotor feedback response (y-axis) over time (x-axis), where 0 ms corresponds to the initial target jump. Solid lines
represent the group average visuomotor feedback response for each condition. Shaded regions represent ±1 standard error.
Vertical grey lines separate involuntary (180 - 230 ms), semi-involuntary (230 - 300 ms), and voluntary (300-400 ms)
visuomotor feedback responses. Average B) involuntary, C) semi-involuntary, and D) and voluntary visuomotor feedback
response for each condition. Box and whisker plots show 25%, 50%, and 75% quartiles. B) Critically, a greater involuntary
visuomotor feedback response in the partner-relevant/self-irrelevant condition compared to the partner-irrelevant/self-irrelevant
condition (p < 0.001) suggests a partner representation and some consideration of the partner’s cost.
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Discussion
Our primary finding across two experiments was that a partner representation and consideration
of a partner’s cost influences involuntary visuomotor feedback responses. Specifically, involuntary
visuomotor feedback responses closely matched the hypothesis that the sensorimotor system uses
a partner representation and weighted joint cost, where the self cost is prioritized more than the
partner cost. Taken together, our empirical results and computational modelling support the idea
that a high-level partner representation and a joint cost influences lower-level involuntary
sensorimotor circuits.

In this paper, we demonstrated how a representation of a partner and consideration of their costs
influences rapid and involuntary visuomotor feedback responses during a cooperative
sensorimotor reaching task. In Experiments 1 and 2, we found that participants displayed
increased involuntary visuomotor feedback responses when there was a relevant partner target
and an irrelevant self target, compared to when both targets were irrelevant. Aligned with model
predictions, these findings suggest that involuntary feedback responses reflect a partner
representation and a joint cost. In Experiment 1, we found a significant decrease in involuntary
visuomotor feedback responses to cursor jumps when both the self and partner target was
relevant, compared to the condition with an irrelevant partner target and relevant self target. The
different involuntary visuomotor feedback responses between these conditions suggests that the
sensorimotor system uses a partner representation and weighted joint cost to modulate
involuntary visuomotor feedback responses. Interestingly, this result suggests that the
sensorimotor system modulates involuntary visuomotor feedback responses based on a prediction
of a partner’s control policy. Further, it highlights that high-level partner representations
modulate lower-level sensorimotor circuits and are rapidly expressed via involuntary visuomotor
feedback responses.

In Experiment 1 and Experiment 2 we found the same significant differences between conditions
for the semi-involuntary and voluntary visuomotor feedback responses. However, in Experiment
2, we did not see a decrease in involuntary visuomotor feedback responses to target jumps when
both partner and self targets were relevant, compared to an irrelevant partner target and relevant
self target. One possibility for this finding is that there may be longer visuomotor feedback
response latencies to target jumps compared to cursor jumps.18,19,20 However, other work by
Franklin and colleagues (2016) found no difference in visuomotor feedback response latencies
between cursor and target jumps.21 Another possibility is that visuomotor feedback responses to a
self target jump are expressed at a different latency than responses to a partner target jump.
Overall, we found greater involuntary visuomotor feedback responses for a relevant self target
compared to an irrelevant self target. This finding aligns with single-person studies that examined
how the relevancy of a mechanical or visual perturbation to the behavioural goal influences rapid
feedback responses, prior to volitional control. Nashed and colleagues (2012) showed larger long-
latency muscular responses (50-100 ms) to mechanical perturbations when reaching to a narrow
(circular) relevant target compared to a wide (rectangular) irrelevant target.6 This modification of
feedback responses based on a relevant/irrelevant task goal has also been shown in response to
visual perturbations.14,22 Further, Franklin and colleagues (2008) designed a visual perturbation
to be relevant or irrelevant when reaching to the same target.17 They showed greater involuntary
visuomotor feedback responses to a relevant visual perturbation compared to an irrelevant visual
perturbation. These prior studies suggest that the sensorimotor system can tune involuntary
feedback responses based on higher-level task goals. Our novel experimental paradigm has
extended these findings to understand how humans integrate their own goal with their partner’s
goal during jointly controlled actions. Importantly, we found that involuntary visuomotor
processes can express not only an individual goal, but also an integrated representation of both
the self and partner goals.

Our hypothesis that the sensorimotor system uses a representation of a partner and considers the
partner’s costs to modify involuntary visuomotor feedback responses can parsimoniously explain
all of our experimental findings. There are a few alternative hypotheses that could explain a
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subset of results. One alternative hypothesis is that participants simply learned the hand to center
cursor mapping in each experimental condition. That is, instead of using a model of their partner,
participants simply adapted to the dynamics of the center cursor. However, this hypothesis would
not predict an increased involuntary visuomotor feedback response in the partner-relevant/self-
irrelevant condition compared to the partner-irrelevant/self-irrelevant condition. If participants did
not form a model of their partner nor consider their partner’s costs, then they would not display
an increased feedback response when they had an irrelevant target and their partner’s target was
relevant. An increased feedback response to help a partner achieve their goal is captured by our
hypothesis that the sensorimotor system uses a representation of a partner and considers the
partner’s costs to modify involuntary visuomotor feedback responses. Another alternative
hypothesis would be that the sensorimotor system was responding only to the relevant target
displayed on the screen. Again, this hypothesis would only explain a subset of our results. In
particular, this relevant target hypothesis cannot explain the observed feedback response
differences between the partner-relevant/self-irrelevant and partner-irrelevant/self-relevant
conditions in both Experiments 1 and 2. Finally, we also considered whether time to target23,24

(Supplementary D), participant forward hand position (Supplementary E), or learning25

(Supplementary G-H) influenced feedback responses, but found that none impacted the observed
differences between experimental conditions nor changed our interpretation. Our hypothesis that
the sensorimotor system uses a representation of a partner and considers the partner’s costs to
modify involuntary visuomotor feedback responses parsimoniously accounts for the differences
observed between all conditions.

Optimal feedback control has been a powerful framework to understand how the nervous system
selects movements.11,12,26,27 Past work, including our own,28 has extended optimal feedback
control to human-human interaction by having two separate optimal feedback controllers
interact.29 In these works the control policy for each of the controllers was selected in isolation.
That is, the controllers do not select a control policy using knowledge of the partner’s control
policy (i.e., partner representation). The dynamic game theory framework further extends the
separate feedback controller approach by allowing each controller to select a control policy using
a partner representation. This dynamic game theory framework has successfully been used to
model human-robot30 and human-human sensorimotor interactions.31,32 The aforementioned
studies have suggested people form a partner representation in their control policy to produce
voluntary movements. Critically, we are the first to our knowledge to measure a proxy of the
control policy, assessing how a partner representation influences rapid and involuntary
visuomotor feedback responses. Our dynamic game theory model supports the hypothesis that
involuntary visuomotor feedback responses reflect a partner representation and joint cost. It
would also be interesting to investigate whether other rapid feedback responses, such as the long-
latency stretch response, can also express a partner representation.

Both the optimal feedback control and dynamic game theory frameworks view human movement
as a process of minimizing a cost function. This cost function is designed such that the controller
(i.e., sensorimotor system) achieves some goal state, such as accurately hitting a target, while
minimizing an energetic cost. Not correcting for deviations along an irrelevant dimension reduces
energetic cost. In our paper, we extended this concept to understand not only how the
sensorimotor system considers its own self cost, but also a joint cost that considers both the self
cost and partner cost. In both experiments we found increased involuntary visuomotor feedback
responses in the relevant partner target and irrelevant self target condition compared to both
targets being irrelevant. That is, we found that participant’s visuomotor feedback responses
reflected a consideration of not only the relevancy of their own self target (i.e, self cost), but also
that of their partner (i.e., partner cost). Furthermore, this result is predicted by our dynamic game
theory models that include the partner’s costs in the self cost function. In other words, a dynamic
game theory model that selects feedback gains to minimize both the self and partner cost reflects
an altruistic control policy. Our experimental and computational results suggest that involuntary
visuomotor feedback responses reflect the sensorimotor system’s willingness to sacrifice energy to
help a partner.
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Classic and contemporary theories of action selection, such as Gibson’s theory of affordances33

and the affordance competition hypothesis,34 propose that the sensorimotor system selects
movements based on opportunities for action that emerge from the fit between an individual’s
capabilities and surrounding environment. Our finding that humans sacrifice energetic cost to
support a partner’s goal extends this perspective by suggesting that the sensorimotor system may
also consider “social affordances”, which depend not only on one’s own goals but also those of
others. An interesting future direction would be to explore how the overlap of the self and partner
goals might influence the degree to which humans help one another during collaborative,
cooperative, and competitive sensorimotor interactions.

The nervous system can form representations of both self and others. Research studying reaching
movements for a single individual has shown that the nervous system forms a representation of
one’s own limb dynamics35,36,37 and environment,16,38 which are expressed prior to and following
volitional control. Additionally, it has been wellestablished that the human sensorimotor system
can form representations of others.7,39,40 Ramnani and Miall (2004) showed evidence using fMRI
that the human brain even has a dedicated system to predict the actions of others.41 Behavioural
evidence for these partner representations have been shown across cognitive42,43 and
perceptual44,45 decision-making, response time,7 and reaching1,32,46 tasks. Schmitz and colleagues
(2017) observed that an obstacle in the partner’s movement path influenced one’s own voluntary
reach trajectory.1 Computational and empirical work from Chackochan and Sanguinetti (2019)
suggested that humans use a representation of their partner to select movement trajectories
during a reaching task where they are haptically connected to a partner.32 Further, others have
shown that the sensorimotor system modifies movement selection according to game-theoretic
predictions,47 and that the sensorimotor system modifies movements using an estimate of the
joint goal during human-human interactions.48,49 While neural data, behavioural experiments,
and computational modelling have suggested that partner representations influence voluntary
reaching movements, to our knowledge none have examined whether a representation of others
can be expressed at an involuntary timescale.

The neural basis of upper limb control has been well-studied. For the upper limb, neural
recordings in monkeys have shown that activity in the primary motor cortex (M1) reflects
visuospatial representations including target goals.50 High-level visuospatial representations can
be rapidly expressed via the muscular long-latency reflex and involuntary visuomotor feedback
responses. These lower-level sensorimotor feedback responses are prior to volitional control. The
long-latency reflex involves a transcortical pathway with contributions from likely both cortical
and subcortical circuitry.51,52 It has also been shown that both cortical and subcortical (e.g.,
superior colliculus) regions are involved when responding to visual perturbations.53,54,55,56

Collectively these studies suggest top-down projections from high-level cortical representations to
lower-level sensorimotor circuits,57 enabling fast and flexible feedback responses.

Just as the sensorimotor system forms representations of its own actions and goals, it has also
been shown to represent the actions of others. Observing the actions of others increases neural
activity in motor regions such as primary motor and the dorsal premotor cortex.46,58,59,60,61 These
so-called ‘mirror neurons’ may help the sensorimotor system understand the actions of others62,63

(but see Hayes et al. (2010)64 for an alternative perspective). Importantly, activation of primary
motor and premotor regions have also been shown during the prediction of others’ actions, even
without directly observing the movement.41 Other work has shown that the cerebellum, which
uses a self representation (i.e., internal model) to predict future motor actions,65,66,67 may also
form an internal model of others to predict their future actions.68,69 Therefore, the neural
circuitry for the representations of others’ actions and for the control of movement seems to be
tightly linked.70,71 In light of these findings, our work suggests that there is top-down modulation
from high-level circuits involved with partner representations to lower-level sensorimotor
circuitry. That is, the nervous system appears to leverage high-level partner representations in
lower-level sensorimotor circuits to anticipate and respond to a partner’s future actions. Future
work could use neural recordings while non-human primates perform a cooperative sensorimotor
interaction task to further understand how a representation of others might influence the control
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of movement. From an evolutionary perspective,72,73 it would be interesting to know where along
the phylogenetic history a high-level representation of others regulates lower-level sensorimotor
circuits involved with rapid and involuntary feedback responses.

Across two experiments and a computational model, we showed that involuntary visuomotor
feedback responses reflect a partner representation and consideration of a partner’s cost. Our
novel results suggest that high-level partner representations influence lower-level involuntary
sensorimotor circuitry. Our paradigm offers a powerful new window to probe how human
sensorimotor interactions are influenced by cognitive processes, theory of mind, and social
dynamics.

Methods
Participants
96 participants participated across two experiments. 24 pairs (48 individuals) participated in
Experiment 1 and 24 pairs (48 individuals) participated in Experiment 2. All participants
reported they were free from musculoskeletal injuries, neurological conditions, or sensory
impairments. In addition to a base compensation of $5.00, we informed them they would receive a
performance-based compensation of up to $5.00. Each participant received the full $10.00 once
they completed the experiment irrespective of their performance. All participants provided
written informed consent to participate in the experiment and the procedures were approved by
the University of Delaware’s Institutional Review Board.

Apparatus
For both experiments we used two end-point KINARM robots (Fig. 1A     ; BKIN Technologies,
Kingston, ON). Each participant was seated on an adjustable chair in front of one of the end-point
robots. Each participant grasped the handle of a robotic manipulandum and made reaching
movements in the horizontal plane. A semi-silvered mirror blocked the vision of the upper limb,
and also reflected virtual images (e.g., targets, cursors) from an LCD to the horizontal plane of
hand motion. In all experiments the participant’s own (self) cursor was aligned with the position
of their hand. Kinematic data were recorded at 1,000 Hz and stored offline for data analysis.

Experimental Design
We designed two experiments where participants used knowledge of both their own and partner’s
target to successfully complete a jointly coordinated reaching task. During both experiments, each
participant viewed a self cursor that was aligned with their hand and another cursor that
represented their partner’s position. They also saw a center cursor at the midpoint between their
cursor and their partner’s cursor. Finally, they also observed both their own target and their
partner’s target. The center cursor and both targets were laterally aligned to the center of each
participant’s screen. Both targets were 25 cm forward from the start position.

Both participants began each trial with their hand placed 13 cm to the right of the center cursor.
Each participant observed their partner’s cursor, which was reflected over the center line that
intersected the center cursor and the targets. Thus, both participants viewed a mirrored position
of their partner. By mirroring both partners, this allowed each participant to view themselves on
the right side of the center cursor and their partner on the left side of the center cursor. Further, it
allowed for control of the center cursor in a smooth and intuitive manner as if their partner was
sitting beside them.

The center cursor was at the midpoint between the participant’s hands, except during Experiment
1 perturbation and probe trials when the center cursor was laterally jumped (see further below).
The movement of each participant contributed to half the movement of the center cursor. For
example, if one participant moved forward 6 cm and their partner did not move, then the center
cursor would move 3 cm forward. Likewise, if one participant moved 6 cm to the right and their
partner did not move, then the center cursor would move 3 cm to the right.
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At the start of a trial, the robot guided each participant’s self cursor to their respective start circle.
The white start circle (diameter 2 cm) was displayed 13 cm to the right of the initial center cursor
location for both participants. After a constant delay of 700 ms the partner cursor, center cursor,
self target, and partner target appeared on the screen (Fig. 1A     ). Then after a constant delay of
750 ms, participants heard a tone that indicated they should begin their reach. Instead of self-
initiating their movements, we specifically had participants move at the sound of a tone so that the
movement onset between participants in a pair was as synchronous as possible (see
Supplementary F for movement onset synchrony analysis).

Both participants in the pair were instructed to move the center cursor into their self target. To
complete a trial, each participant had to stabilize the center cursor within their self target for 500
ms. Participants received timing feedback based on the time between the start tone and
completing the trial. Participants received the message ‘Good’, ‘Too Slow’, or ‘Too Fast’ if they
stabilized within their self target between 1400 - 1600 ms, > 1600 ms, or <1400 ms respectively.
They therefore had 700 - 900 ms to first reach the target, since humans generally have response
times ∼200 ms, and they needed to stabilize within the target for 500 ms (i.e., 1400 - 200 - 500 = 700
ms and 1600 - 200 - 500 = 900 ms). Movement times of 700 - 900 ms are consistent with previous
human reaching studies6,17,25

Participants were explicitly informed that their timing feedback depended on the center cursor
entering and stabilizing within only their own target. For example, if the center cursor entered
and stabilized within the participant’s self target at 1500 ms, but entered and stabilized within the
partner target at 1700 ms, then the participant would receive “Good” feedback and their partner
would receive “Too Slow” feedback. In other words, we ensured participants had a clear
understanding that their performance in the task was only based on stabilizing the center cursor
in their own self target within the time constraint. Therefore, the instructions and timing
constraints did not enforce participants to work together.

The goal of Experiment 1 and Experiment 2 was to study how a representation of a partner’s
goal influences involuntary visuomotor feedback responses. Therefore, in experimental blocks we
manipulated the width of both the self and partner goal to be either narrow (1.05 cm) or wide (20
cm). The narrow target reflects a task-relevant goal because a participant must correct for lateral
deviations of the center cursor to successfully complete their task. The wide target reflects a task-
irrelevant goal because a participant does not have to correct for lateral deviations of the center
cursor to successfully complete their task. Both targets had a height of 1.25 cm and were aligned
horizontally and vertically throughout both experiments. Human pairs performed four blocked
conditions in a two-way, repeated measures experimental design: i) partner-irrelevant/self-
irrelevant ii) partner-relevant/self-irrelevant iii) partner-irrelevant/self-relevant iv) partner-
relevant/self-relevant (Fig. 1B     ). The order of the experimental conditions was fully
counterbalanced in both Experiment 1 and Experiment 2.

For both experiments, participants first performed a familiarization block of trials, and then 4
experimental blocks that were separated by a washout block. The self and partner targets were 10
cm in width and 1.25 cm in height in both familiarization and washout blocks. Participants
performed 50 non-perturbation trials (see below) during the familiarization block. They
performed 25 non-perturbation trials during each of the three washout blocks

Each human pair completed four experimental blocks, where for a block they experienced the i)
partner-irrelevant/self-irrelevant, ii) partner-relevant/self-irrelevant, iii) partner-irrelevant/self-
relevant, or iv) partner-relevant/self-relevant condition. In the experimental blocks, participants
experienced 81 non-perturbation trials, 40 perturbation trials, and 30 probe trials.

Non-Perturbation Trials
During non-perturbation trials, the cursor center was always at the midpoint between the human
pair. There was neither center cursor (Experiment 1) nor target jumps (Experiment 2).
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Perturbation Trials
During perturbation trials within an experimental block, the center cursor (Experiment 1) or both
targets (Experiment 2) jumped to either the left (20 trials) or right (20 trials) once the center
cursor crossed 25% of the distance to the goals (6.25 cm forward from the start position; Fig. 1C-
D     ). The cursor or target jump was a 3 cm linear shift in the lateral position over 25 ms. The
center cursor remained laterally displaced for the duration of the trial. Thus, participants were
required to correct for the center cursor or target jump to successfully complete their task when
they had a self-relevant target. However, they would not have to correct for the center cursor or
target jump to successfully complete their task when they had a self-irrelevant target.

Probe Trials
During probe trials within an experimental block, the center cursor (Experiment 1) or both
targets (Experiment 2) jumped to either the left (10 trials) or the right (10 trials) once the center
cursor crossed 25% of the distance to the goals (6.25 cm forward from the start position; Fig. 1E-
F     ). We also included 10 null probe trials where the center cursor or both targets did not jump.
Here, both participants in the pair were constrained to a force channel that allowed forward hand
movement, but prevented lateral hand movement. The center cursor or target jump was a 3 cm
linear shift in the lateral position over 25 ms. The center cursor or target remained displaced for
200 ms and then linearly shifted back to the original lateral position over 25 ms. Critically, as a
metric of visuomotor feedback responses, we measured the lateral force participants applied
against the channel in response to center cursor or target jumps.

During an experimental block, the non-perturbation trials, perturbation trials, and probe trials
were randomly interleaved such that each set of 15 trials contained 8 non-perturbation trials, 2
left perturbation trials, 2 right perturbation trials, 1 left probe trial, 1 right probe trial, and 1
neutral probe trial. Participants performed 10 sets of trials within a block. We also ensured the
first trial of an experimental condition was not a probe trial by adding a non-perturbation trial to
the start of each experimental condition. In total, participants performed 729 reaches consisting of
50 non-perturbation trials in the familiarization block, 75 non-perturbation trials across the three
washout blocks, as well as 480 non-perturbation trials, 240 perturbation trials, and 120 probe
trials across the four experimental blocks.

Dynamic Game Theory Model
We used a dynamic game theory model to predict movement behaviour and visuomotor feedback
responses of human pairs. Dynamic game theory is a multi-controller extension of the typical
optimal feedback control framework that describes a single controller.11 This framework has
previously been used to model human movement during collaborative tasks.30,32,74 Here, we
modelled our experiments as a linear-quadratic game with two players (controllers).75 Each
controller had direct control of its own hand and attempted to move the center cursor toward its
own self target.

System Dynamics
Each hand in the linear-quadratic game was modelled as a point mass. Throughout, the subscript i
refers to each controller, where i = {1, 2}. We describe the model with controller 1 as the self and
controller 2 as the partner. The continuous-time dynamics of the point mass representing the hand
of controller 1 were as follows:

(8)

(9)

𝑚𝑝1 = −𝑏𝑝̇1 + 𝑓1

𝜏𝑓1 = 𝑢1 − 𝑓1
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where m1 is the mass of the hand, p1 is the two-dimensional position vector of the point mass,

b is the viscous constant, f1 is the two-dimensional controlled forces, and u1 is the two-

dimensional control signal for controller 1. m was set to 1.5 kg, b was set to 0.1 N · s · m−1 and
the time constant of the linear filter (τ) was set to 20 ms. These parameters were identical for
controller 1 and controller 2. The parameters were selected so that the model visuomotor
feedback response magnitudes closely matched the measured visuomotor feedback response
magnitudes.

Controllers 1 and 2 each move their hand and interact to move the center cursor (cc). The
dynamics of the center cursor are:

(10)

The state vector x is

(11)

where each element in the vector contains an x and y dimension. T is the transpose operator.
The system dynamics were transformed into a system of first order differential equations
and discretized. The linear-quadratic state space model is

(12)

Here xk is the state vector at time k and A is the dynamics matrix. Bi maps the control vector

ui,k of player i to muscle force fi,k at time k. A, B1, and B2 are fully defined in Supplementary

C.

State Feedback Design
Each controller receives delayed sensory feedback of its own hand position, velocity, and force, as
well as the partner’s hand position and velocity. Further, each controller receives delayed sensory
feedback of the center cursor position and target position. To incorporate sensory delays, we
augmented the state vector with previous states:28,76

(13)

Here δv = 110 ms (corresponding to nδv = 11 time steps when discretized) to reflect the

transmission delay associated with vision and aligned the model and experimental
visuomotor response onset times. The sensory states available to controller 1 are

(14)

where y1 is the vector of delayed state observations and ω1,k is a sensory noise vector.  is

an observation matrix designed to selectively observe some of the delayed states. The
observation matrices  and  and noise vector ω1,k are fully defined in

Supplementary C. We drop the superscript aug to minimize extra notation going forward.

Like previous work, we used a linear Kalman filter to model participants sensory estimates of the
state variables. The posterior state estimate  of controller 1 is obtained using an online filter of
the form:

(15)

𝑝̇𝑐𝑐 =
𝑝̇1 + 𝑝̇2

2
.

𝑥 = [𝑝1, 𝑝1, 𝑓1, 𝑝2, 𝑝2, 𝑓2, 𝑝𝑐𝑐, 𝑝target ]
𝑇

𝑥𝑘+1 = 𝐴𝑥𝑘 +𝐵1𝑢1,𝑘 +𝐵2𝑢2,𝑘.

𝑥𝑎𝑢𝑔𝑘 = [𝑥𝑘,𝑥𝑘−1,… ,𝑥𝑘−𝑛𝛿𝑣]
𝑇 .

𝑦1,𝑘 = 𝐶
aug
1 𝑥

aug
𝑘 + 𝜔1,𝑘

𝐶 𝑎𝑢𝑔
1

𝐶
𝑎𝑢𝑔
1 𝐶

𝑎𝑢𝑔
2

𝑥1,𝑘

𝑥1,𝑘 = 𝑥1,𝑘 +𝐾1,𝑘 (𝑦1,𝑘 −𝐻1𝑥1,𝑘)
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(16)

Here  is the prior prediction of the state. That is, we assume the sensorimotor system
obtains a prior prediction of the states using an accurate internal model of the state
dynamics, which includes a prediction of the partner’s motor command. The prior prediction
uses the previous posterior estimate , the efference copy (u1), and the prediction of

the partner’s motor command (u2).

The prior prediction of the state is updated using sensory measurements to obtain the posterior
estimate  (Eq. 15     ). The sequence of Kalman gains K1 and K2 were updated recursively
(Supplementary C).

Control Design
The goal of each controller i is to move the state of the system from an initial state x0 to a target
state xtarget at the final time step N by each minimizing a quadratic cost functional Ji:

(17)

(18)

Here J1 is the individual cost for controller 1 (e.g. self) and J2 is the individual cost for

controller 2 (e.g. partner). The quadratic costs penalize deviations from the target state at the
final step (Qi,N) and controller i’s control signals (Rii). We then define the joint cost functions

as

(19)

(20)

where αi ∈ [0, 1] determines the degree to which controller i considers their partner’s costs.

The optimal control signal for controllers 1 and 2 is defined as

(21)

(22)

where  is the posterior estimate and Fi,k is the time-varying feedback gain for controller i.

The feedback gains Fi,k, also known as the control policy, are the Nash equilibrium solution to

the linear quadratic game described by Eq. 11      and Eqs. 16     -19     .75 See Supplementary
C for details.

Modelling Different Control Policies
We tested four different control policies, each reflecting a hypothesis about how a partner
representation and consideration of a partner’s cost influences visuomotor feedback responses. In
our modelling framework, a partner representation indicates knowledge of the partner’s control
policy. Further, we can also vary whether a controller considers only their own self cost, or both a

𝑥1,𝑘 = 𝐴𝑥1,𝑘−1 +𝐵1𝑢1,𝑘 +𝐵2𝑢2,𝑘.

𝑥1,𝑘

(𝑥1,𝑘−1)

𝑥1

𝐽1 =
1

2

𝑁−1

∑
𝑘=0

(𝑥𝑇𝑘𝑄1𝑥𝑘 + 𝑢𝑇1,𝑘𝑅11𝑢1,𝑘)+
1

2
𝑥𝑇𝑁𝑄1,𝑁𝑥𝑁

𝐽2 =
1

2

𝑁−1

∑
𝑘=0

(𝑥𝑇𝑘𝑄2𝑥𝑘 + 𝑢𝑇2,𝑘𝑅22𝑢2,𝑘)+
1

2
𝑥𝑇𝑁𝑄2,𝑁𝑥𝑁 .

𝐽 𝛼1

1 = 𝐽1 + 𝛼1𝐽2

𝐽 𝛼2

2 = 𝐽2 + 𝛼2𝐽1,

𝑢∗1,𝑘 = −𝐹1,𝑘𝑥1,𝑘

𝑢∗2,𝑘 = −𝐹2,𝑘𝑥2,𝑘,

𝑥𝑖,𝑘
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self and partner cost (i.e., joint cost). We tested the following four models: i) No Partner
Representation & Self Cost, ii) Partner Representation & Self Cost, iii) Partner Representation &
Equal Joint Cost, and iv) Partner Representation & Weighted Joint Cost.

The No Partner Representation & Self Cost model implies that the sensorimotor system does not
use a control policy that has a representation of a partner. Mathematically, we set F2,k = 0 for all t
when calculating the feedback gains for controller 1. That is, if there is no partner representation,
then controller 1 does not account for the partner’s control policy when selecting its own control
policy. Since there is no partner representation, the model can only consider a self cost (i.e., α1 = 0).

The Partner Representation & Self Cost model suggests that the sensorimotor system uses a control
policy that has a partner representation, but only considers a self cost. That is, controller 1 will
produce movements using knowledge of how their partner will move. Further, controller 1 will
only produce movements that lead to a minimal self cost, without consideration of the partner’s
cost. A self cost is obtained by setting α1 = 0 in Eq. 19     .

The Partner Representation & Equal Joint Cost model implies that the sensorimotor system uses a
control policy that has a partner representation, and equally weights the self and partner costs.
Here controller 1 will produce movements that uses knowledge of how their partner will move.
Further, controller 1 will produce movements that lead to an equal minimization of both the self
and partner cost. That is, one is willing to potentially spend additional energy so that a partner
reaches their goal. An equal joint cost is obtained by setting α1 = 1.0 in Eq. 19     .

The Partner Representation & Weighted Joint Cost model implies that the sensorimotor system
uses a control policy that has a partner representation, and partially weights the partner cost.
Again, controller 1 will produce movements that uses knowledge of how their partner will move.
However, controller 1 will produce movements that primarily minimize the self cost and to a
lesser extent the partner cost. That is, one will mostly spend energy to reach their own goal, but
will still spend some energy to help their partner. A weighted joint cost that weighs the self cost
higher than the partner cost is obtained by setting α1 = 0.5 in Eq. 19     .

Model Simulations
We simulated each of the self and partner target structures from the experiment: i) partner-
irrelevant/self-irrelevant, ii) partner-relevant/self-irrelevant, iii) partner-irrelevant/self-relevant, and
iv) partner-relevant/self-relevant. For relevant targets, we set the x-dimension of the center cursor
position in the final state cost matrix Qi,N to 40000 for i = {1, 2}.

That is, controller i incurs a cost and will correct for lateral deviations of the center cursor away
from a relevant target. For irrelevant targets, we set the x-dimension of the center cursor position
in the final state cost matrix Qi,N to 100 for i = {1, 2}. That is, controller i does not incur a cost for
lateral deviations of the center cursor if their target is irrelevant. For a full description of Q1 and
Q2, see Supplementary C.

We simulated 100 perturbation trials per condition to predict the position trajectories.
Perturbation trials were simulated by jumping the center cursor laterally to the left by 3 cm once
the center cursor reached 25% of the forward distance to the target.

We also simulated 100 probe trials per condition to predict visuomotor feedback responses. Probe
trials were simulated by jumping the center cursor 3 cm laterally for 250 ms, then jumping it back
to the original lateral position. To simulate a force channel, we set the x-force element in the B1
and B2 matrices to 0. Thus, the controllers could only move the center cursor in the forward
dimension. We were able to calculate the applied force for controller 1 in the lateral dimension
using the original B1 matrix. That is, the applied force traces shown in Fig. 4      is B1u1 in the x-
dimension over time. Aligned with the literature on involuntary visuomotor feedback responses,
we calculated the average feedback response from the model during the 180 - 230 ms epoch.
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Data Analysis
We analyzed the results from the non-perturbation, perturbation, and probe trials for the
experimental conditions. We recorded both hand positions and the center cursor position during
all trials, as well as the force applied by the robot to the hand during the probe trials. All kinematic
and kinetic data were filtered with a 5th-order, low-pass Butterworth filter with a 14-hz cutoff
frequency.

Visuomotor Feedback Responses
The recorded forces applied by both participants in the pair during visual probe trials were time-
aligned with the cursor or target jump onset. The delay of the LCD for presentation of visual
feedback was determined to be 42 ms. Visuomotor feedback responses in this study are presented
relative to the onset of the actual perturbation time. That is, the LCD delay has been taken into
account such that visuomotor feedback responses were aligned relative to the time the visual
signal was actually presented to participants on their display. In Experiment 1, we define the
visuomotor feedback response (N) as the difference between the recorded force during a left
cursor jump probe and a right cursor jump probe.17 In Experiment 2, we define the visuomotor
feedback response (N) as the difference between the recorded force during a right target jump
probe and a left target jump probe.

To investigate the involuntary visuomotor feedback response, we calculated the average force
response for each participant during the 180 - 230 ms time window.17 We also calculated the
average force response during the 230 - 300 ms window and 300 - 400 ms window. The 230 - 300
ms window may contain a mixture of involuntary and voluntary responses, which we term as the
semi-involuntary visuomotor feedback response. The 300 - 400 ms window is the voluntary
visuomotor feedback response.

Final Lateral Hand Deviation
We calculated the final lateral hand deviation as a metric of a participant’s voluntary corrective
response to perturbation trials. Final lateral hand position was determined as the x-position of
each participant at the end of each trial. To calculate final lateral hand deviation, we took the
difference between the average final lateral hand position during non-perturbation trials and the
average final lateral hand position during perturbation trials (see Supplementary B).

Statistical Analysis
For both experiments, we used a 2 (Self Irrelevant or Self Relevant) x 2 (Partner Irrelevant or
Partner Relevant) repeated-measures ANOVA for each dependent variable. We followed up the
omnibus tests with mean comparisons using nonparametric bootstrap hypothesis tests (n =
1,000,000).77,78,79,80,81,82 Mean comparisons were Holm-Bonferroni corrected to account for

multiple comparisons. We computed the common language effect sizes  for all mean
comparisons. Significance threshold was set at α = 0.05.

Supplementary A: Model and Experiment 2
Trajectories
To make a priori predictions of voluntary motor behaviour, we simulated center cursor jump
perturbation trials. Note that center cursor jumps and target jumps result in identical behaviour in
model simulations. The hand trajectory predictions for each of the four models on leftward cursor
jump perturbation trials are shown for each condition in Supplementary Fig. S1A-P     .

In the partner-relevant/self-irrelevant condition, we predicted that the self controller in the No
Partner Representation & Self Cost (Supplementary Fig. S1B     ) and Partner Representation & Self
Cost model (Supplementary Fig. S1F     ) would not make a lateral correction for a cursor jump.
Conversely, in the same partner-relevant/self-irrelevant condition, we predicted that the self

(𝜃)
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controller in the Partner Representation & Equal Joint Cost (Supplementary Fig. S1J     ) and Partner
Representation & Weighted Joint Cost model (Supplementary Fig. S1N     ) would make a lateral
correction for a cursor jump.

Supplementary Figure 1. Model Hand and Center Cursor Trajectories. Predicted hand and center cursor
positions during left cursor jumps for each condition and model: A-D) No Partner Representation & Self Cost, E-H)
Partner Representation & Self Cost, I-L) Partner Representation & Equal Joint Cost, and M-P) Partner
Representation & Weighted Joint Cost. Collectively, the self cursor in models with only a self cost do not laterally
deviate to correct for the cursor jump in the partner-relevant/self-irrelevant condition. In contrast, the self cursor in
models that consider a self and partner cost laterally deviate to correct for the cursor jump in the partner-
relevant/self-irrelevant condition.
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Supplementary Figure 2. Experiment 2 Trajectories. A-D) Individual hand and center cursor positions of an
exemplar pair for each condition in Experiment 2. Thin traces represent each trial. Thick traces represent the
average across trials for the human pair. E-F) Group average hand and center cursor positions in Experiment 2.
Traces represent the mean and shaded regions reflect ±1 standard error of the mean. The group average
behaviour in Experiment 2 closely aligns with the Partner Representation & Weighted Joint Cost model
(Supplementary Fig. S1     ), suggesting that voluntary behaviour reflects a partner representation and
consideration of a partner’s cost.

Supplementary B: Final Lateral Hand Deviation
We calculated final lateral hand deviation for each participant as the average absolute difference
between the endpoint hand position on regular trials and perturbation trials. Supplementary Fig.
S3      shows the predicted final lateral hand deviation from each of the four models.
Supplementary Fig. S4      shows the final lateral hand deviation in Experiment 1 (Supplementary
Fig. S4A     ) and Experiment 2 (Supplementary Fig. S4B     ). We found a significant interaction
between partner target and self target for both Experiment 1 (F[1,47] = 60.99, p < 0.001) and
Experiment 2 (F[1,47] = 42.66, p < 0.001). Follow-up mean comparisons showed the same
significant differences for Experiment 1 and Experiment 2. The empirical results of final lateral
hand position most closely match the Partner Representation & Weighted Joint Cost model,
suggesting that participants form a partner representation and consider a weighted joint cost.
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Supplementary Figure 3. Model Final Hand Lateral Deviation. Final lateral hand deviation for A) No Partner
Representation & Self Cost B) Partner Representation & Self Cost C) Partner Representation & Equal Joint Cost D)
Partner Representation & Weighted Joint Cost. The final lateral hand deviation was calculated as the mean of the
absolute value of the difference between the final hand position on non-perturbation trials and the final hand
position on perturbation trials.
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Supplementary Figure 4. Experimental Final Hand Lateral Deviation. Final lateral hand deviation for A)
Experiment 1 and B) Experiment 2. The final lateral hand deviation was calculated as the mean of the absolute
value of the difference between the final hand position on non-perturbation trials and the final hand position on
perturbation trials. We saw significant differences between each of our statistical comparisons for both
Experiment 1 and Experiment 2. The results for both experiments closely match the Partner Representation &
Weighted Joint Cost model (Supplementary Fig. S3D     ), showing that voluntary behaviour considers a partner
representation and a weighted joint cost.

Supplementary C: Modelling
Linear Quadratic Game
As a reminder, we modelled our task as a linear quadratic game of the form
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(1)

Here the subscripts 1 and 2 respectively refers to controller 1 and 2, representing a pair of
participants in our task. xk is the state (e.g., position) of the system at time step k, A represents

the task dynamics, u1 and u2 are the control signals, and B1 and B2 converts the control

signals to a force that produces movement. ∑u is a covariance matrix that inputs additive

noise to the system, representing noisy control signals (defined further below). Throughout,
we describe the model with controller 1 as the self and controller 2 as the partner.

Controller 1 and 2 select their own control signal  or , which considers their respective costs.
We can define an individual cost function J1 and J2 as:

(2)

(3)

Here J1 is the individual cost for controller 1 (e.g., self) and J2 is the individual cost for

controller 2 (e.g., partner). N is the final step, which represents the end of a trial. The term Q
penalizes deviations of the center cursor relative to each target. We modelled i) a task-
relevant target using a higher value of Q, and ii) a task-irrelevant target using a lower value
of Q. The term Rii penalizes controller i’s control signals, which can be thought of as an

energetic cost. See further below and Table 1      for the fully defined matrices Q and R. We
define a joint cost function as:

(4)

(5)

where αi ∈ [0, 1] determines the degree to which controller i considers their partner’s cost

function. Specifically, the term αi was applied to both the partner’s state cost and energetic

cost:

(6)

(7)

(8)

(9)

 reflects how much controller 1 considers controller 2’s state cost (i.e., controller 1’s
partner stabilizing the center cursor in the partner target).  reflects how much controller
2 considers controller 1’s state cost (i.e., controller 2’s partner stabilizing the center cursor in
the partner target). Specifically, we reasoned that each controller would only consider their
partner’s state cost if their partner’s state cost was higher (i.e. higher value of an element in

𝑥𝑘+1 = 𝐴𝑥𝑘 +𝐵1𝑢1,𝑘 +𝐵2𝑢2,𝑘 +Σ𝑢.

𝑢∗1 𝑢∗2

𝐽1 =
1

2

𝑁−1

∑
𝑘=0

(𝑥⊤𝑘𝑄1,𝑘𝑥𝑘 + 𝑢⊤1,𝑘𝑅11𝑢1,𝑘)+
1

2
𝑥⊤𝑁𝑄1,𝑁𝑥𝑁

𝐽2 =
1

2

𝑁−1

∑
𝑘=0

(𝑥⊤𝑘𝑄2,𝑘𝑥𝑘 + 𝑢⊤2,𝑘𝑅22𝑢2,𝑘)+
1

2
𝑥⊤𝑁𝑄2,𝑁𝑥𝑁 .

𝐽 𝛼1
1 = 𝐽1 + 𝛼1𝐽2

𝐽 𝛼2

2 = 𝐽2 + 𝛼2𝐽1,

𝑄𝛼1

1,𝑘 = max (𝑄1,𝑘,𝛼1𝑄2,𝑘)

𝑄𝛼2

2,𝑘 = max (𝑄2,𝑘,𝛼2𝑄1,𝑘)

𝑅12 = 𝛼1𝑅11

𝑅21 = 𝛼2𝑅22.

𝑄𝛼1
1

𝑄𝛼2
2
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Q) . We implemented this logic with the max function in Eqs. 6     -7     . That is, for controller
1, if the self target was relevant then  and if the self target was irrelevant and
partner target was relevant then . Additionally, R12 reflects how much controller

1 considers controller 2’s energetic cost of movement by multiplying alpha by its own
energetic cost. Likewise, R21 reflects how much controller 2 considers controller 1’s energetic

cost of movement. We can rewrite the joint cost functions in Eqs. 4     -5      in the quadratic
form as:

(10)

(11)

Table 1. Model Parameters

Linear Quadratic Game Matrices

𝑄𝛼1

1,𝑘 = 𝑄1,𝑘

𝑄𝛼1

1,𝑘 = 𝛼𝑄2,𝑘

𝐽 𝛼1
1 =

1

2

𝑁−1

∑
𝑘=0

(𝑥⊤𝑘𝑄
𝛼1

1,𝑘
𝑥𝑘 + 𝑢⊤1,𝑘𝑅11𝑢1,𝑘 + 𝑢⊤2,𝑘𝑅12𝑢2,𝑘)+

1

2
𝑥⊤𝑁𝑄

𝛼1

1,𝑁
𝑥𝑁

𝐽 𝛼2

2 =
1

2

𝑁−1

∑
𝑘=0

(𝑥⊤𝑘𝑄
𝛼2

2,𝑘𝑥𝑘 + 𝑢⊤2,𝑘𝑅22𝑢2,𝑘 + 𝑢⊤1,𝑘𝑅21𝑢1,𝑘)+
1

2
𝑥⊤𝑁𝑄

𝛼2

2,𝑁𝑥𝑁 .
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x0 reflects the initial state at the start of each simulation, matching the experimental design.
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Writing out xQix from the cost function Ji gives the state cost:

The control costs for controller 1 and controller 2 are:

Note that all the parameter weightings for the state and control costs are held constant across
all experimental conditions except for  and  which reflected the width of the target.
For values of all parameters, see Table 1     .

Control Policy
The optimal control signal for controller 1 ( ) and controller 2 ( ) is determined by the

time-varying feedback gains F1 and F2 that minimize the joint cost function  and 
respectively:

(12)

(13)

Here,  for i = {1, 2} is controller i’s posterior estimate of the state (see Methods in the main
manuscript). The feedback gains F1 and F2 constitute a Nash equilibrium solution to the

linear quadratic game defined above (from Basar and Olsder Chapter 6, Corollary 6.11):

(14)

(15)

Importantly, note that the solution F1,k contains the term  ,kB2F2,k

demonstrating knowledge of the partner’s feedback gains F2,k. In our modeling framework,

this knowledge of the partner’s control policy reflects a partner representation.

StateCost1 =𝑤𝑣 ∗ (𝑣21,𝑥 + 𝑣21,𝑦)+ 𝑤𝑓 ∗ (𝑓 2
1,𝑥 + 𝑓 2

1,𝑦)
+𝑤𝑦 ∗ (𝑝1,𝑦 − 𝑝2,𝑦)

2 + 𝑤1,𝑐𝑐𝑥 ∗ (𝑝𝑐𝑐,𝑥 − 𝑝𝑐𝑡,𝑥)
2 + 𝑤𝑐𝑐𝑦 ∗ (𝑝𝑐𝑐,𝑦 − 𝑝𝑐𝑡,𝑦)

2

StateCost2 =𝑤𝑣 ∗ (𝑣22,𝑥 + 𝑣22,𝑦)+ 𝑤𝑓 ∗ (𝑓 2
2,𝑥 + 𝑓 2

2,𝑦)
+𝑤𝑦 ∗ (𝑝1,𝑦 − 𝑝2,𝑦)

2 + 𝑤2,𝑐𝑐𝑥 ∗ (𝑝𝑐𝑐,𝑥 − 𝑝𝑐𝑡,𝑥)
2 + 𝑤𝑐𝑐𝑦 ∗ (𝑝𝑐𝑐,𝑦 − 𝑝𝑐𝑡,𝑦)

2

𝑅11 = [𝑟 0

0 𝑟
] 𝑅22 = [𝑟 0

0 𝑟
]

𝑤1,𝑐𝑐𝑥 𝑤2,𝑐𝑐𝑥

(𝑢∗1,𝑘) (𝑢∗1,𝑘)
𝐽 𝛼1

1 𝐽 𝛼2

2

𝑢∗1,𝑘 = −𝐹1,𝑘𝑥1,𝑘

𝑢∗2,𝑘 = −𝐹2,𝑘𝑥2,𝑘

𝑥𝑖,𝑘

𝐹1,𝑘 = (𝑅11 +𝐵⊤

1 𝑃1,𝑘𝐵1)
−1 (𝐵⊤

1 𝑃1,𝑘𝐴−𝐵⊤

1 𝑃1,𝑘𝐵2𝐹2,𝑘)

𝐹2,𝑘 = (𝑅22 +𝐵⊤

2 𝑃2,𝑘𝐵2)
−1 (𝐵⊤

2 𝑃2,𝑘𝐴−𝐵⊤

2 𝑃2,𝑘𝐵1𝐹1,𝑘) .

𝐵⊤

1 𝑃1,𝑘𝐵2𝐹2,𝑘

Neuroscience

https://doi.org/10.7554/eLife.109734.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/neuroscience


Sullivan et al., 2026 eLife 15:RP109734.  https://doi.org/10.7554/eLife.109734.2 31 of 59

Here, Pi,k is the solution to the set of coupled Riccati equations derived via dynamic programming
for a linear quadratic game.

(16)

(17)

where Sk = A − B1F1,k − B2F2,k

Note that Pi,N = Qi,N where N is the final timestep, and Pi,k is recursively solved backwards in time.

State Estimation and Sensory Delays
Each controller receives delayed sensory feedback of its own hand position, velocity, and force, as
well as the partner’s hand position and velocity. Further, each controller receives delayed sensory
feedback of the center cursor position and target position. To incorporate sensory delays, we
augmented the state vector with previous states.2,3

(18)

Here δv = 110 ms to reflect the transmission delay associated with vision and aligned the
model and experimental visuomotor response onset times. This value was converted into
time steps in our program (nδv = 11). To accommodate the augmented state vector, we also

augmented A, Bi, and Qi:

Here nx is the total number of states (16), nu is the number of control states (2), and nxd is the

total number of time delayed states (nx · nδv = 176). Ip is the square identity matrix with nxd

rows and nxd columns. 0 is a matrix with all zeros of the specified dimensions. Baug is

designed so the controllers only act on the current (non-delayed) state. Qaug is designed so the
controllers only incur a cost on the current (non-delayed) state.

The sensory states available to controller i is

(19)

(20)

where y1, y2 are the vectors of delayed state observations for controller 1 and 2 respectively.

ω1,k and ω2,k are each noise vectors whose elements are drawn from a Gaussian distribution

with zero mean and covariance according to:

𝑃1,𝑘 = 𝑆⊤𝑘 𝑃1,𝑘+1𝑆𝑘 + 𝐹 ⊤

1,𝑘𝑅11𝐹1,𝑘 + 𝐹 ⊤

2,𝑘𝑅12𝐹2,𝑘 +𝑄𝛼

1,𝑘

𝑃2,𝑘 = 𝑆⊤𝑘 𝑃2,𝑘+1𝑆𝑘 + 𝐹 ⊤

2,𝑘𝑅22𝐹2,𝑘 + 𝐹 ⊤

1,𝑘𝑅21𝐹1,𝑘 +𝑄𝛼

2,𝑘

𝑥
𝑎𝑢𝑔

𝑘 = [𝑥𝑘,𝑥𝑘−1,… ,𝑥𝑘−𝑛𝛿𝑣]
⊤

𝐴𝑎𝑢𝑔 = [ 𝐴 0𝑛𝑥×𝑛𝑥𝑑
𝐼𝑛𝑥𝑑 0𝑛𝑥𝑑×𝑛𝑥

]
𝐵𝑎𝑢𝑔 = [ 𝐵

0𝑛𝑥𝑑×𝑛𝑢
]

𝑄𝑎𝑢𝑔 = [ 𝑄 0𝑛𝑥×𝑛𝑥𝑑
0𝑛𝑥𝑑×𝑛𝑥 0𝑛𝑥𝑑×𝑛𝑥𝑑

]

𝑦1 = 𝐶 aug
1 𝑥aug

𝑘 + 𝜔1,𝑘

𝑦2 = 𝐶
aug
2 𝑥

aug
𝑘 + 𝜔2,𝑘
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See Table 1      for the measurement noise values used in σ.

 is an observation matrix designed to selectively observe some of the delayed states. First we
define C1 and C2:

Here controller i observes all states except their partner’s force production in both the x and y
dimension. We augment both observation matrices to only observe the delayed state.

𝐶
𝑎𝑢𝑔
𝑖
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To minimize extra notation, we drop the aug superscript moving forward. Like previous
work, we used a linear Kalman filter to model participants sensory estimates of the state

variables.4 The posterior state estimate  of controller 1 is obtained using an online filter of
the form:

(22)

(23)

Here  is the prior prediction of the state corrupted by Gaussian noise  with zero mean
and standard deviation of 1e-5. We assume the sensorimotor system obtains a noisy prior
prediction of the states using an internal model of the state dynamics, which includes a
prediction of the partner’s motor command. The prior prediction uses the previous posterior
estimate ( ), the efference copy (u1), and the prediction of the partner’s motor

command (u2).

The prior prediction of the state is updated using sensory measurements to obtain the posterior
estimate  (Eq. 22     ). The sequence of Kalman gains K1 and K2 were updated recursively
according to the classic algorithm:

(24)

(25)

(26)

(27)

W is the measurement covariance matrix defined as:

Both controllers used the same measurement covariance matrix W . Vi is the process covariance
matrix for controller i defined as:

𝐶 𝑎𝑢𝑔
𝑖 = [014×𝑝 𝐶𝑖]

𝑥1,𝑘

𝑥1,𝑘 = 𝑥1,𝑘 +𝐾1,𝑘 (𝑦1,𝑘 −𝐻1𝑥1,𝑘)

𝑥1,𝑘 = 𝐴𝑥1,𝑘−1 +𝐵1𝑢1,𝑘 +𝐵2𝑢2,𝑘 + 𝜔̄1,𝑘.

𝑥1,𝑘 𝜔̄1,𝑘

(𝑥1,𝑘−1)

𝑥1

𝑃
prior
𝑖,𝑘+1 = 𝐴𝑑𝑃

post
𝑖,𝑘 𝐴⊤

𝑑 + 𝑉𝑖,𝑘

𝑆𝑖,𝑘+1 = 𝐶𝑖𝑃
prior
𝑖,𝑘+1𝐶

⊤

𝑖 +𝑊𝑘+1

𝐾𝑖,𝑘+1 = 𝑃 prior
𝑖,𝑘+1𝐶

⊤

𝑖 𝑆
−1
𝑖,𝑘+1

𝑃 post
𝑖,𝑘+1 = (𝐼 −𝐾𝑖,𝑘+1𝐶𝑖)𝑃

prior
𝑖,𝑘+1
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The process covariance is higher on the partner’s states to more heavily weigh sensory
information about the partner’s states than the prediction of the partner’s states.

Simulating Perturbation and Probe Trials
We Euler integrated the state equation with a step size of h = 0.01. Based on the state cost, the
controllers were required to move the center cursor into either a relevant or irrelevant target.
They were required to stop the center cursor in the target at final time T = 0.8s (final timestep of N
= 79). Just like the experiment, perturbations were implemented by shifting the center cursor -3cm
or target +3 cm when the center cursor crossed 25% of the forward distance to the target. On
probe trials, we simulated a force channel by setting the x-force element in the B1 and B2 matrices
to 0. Thus, the controllers could only move the center cursor in the forward dimension. We were
able to calculate the applied force for controller 1 in the lateral dimension using the original B1
matrix. During probe trials, the center cursor or target laterally shifted 3 cm when the center
cursor crossed 25% of the distance to the target (6.25 cm), then shifted back to the original lateral
position after 250 ms.

Supplementary D: Center Cursor Time-to-Target
Previous work by Česonis and Franklin (2020) showed that time-to-target is a key variable the
sensorimotor system uses to modify feedback responses. In their experiment, they manipulated
the time-to-target of the participant’s cursor, while controlling for other movement parameters
(e.g., distance from goal).5 When compared to classical optimal feedback control models, they
showed that a model that modifies feedback responses based on time-to-target best predicted their
results. In our task, it’s possible that the time-to-target could have influenced visuomotor feedback
responses, since the distance to the center of the target is greater for a narrow target than a wide
target on perturbation trials.
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We calculated the time from perturbation onset to the center cursor reaching the forward position
of the targets (Supplementary Fig. S5     ). In Experiment 1, an ANOVA with center cursor time-to-
target as the dependent variable showed no main effect of self target (F[1,47] = 2.45, p = 0.124) or
partner target (F[1,47] = 2.50, p=0.120), nor any interaction (F[1,47] = 1.97, p = 0.166). In
Experiment 2, an ANOVA with center cursor time-to-target as the dependent variable showed a
significant interaction (F[1,47] = 5.87, p = 0.019). Post-hoc mean comparisons showed that only the
difference between the partner-irrelevant/self-irrelevant and partner-relevant/self-irrelevant
condition was significant (p = 0.006). Although time-to-target and hand position are important
variables for the control of movement,5,6,7 they are likely not driving factors of the different
involuntary visuomotor feedback responses between our experimental conditions.

Supplementary Figure 5. Center cursor time to target. Time from perturbation onset to the center cursor
reaching the forward position of the targets (y-axis) for each experimental condition (x-axis) in Experiment 1 (A)
and Experiment 2 (B).
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Supplementary E: Participant Forward Hand Position
at Perturbation Onset
Supplementary Fig. S6      shows the participant hand forward position at perturbation onset time
for Experiment 1 (A) and Experiment 2 (B). It is possible that the participant forward hand
position at perturbation onset time could influence their visuomotor feedback responses.
Therefore, we ran an ANCOVA with self target and partner target as factors, and participant
forward hand position at perturbation onset time as a covariate. In Experiment 1, we found no
main affect of participant forward hand position on involuntary visuomotor feedback responses
(F[1,47] = 1.466, p = 0.228). Further, when including the covariate, we still found a significant
interaction between self target and partner target on involuntary visuomotor feedback responses
(F[1,47] = 43.2, p < 0.001). In Experiment 2, we found a significant main effect of participant
forward hand position on involuntary visuomotor feedback responses (F[1,47] = 6.73, p = 0.010).
We still found a significant interaction between self target and partner target (F[1,47] = 9.78, p =
0.002). Since we found a main effect of participant forward hand position, we calculated the
adjusted means of the involuntary visuomotor feedback responses. We then performed follow-up
mean comparisons on the adjusted means of the involuntary visuomotor feedback responses
(using emmeans in R). We found the same significant trends as the unadjusted means in the main
manuscript. Specifically we found involuntary visuomotor feedback responses to be: significantly
greater in the partner-relevant/self-irrelevant condition compared to the partner-irrelevant/self-
irrelevant condition (p = 0.003), significantly greater in the partner-relevant/self-irrelevant
condition compared to the partner-irrelevant/self-relevant condition (p < 0.001), significantly
greater in the partner-relevant/self-relevant condition compared to the partner-relevant/self-
irrelevant condition (p < 0.001), and not different between the partner-irrelevant/self-relevant and
partner-relevant/self-relevant conditions (p = 0.381).
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Supplementary Figure 6. Participant forward hand position at perturbation onset. We calculated the
participant forward hand position at perturbation onset for Experiment 1 (A) and Experiment 2 (B). We found
significant main effects of self target and partner target for both experiments.

Supplementary F: Movement Onset Synchrony
We calculated movement onset times at the time that the participants left the start target.8 We
then took the absolute value of the difference between the participants within a pair as a measure
of movement onset synchrony. For Experiment 1, an ANOVA with movement onset synchrony as
the dependent variable showed no main effect of self target (F[1,47] = 1.38, p = 0.252), no main
effect of partner target (F[1,47] = 0.057, p = 0.813), and no interaction (F[1,47] = 0.45, p = 0.508). For
Experiment 2, an ANOVA with movement onset synchrony as the dependent variable showed no
main effect of self target (F[1,47] = 0.07, p = 0.788), no main effect of partner target (F[1,47] = 2.75, p
= 0.111), and no interaction (F[1,47] = 2.31, p = 0.142).
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Supplementary Figure 7. Movement onset synchrony. Here we show movement onset synchrony (y-axis) for
each experimental condition (x-axis) in Experiment 1 (A) and Experiment 2 (B).

Supplementary G: Trial-by-Trial Involuntary
Visuomotor Feedback Responses
Given there were 151 trials and 10 left/right probe trials for each experimental condition, it is
possible that completing more trials may have lead to different involuntary visuomotor feedback
responses. Therefore, we analyzed the involuntary visuomotor feedback responses over the
course of each experimental condition. Visually, involuntary visuomotor feedback responses in
neither Experiment 1 (Supplementary Fig. S8     ) nor Experiment 2 (Supplementary Fig. S9     )
show any consistent learning (see Supplementary Fig. S10      for statistical analysis). Therefore, it
appears participants rapidly formed a partner model that influenced their involuntary visuomotor
feedback responses.
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Supplementary Figure 8. Experiment 1 Trial-by-Trial Involuntary Visuomotor Feedback Responses Here we
show the Experiment 1 involuntary visuomotor feedback responses (y-axis) over each block (x-axis). We did not
see any significant effect of learning within each experimental block (see Supplementary E as well). Circles reflect
the group mean and vertical bars reflect the standard error of the mean.
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Supplementary Figure 9. Experiment 1 Trial-by-Trial Involuntary Visuomotor Feedback Responses Here we
show the Experiment 2 involuntary visuomotor feedback responses (y-axis) over each block (x-axis). We did not
see any significant effect of learning within each experimental block (see Supplementary H). Colors correspond
to each blocked experimental condition, circles reflect the group mean and vertical bars reflect the standard error
of the mean.

Supplementary H: First Half vs. Second Half
Involuntary Visuomotor Feedback Responses
Supplementary Fig. S10      shows the involuntary visuomotor feedback responses in the first half
(A,C) and second half (B,D) for each experimental condition. In Experiment 1, we observed the
same statistical results in the first half and second half of trials as the analysis of all trials. That is,
we observed a significant interaction between self target and partner target in the first half
(F[1,47] = 37.09, p < 0.001) and second half (F[1,47] = 48.68, p < 0.001) of trials. Follow-up mean
comparisons showed the same significant trends as our analysis of all trials in the main
manuscript (see Supplementary Fig. S10A-B     ).

In Experiment 2, we observed the same statistical results in the first half and second half of trials
as the analysis of all trials. That is, we observed a significant interaction between self target and
partner target in the first half (F[1,47] = 9.42, p = 0.004) and second half (F[1,47] = 17.40, p < 0.001)
of trials. Follow-up mean comparisons showed the same significant trends as our analysis of all
trials in the main manuscript (Supplementary Fig. S10C-D     ).

Showing the same involuntary visuomotor feedback response trends across the experimental
conditions for the first half, second half, and all trials suggests that the sensorimotor system used a
model of a partner based on their goals and considered their costs to modify rapid motor
responses.
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Supplementary Figure 10. First Half vs Second Half Involuntary Visuomotor Feedback Responses Here we
show the first half (first column) and second half (second column) of trials for Experiment 1 (first row) and
Experiment 2 (second row). In both Experiment 1 and Experiment 2, we found the same significant differences
in involuntary visuomotor feedback responses between conditions for the first half and second half of trials
analyzed separately. Additionally, these trends matched the analysis of all trials together in the main manuscript.

Data availability
All behavioural data have been deposited at https://figshare.com/articles/dataset/Data_-
_Involuntary_visuomotor_feedback_responses_reflect_a_representation_of_partner_actions/3013208
8     
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their partner into their own movements, which suggests that visuomotor gains are affected
by the partner's task.

Strengths:

The topic of the manuscript is very interesting, and the authors are using well-established
methodology to test their hypothesis. They combine experimental studies with optimal
control models to further support their work. Overall, the manuscript is very timely and
shows important findings - that the feedback responses reflect both our and our partners
tasks.

https://doi.org/10.7554/eLife.109734.2.sa2

Reviewer #2 (Public review):

Summary:

Sullivan and colleagues studied the fast, involuntary, sensorimotor feedback control in
interpersonal coordination. Using a cleverly designed joint-reaching experiment that
separately manipulated the accuracy demands for a pair of participants, they demonstrated
that the rapid visuomotor feedback response of a human participant to a sudden visual
perturbation is modulated by his/her partner's control policy and cost. The behavioral results
are well matched with the predictions of the optimal feedback control framework
implemented with the dynamic game theory model. Overall, the study provides an important
and novel set of results on the fast, involuntary feedback response in human motor control in
the context of interpersonal coordination.

Review:

Sullivan and colleagues investigated whether fast, involuntary sensorimotor feedback control
is modulated by the partner's state (e.g., cost and control policy) during interpersonal
coordination. They asked a pair of participants to make a reaching movement to control a
cursor and hit a target, where the cursor's position was a combination of each participant's
hand position. To examine fast visuomotor feedback response, the authors applied a sudden
shift in either the cursor (experiment 1) or the target (experiment 2) position in the middle of
movement. To test the involvement of partner's information in the feedback response, they
independently manipulated the accuracy demand for each participant by varying the lateral
length of the target (i.e., a wider/narrower target has a lower/higher demand for correction
when movement is perturbed). Because participants could also see their partner's target, they
could theoretically take this information (e.g., whether their partner would correct, whether
their correction would help their partner, etc.) into account when responding to the sudden
visual shift. Computationally, the task structure can be handled using dynamic game theory,
and the partner's feedback control policy and cost function are integrated into the optimal
feedback control framework. As predicted by the model, the authors demonstrated that the
rapid visuomotor feedback response to a sudden visual perturbation is modulated by the
partner's control policy and cost. When their partner's target was narrow, they made rapid
feedback corrections even when their own target was wide (no need for correction),
suggesting integration of their partner's cost function. Similarly, they made corrections to a
lesser degree when both targets were narrower than when the partner's target was wider,
suggesting that the feedback correction takes the partner's correction (i.e., feedback control
policy) into account.

The strength of the current paper lies in the combination of clever behavioral experiments
that independently manipulate each participant's accuracy demand and a sophisticated
computational approach that integrates optimal feedback control and dynamic game theory.
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Both the experimental design and data analysis sound good and the main claim is well
supported by the results.

A future direction would be to investigate how this mechanism is implemented in the CNS
and to examine whether the same cooperative mechanism also applies to human-AI
interactions.

https://doi.org/10.7554/eLife.109734.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Reviewer #1 (Public review):

Summary

Sullivan and colleagues examined the modulation of reflexive visuomotor responses
during collaboration between pairs of participants performing a joint reaching
movement to a target. In their experiments, the players jointly controlled a cursor that
they had to move towards narrow or wide targets. In each experimental block, each
participant had a different type of target they had to move the joint cursor to. During the
experiment, the authors used lateral perturbation of the cursor to test participants’ fast
feedback responses to the different target types. The authors suggest participants
integrate the target type and related cost of their partner into their own movements,
which suggests that visuomotor gains are affected by the partner’s task.

Strengths

The topic of the manuscript is very interesting, and the authors are using well established
methodology to test their hypothesis. They combine experimental studies with optimal
control models to further support their work. Overall, the manuscript is very timely and
shows important findings - that the feedback responses reflect both our and our
partner’s tasks.

We thank the reviewer for the positive comments regarding our work.

Weaknesses

However, in the current version of the manuscript, I believe the results could also be
interpreted differently, which suggest that the authors should provide further support for
their hypothesis and conclusions.

Major Comments

(1) Results of the relevant conditions:

In addition to the authors’ explanation regarding the results, it is also possible that the
results represent a simple modulation of the reflexive response to a scaled version of
cursor movement. That is, when the cursor is partially controlled by a partner, which also
contributes to reducing movement error, it can also be interpreted by the sensorimotor
system as a scaling of hand-to-cursor movement. In this case, the reflexes are modulated
according to a scaling factor (how much do I need to move to bring the cursor to the
target). I believe that a single-agent simulation of an OFC model with a scaling factor in
the lateral direction can generate the same predictions as those presented by the
authors in this study. In other words, maybe the controller has learned about the nature
of the perturbation in each specific context, that in some conditions I need to control
strongly, whereas in others I do not (without having any model of the partner). I suggest
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that the authors demonstrate how they can distinguish their interpretation of the results
from other explanations.

We thank the reviewer for the thoughtful comment. While it is possible that the change in the
visuomotor feedback responses could be just from a scaling factor. This hypothesis could
explain the difference between two conditions, but would fail to explain differences between
two other conditions. Specifically, this hypothesis could explain a decrease in involuntary
visuomotor feedback responses between partner-irrelevant/self-relevant and partner-
relevant/self-relevant. Critically, this hypothesis could not explain the difference between
partner-irrelevant/self-irrelevant and partner-relevant/self-irrelevant. That is, there is no
reason to scale a response to correct for a partner’s relevant target when your own target is
irrelevant. However, our finding that there is a greater involuntary visuomotor feedback
response in partner-relevant/self-irrelevant compared to partner-irrelevant/self-irrelevant is
predicted by the notion that humans form a representation of others and consider their
movement costs.

We have added a paragraph in the discussion to justify our hypothesis over the scaling factor
hypothesis.

“Our hypothesis that the sensorimotor system uses a representation of a partner and
considers the partner’s costs to modify involuntary visuomotor feedback responses can
parsimoniously explain all of our experimental findings. There are a few alternative
hypotheses that could explain a subset of results. One alternative hypothesis is that
participants simply learned the hand to center cursor mapping in each experimental
condition. That is, instead of using a model of their partner, participants simply adapted to
the dynamics of the center cursor. However, this hypothesis would not predict an increased
involuntary visuomotor feedback response in the partner-relevant/self-irrelevant condition
compared to the partner-irrelevant/self-irrelevant condition. If participants did not form a
model of their partner nor consider their partner’s costs, then they would not display an
increased feedback response when they had an irrelevant target and their partner’s target
was relevant. An increased feedback response to help a partner achieve their goal is captured
by our hypothesis that the sensorimotor system uses a representation of a partner and
considers the partner’s costs to modify involuntary visuomotor feedback responses.”

(2) The effect of the partner target:

The authors presented both self and partner targets together. While the effect of each
target type, presented separately, is known, it is unclear how presenting both
simultaneously affects individual response. That is, does a small target with a
background of the wide target affect the reflexive response in the case of a single
participant moving? The results of Experiment 2, comparing the case of partner- and self-
relevant targets versus partner-irrelevant and self-relevant targets, may suggest that the
system acted based on the relevant target, regardless of the presence and instructions
regarding the self-target.

We thank the reviewer for bringing up another valid point, which we discussed at length as a
group when designing the experiment. The reviewer is correct in pointing out the lack of
difference in the involuntary epoch between the partner-relevant/self-relevant and partner-
irrelevant/self-relevant could potentially suggest that the sensorimotor system acted based on
only relevant targets, irrespective if it was a self or partner relevant target. While the effect of
the simultaneous presentation of a narrow and wide target on an individual’s response by
themselves is unknown, comparing the differences between our other experimental
conditions control for this potential confound. Participants viewed a wide target and a
narrow target on the screen, in both the partner-irrelevant/self-relevant condition and the
partner-relevant/self-irrelevant condition. Crucially, we found that the visuomotor feedback
responses were greater in the partner-irrelevant/self-relevant condition compared to the
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partner-relevant/self-irrelevant condition in both Experiment 1 and 2. That is, participants
were able to distinguish between the self-target and partner target and appropriately modify
their feedback responses in both Experiment 1 and 2, despite there being both a wide and
narrow target on the screen in both conditions. Given that we found different visuomotor
feedback responses between the two conditions that had both a narrow and wide target, this
rules out the alternative hypothesis that the sensorimotor system acted based just on a
relevant target being present. We have added to our discussion to clarify this point.

“Another alternative hypothesis would be that the sensorimotor system was responding only
to the relevant target displayed on the screen. Again, this hypothesis would only explain a
subset of our results. In particular, this relevant target hypothesis cannot explain the
observed feedback response differences between the partner-relevant/self-irrelevant and
partner-irrelevant/self-relevant conditions in both Experiments 1 and 2.”

(3) Experiment instructions:

It is unclear what the general instructions were for the participants and whether the
instructions provided set the proposed weighted cost, which could be altered with
different instructions.

Our instructions explicitly informed participants that their performance bonus was only
based on them stabilizing within their own self-target within the time constraint. We have
added the following in the methods to emphasize this instruction.

“In other words, we ensured participants had a clear understanding that their performance
in the task was only based on stabilizing the center cursor in their own self-target within the
time constraint. Therefore, the instructions and timing constraints did not enforce
participants to work together.”

(4) Some work has shown that the gain of visuomotor feedback responses reflects the
time to target and that this is updated online after a perturbation (Cesonis & Franklin,
2020, eNeuro; Cesonis and Franklin, 2021, NBDT; also related to Crevecoeur et al., 2013, J
Neurophysiol). These models would predict different feedback gains depending on the
distance remaining to the target for the participant and the time to correct for the jump,
which is directly affected by the small or large targets. Could this time be used to target
instead of explaining the results? I don’t believe that this is the case, but the authors
should try to rule out other interpretations. This is maybe a minor point, but perhaps
more important is the location (&time remaining) for each participant at the time of the
jump. It appears from the figures that this might be affected by the condition (given the
change in movement lengths - see Figure 3 B & C). If this is the case, then could some of
the feedback gain be related to these parameters and not the model of the partner, as
suggested? Some evidence to rule this out would be a good addition to the paper -
perhaps the distance of each partner at the time of the perturbation, for example. In
addition, please analyze the synchrony of the two partners’ movements.

(1) Time to target and forward position

The reviewer raises an interesting point. In our task, the cursor/target jump occurs once the
center cursor crosses 6.25 cm from the start. We analyzed the time it took for the center
cursor to intercept the targets from perturbation onset (Supplementary D). In Experiment 1,
an ANOVA with center cursor time-to-target as the dependent variable showed no main effect
of self-target (F[1,47] = 2.45, p = 0.124) or partner target (F[1,47] = 2.50, p=0.120), nor any
interaction (F[1,47] = 1.97, p = 0.166). In Experiment 2, an ANOVA with center cursor time-to-
target as the dependent variable showed a significant interaction (F[1,47] = 5.87, p = 0.019).
Post-hoc mean comparisons showed that only the difference between the partner-
irrelevant/self-irrelevant and partner-relevant/self-irrelevant condition was significant (p =
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0.006). Given that only one comparison in Experiment 2 showed a difference in time-to-target,
we do not believe that time-to-target was a significant driver of the change in involuntary
visuomotor feedback responses observed between conditions. While time-to-target is likely a
metric the nervous system modifies feedback gains around, our results suggest that the
nervous system can also use a partner model to modify feedback gains. We have added a
supplemental analysis on time to target

“Previous work by Česonis and Franklin (2020) showed that time to-target is a key variable
the sensorimotor system uses to modify feedback responses. In their experiment, they
manipulated the time-to-target of the participant’s cursor, while controlling for other
movement parameters (e.g., distance from goal) [1]. When compared to classical optimal
feedback control models, they showed that a model that modifies feedback responses based
on time-to-target best predicted their results. In our task, it’s possible that the time-to-target
could have influenced visuomotor feedback responses, since the distance to the center of the
target is greater for a narrow target than a wide target on perturbation trials.”

“We calculated the time from perturbation onset to the center cursor reaching the forward
position of the targets (Supplementary Fig. S5). In Experiment1, an ANOVA with center cursor
time-to-target as the dependent variable showed no main effect of self-target
(F[1,47]=2.45,p=0.124) or partner target (F[1,47] = 2.50, p=0.120), nor any interaction (F[1,47] =
1.97, p = 0.166). In Experiment2, an ANOVA with center cursor time-to-target as the dependent
variable showed a significant interaction (F [1,47] = 5.87, p = 0.019). Post-hoc mean
comparisons showed that only the difference between the partner-irrelevant/self-irrelevant
and partner-relevant/self-irrelevant condition was significant (p=0.006). Although time-to-
target and hand position are important variables for the control ofmovement,[1,2,3] they are
likely not driving factors of the different in voluntary visuomotor feedback responses
between our experimental conditions.”

However, it is possible that the participant forward position at perturbation onset could also
influence the involuntary feedback response. We show the forward positions at perturbation
onset in Supplementary D. Statistical analysis of the forward positions in Experiment 1
showed a main effect of self-target (F[1,47] = 12.72, p < 0.001), main effect of partner target
(F[1,47] = 12.82, p < 0.001), and no interaction (F[1,47] = 0.00, P = 0.991). We see the same trend
in experiment 2, showing a main effect of self-target (F[1,47] = 12.11, p < 0.001), main effect of
partner target (F[1,47] = 12.04, p < 0.001), and no interaction (F[1,47] = 0.00, p = 0.986). The
fact that there was no interaction implies that the results could not solely be due to forward
position. Nevertheless, given there were main effects, we proceeded to run an ANCOVA on the
involuntary visuomotor feedback responses with forward position as a covariate. For
experiment 1, we still observed a significant interaction between self and partner target
(F[1,47] = 43.14, p < 0.001). Further, we also observed no significant main effect of forward
position on the involuntary visuomotor feedback responses. The ANCOVA for Experiment 2
also showed that there was still a significant interaction of self and partner target on the
involuntary visuomotor feedback responses (F[1,47] = 9.80, p = 0.002). However, here we did
find a significant main effect of the forward position (F[1,47] = 5.06, p = 0.026). Therefore, we
ran follow-up mean comparisons with the covariate adjusted means. We found the same
statistical trend as reported in the main results. We found significant differences between the
partner-irrelevant/self-irrelevant and partner-relevant/self-irrelevant conditions (p = 0.003),
partner-relevant/self-irrelevant and partner-irrelevant/self-relevant conditions (p < 0.001),
partner-relevant/self-irrelevant and partner-relevant/self-relevant conditions (p < 0.001). We
found no significant difference between the partner-irrelevant/self-relevant and partner-
relevant/self-relevant conditions (p = 0.381). Given that there was no main effect of forward
position in Experiment 1, and that our adjusted mean comparisons in Experiment 2 showed
the same trends as the unadjusted mean comparisons in the main manuscript, our results
show that the forward position of the participants is not a significant factor in explaining the
differences in involuntary visuomotor feedback responses between conditions.
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“Supplementary Fig. 6 shows the participant hand forward position at perturbation onset
time for Experiment 1 (A) and Experiment 2 (B). It is possible that the participant forward
hand position at perturbation onset time could influence their visuomotor feedback
responses. Therefore, we ran an ANCOVA with self-target and partner target as factors, and
participant forward hand position at perturbation onset time as a covariate. In Experiment 1,
we found no main affect of participant forward hand position on involuntary visuomotor
feedback responses (F[1,47] = 1.466, p = 0.228). Further, when including the covariate, we still
found a significant interaction between self-target and partner target on in voluntary
visuomotor feedback responses (F[1,47]=43.2, p<0.001).”

“In Experiment 2, we found a significant main effect of participant forward hand position on
involuntary visuomotor feedback responses (F[1,47] = 6.73, p = 0.010). We still found a
significant interaction between self-target and partner target (F[1,47] = 9.78, p = 0.002). Since
we found a main effect of participant forward hand position, we calculated the adjusted
means of the involuntary visuomotor feedback responses. We then performed follow-up
mean comparisons on the adjusted means of the involuntary visuomotor feedback responses
(using emmeans in R). We found the same significant trends as the unadjusted means in the
main manuscript. Specifically we found involuntary visuomotor feedback responses to be:
significantly greater in the partner-relevant/self-irrelevant condition compared to the
partner-irrelevant/self-irrelevant condition (p =0.003),significantly greater in the partner-
relevant/self-irrelevant condition compared to the partner-irrelevant/self-relevant condition
(p<0.001), significantly greater in the partner-relevant/self-relevant condition compared to
the partner-relevant/self-irrelevant condition (p<0.001),and not different between the
partner-irrelevant/self-relevant and partner-relevant/self-relevant conditions (p = 0.824).”

We have also included in the discussion how time-to-target and participant forward hand
position are important control variables to consider, and their potential relationship to our
findings.

“Finally, we also considered whether time to target [1,2]. (Supplementary D), participant
forward hand position (Supplementary E), or learning [4] (Supplementary G-H) influenced
feedback responses, but found that none impacted the observed differences between
experimental conditions nor changed our interpretation. Our hypothesis that the
sensorimotor system uses a representation of a partner and considers the partner’s costs to
modify involuntary visuomotor feedback responses parsimoniously accounts for the
differences observed between all conditions.”

(2) Synchrony

In our task, participants movements were not self-initiated. We had them begin the
movement as soon as they hear an audible tone so that they would begin their movements at
as similar a time as possible. We have analyzed the movement onset synchrony between
participants within a pair, shown in Supplementary F.

Supplementary: “We calculated movement onset times at the time that the participants left
the start target [8]. We then took the absolute value of the difference between the participants
within a pair as a measure of movement onset synchrony. For Experiment 1, an ANOVA with
movement onset synchrony as the dependent variable showed no main effect of self-target
(F[1,47] = 1.38, p = 0.252), no main effect of partner target (F[1,47] = 0.057, p = 0.813), and no
interaction (F[1,47] = 0.45, p = 0.508). For Experiment 2, an ANOVA with movement onset
synchrony as the dependent variable showed no main effect of self-target (F[1,47] = 0.07, p =
0.788), no main effect of partner target (F[1,47] = 2.75, p = 0.111), and no interaction (F[1,47] =
2.31, p = 0.142).”
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Further, we have modified our methods to emphasize that participants within a pair
generally began their movement at the same time.

“Instead of self-initiating their movements, we specifically had participants move at the
sound of a tone so that the movement onset between participants in a pair was as
synchronous as possible (see Supplementary F for movement onset synchrony analysis).”

Reviewer #1 (Recommendations for the authors):

(1) Lines 291-292: One study extensively examined cursor and target jump visuomotor on
set times and found no difference (Franklin et al., 2016; J Neuroscience), which strongly
argues against this interpretation.

We thank the reviewer for pointing out this work. We have modified the following lines:

“However, other work by Franklin and colleagues (2016) found no difference in visuomotor
feedback response latencies between cursor and target jumps [6].”

(2) Line 411: What were the instructions regarding partner performance in terms of the
reward? Did you explain that individual performance alone will determine the reward?

As addressed above, we have made the following changes to emphasize the instructions given
to participants.

“In other words, we ensured participants had a clear understanding that their performance
in the task was only based on stabilizing the center cursor in their own self-target within the
time constraint. Therefore, the instructions and timing constraints did not enforce
participants to work together.”

(3) Line 506: Ten probe trials in each direction is very low. Can this still be in the
transition state of the feedback response, rather than at steady state? There are many
studies done looking at the learning of visuomotor responses in which changes are still
occurring after several hundred trials (e.g., Franklin et al., 2017 J Neurophysiol; Franklin
et al., 2008; J Neuroscience). In this experiment, each block only lasts 151 trials total if my
calculations are correct. How certain are you that the results are at a steady state and
not continuously changing? Perhaps with further experimental experience, the feedback
responses would approach the predictions of a different model.

The reviewer raises an important point. We had run these analyses prior to submitting the
manuscript and did not see anything. However, we believe this information is important to
include since both we and yourself asked the same question. Specifically, we have analyzed
the visuomotor feedback responses over the trials (Supplementary G), which shows little to
no learning over time. Additionally, we also found no difference in the visuomotor feedback
response trends between the first and second half of trials in each condition (Supplementary
H). Therefore, it appears that the sensorimotor system was at steady state behaviour very
quickly and we do believe that the feedback responses would approach the predictions of a
different model if participants performed more trials. We have added the following

Supplementary: “Given there were 151 trials and 10 left/right probe trials for each
experimental condition, it is possible that completing more trials may have lead to different
involuntary visuomotor feedback responses. Therefore, we analysed the in voluntary
visuomotor feedback responses over the course of each experimental condition. Visually,
involuntary visuomotor feedback responses in neither Experiment 1 (Fig. S8) nor Experiment
2 (Fig. S9) show any consistent learning (see Fig. S10 for statistical analysis). Therefore, it
appears participants rapidly formed a partner model based on knowledge of their movement
goal to modify their involuntary visuomotor feedback responses.”
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Supplementary: “Supplementary Fig. S10 shows the involuntary visuomotor feedback
responses in the first half (A,C) and second half (B,D) for each experimental condition. In
Experiment 1, we observed the same statistical results in the first half and second half of
trials as the analysis of all trials. That is, we observed a significant interaction between self-
target and partner target in the first half (F[1,47] = 37.09, p < 0.001) and second half (F[1,47] =
48.68, p < 0.001) of trials. Follow-up mean comparisons showed the same significant trends as
our analysis of all trials in the main manuscript (see Fig. S10A-B).”

Supplementary: “In Experiment 2, we observed the same statistical results in the first half
and second half of trials as the analysis of all trials. That is, we observed a significant
interaction between self-target and partner target in the first half (F[1,47] = 9.42, p = 0.004)
and second half (F[1,47] = 17.40, p < 0.001) of trials. Follow-up mean comparisons showed the
same significant trends as our analysis of all trials in the main manuscript (Fig. S10C-D).”

Supplementary: “Showing the same involuntary visuomotor feedback response trends across
the experimental conditions for the first half, second half, and all trials suggests that the
sensorimotor system quickly formed a model of a partner and considered their costs to
modify rapid motor responses.”

We have also added to the discussion:

“Finally, we also considered whether time to target [1,2] (Supplementary D), participant
forward hand position (Supplementary E), or learning [4] (Supplementary G) influenced
feedback responses, but found that none impacted the observed differences between
experimental conditions nor changed our interpretation.”

(4) The authors should also discuss some of the prior work which is very relevant to the
tasks studied: (Knill, Bondata & Chhabra, 2011, J Neuroscience). There may also be other
papers that use this task for visuomotor feedback responses and therefore, should be
included.

We have included the Knill 2011 paper and also Cross 2019 in our discussion:

“This modification of feedback responses based on a relevant/irrelevant task goal has also
been shown in response to visual perturbations [7,8].”

(5) Lines 301-303: The terms ’relevant’ and ’irrelevant’ here describe different concepts
than the ones used in this study. I suggest making a distinction to avoid confusion for the
reader.

We thank the reviewer for pointing out that this is confusing. We’ve made the following
changes to improve the clarity:

“Further, Franklin and colleagues (2008) designed a visual perturbation to be relevant or
irrelevant when reaching to the same target, showing greater involuntary visuomotor
feedback responses to a relevant visual perturbation compared to an irrelevant visual
perturbation [9].”

(6) Line 459: The reaching movement was quite slow (25cm in about 1.2 seconds). Is this
needed to ensure that both participants can complete the movements, given potentially
very different start times? Please comment as this is different than many previous
studies.

Participants needed to stabilize the cursor for 500ms in their target within a time constraint
of 1400 - 1600 ms. Therefore, they had to reach the target between 900 - 1100 ms (before
stabilizing). Additionally, participants did not perform self-initiated movements, but were
required to begin their movement as soon as they heard an audible tone. Given that reaction
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times are ~200ms, participants had ~700 - 900 ms to reach the target, which aligns with
previous research (Franklin et al. (2008), Franklin et al. (2012), Nashed et al. (2012)). We have
clarified the time constraints of the task in our Methods:

“They therefore had 700 - 900 ms to first reach the target, since humans generally have
response times ~200 ms, and they needed to stabilize within the target for 500 ms (i.e., 1400 -
200 - 500 = 700 ms and 1600 - 200 - 500 = 900 ms). Movement times of 700 - 900 ms are thus
consistent with previous human reaching studies [4,9,10].”

(7) Reference [25] is incomplete

Thank you for catching this.

And thank you for the thoughtful and clear review. We feel it has greatly improved the
quality and clarity of our manuscript!

Reviewer #2 (Public review):

Summary

Sullivan and colleagues studied the fast, involuntary, sensorimotor feedback control in
interpersonal coordination. Using a cleverly designed joint-reaching experiment that
separately manipulated the accuracy demands for a pair of participants, they
demonstrated that the rapid visuomotor feedback response of a human participant to a
sudden visual perturbation is modulated by his/her partner’s control policy and cost. The
behavioral results are well-matched with the predictions of the optimal feedback control
framework implemented with the dynamic game theory model. Overall, the study
provides an important and novel set of results on the fast, involuntary feedback response
in human motor control, in the context of interpersonal coordination.

We thank the reviewer for the kind words!

Review:

Sullivan and colleagues investigated whether fast, involuntary sensorimotor feedback
control is modulated by the partner’s state (e.g., cost and control policy) during
interpersonal coordination. They asked a pair of participants to make a reaching
movement to control a cursor and hit a target, where the cursor’s position was a
combination of each participant’s hand position. To examine fast visuomotor feedback
response, the authors applied a sudden shift in either the cursor (experiment 1) or the
target (experiment 2) position in the middle of movement. To test the involvement of
partner’s information in the feedback response, they independently manipulated the
accuracy demand for each participant by varying the lateral length of the target (i.e., a
wider/narrower target has a lower/higher demand for correction when movement is
perturbed). Because participants could also see their partner’s target, they could
theoretically take this information (e.g., whether their partner would correct, whether
their correction would help their partner, etc.) into account when responding to the
sudden visual shift. Computationally, the task structure can be handled using dynamic
game theory, and the partner’s feedback control policy and cost function are integrated
into the optimal feedback control framework. As predicted by the model, the authors
demonstrated that the rapid visuomotor feedback response to a sudden visual
perturbation is modulated by the partner’s control policy and cost. When their partner’s
target was narrow, they made rapid feedback corrections even when their own target
was wide (no need for correction), suggesting integration of their partner’s cost function.
Similarly, they made corrections to a lesser degree when both targets were narrower
than when the partner’s target was wider, suggesting that the feedback correction takes
the partner’s correction (i.e., feedback control policy) into account.
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The strength of the current paper lies in the combination of clever behavioral
experiments that independently manipulate each participant’s accuracy demand and a
sophisticated computational approach that integrates optimal feedback control and
dynamic game theory. Both the experimental design and data analysis sound good.
While the main claim is well-supported by the results, the only current weakness is the
lack of discussion of limitations and an alternative explanation. Adding these points will
further strengthen the paper.

Reviewer #2 (Recommendations for the authors):

(1) While the current version is already well-written, it would be helpful for readers to
further discuss the relationship between the current study and some potentially relevant
studies, such as Braun et al. (2009), Ganesh et al. (2014), and Takagi et al. (2017) (2019).

Thank you for pointing out these papers that we missed, which we now cite appropriately in
light of our own work. In particular, we have added the following to our discussion, including
Braun et al. (2009) and Takagi et al. (2017) (2019). However, Beckers et al. (2020) showed
conflicting results from Ganesh et al. (2014), and since these works are about learning, we
feel it is outside the scope of our work.

“Further, others have shown that the sensorimotor system modifies movement selection
according to game-theoretic predictions, [11] and that the sensorimotor system modifies
movements using an estimate of the joint goal during human-human interactions [12,13].”

(2) For an alternative interpretation of the results, one could consider, for instance, that
the target’s visual appearance could have served as a contextual cue for learning
different movement gains in the lateral direction (e.g., whether the partner corrects the
shift might be approximated as a gain change). Although less likely, this alternative
account could be tested by simulation and would strengthen the argument.

This a thoughtful comment, also brought up by Reviewer 1. Here we provide our previous
response that addresses this concern. While it is possible that the change in the visuomotor
feedback responses could be just from a scaling factor. This hypothesis could explain the
difference between two conditions, but would fail to explain differences between two other
conditions. Specifically, this hypothesis could explain a decrease in involuntary visuomotor
feedback responses between partner-irrelevant/self-relevant and partner-relevant/self-
relevant. Critically, this hypothesis could not explain the difference between partner-
irrelevant/self-irrelevant and partner-relevant/self-irrelevant. That is, there is no reason to
scale a response to correct for a partner’s relevant target when your own target is irrelevant.
However, our finding that there is a greater involuntary visuomotor feedback response in
partner-relevant/self-irrelevant compared to partner irrelevant/self-irrelevant is predicted by
the notion that humans form a representation of others and consider their movement costs.

We have added a paragraph in the discussion to justify our hypothesis over the scaling factor
hypothesis.

“Our hypothesis that the sensorimotor system uses a representation of a partner and
considers the partner’s costs to modify involuntary visuomotor feedback responses can
parsimoniously explain all of our experimental findings. There are a few alternative
hypotheses that could explain a subset of results. One alternative hypothesis is that
participants simply learned the hand to center cursor mapping in each experimental
condition. That is, instead of using a model of their partner, participants simply adapted to
the dynamics of the center cursor. However, this hypothesis would not predict an increased
involuntary visuomotor feedback response in the partner-relevant/self-irrelevant condition
compared to the partner-irrelevant/self-irrelevant condition. If participants did not form a
model of their partner nor consider their partner’s costs, then they would not display an
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increased feedback response when they had an irrelevant target and their partner’s target
was relevant. An increased feedback response to help a partner achieve their goal is captured
by our hypothesis that the sensorimotor system uses a representation of a partner and
considers the partner’s costs to modify involuntary visuomotor feedback responses.”

(3) Another (maybe unlikely) alternative interpretation is that the targets’ visual
appearances might have been confusing. One might find that the closed square is
common to both targets for the “Partner Relevant Self Irrelevant” and the “Partner
Relevant Self Relevant”, and that this might have elicited the response to perturbation in
“Partner Relevant Self Irrelevant”. Related to this point, it would be informative to
describe how the “cooperative” fast feedback response developed over the course of the
experiment, for instance, by comparing behaviors across experimental blocks.

We have partitioned this question into two responses, relating to visual appearance of the
targets and the development (i.e., learning) of visuomotor feedback responses over the course
of the experiments.

(1) Participants confused by visual appearance of the targets.

We were also concerned that participants might be confused by the targets, and therefore
confirmed with participants after the experiment that they correctly understood that the light
grey filled rectangle was their own target and the dark grey hollow rectangle was their
partners. Furthermore, in the partner-relevant/self-irrelevant, partner-irrelevant/self-
relevant, and partner-relevant/self-relevant conditions, there is a small square target in each
of the conditions. However, we found that the partner-irrelevant/self-relevant and partner-
relevant/self-relevant conditions both elicited significantly greater involuntary visuomotor
feedback responses than the partner-relevant/self-irrelevant condition. Thus, participants
involuntary visuomotor feedback responses suggest that they correctly formed different
representations based on an accurate understanding of the self vs partner target. The other
reviewer had related comments about the visual stimuli, which we also address within the
discussion.

“Another alternative hypothesis would be that the sensorimotor system was responding only
to the relevant target displayed on the screen. Again, this hypothesis would only explain a
subset of our results. In particular, this relevant target hypothesis cannot explain the
observed differences between the partner-relevant/self-irrelevant and partner-
irrelevant/self-relevant conditions in both Experiments 1 and 2.”

(2) Comparing feedback responses over time

We have included the visuomotor feedback responses over each experimental condition in
Supplementary G. Notably, we did not find any learning effect, suggesting that the
sensorimotor system quickly developed a model of a partner’s behaviour and used that
model to modify feedback responses. We have also added a paragraph on learning to our
discussion.

We’ve addressed how learning did not play a role in this study:

“Finally, we also considered whether time to target [1,2] (Supplementary D), participant
forward hand position (Supplementary E), or learning [4] (Supplementary G-H) influenced
feedback responses, but found that none impacted the observed differences between
experimental conditions nor changed our interpretation.”

Supplementary: “Given there were 151 trials and 10 left/right probe trials for each
experimental condition, it is possible that completing more trials may have lead to different
in voluntary visuomotor feedback responses. Therefore, we analysed the in voluntary
visuomotor feedback responses over the course of each experimental condition. Visually,
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involuntary visuomotor feedback responses in neither Experiment 1 (Fig. S8) nor Experiment
2 (Fig. S9) show any consistent learning (see Fig. S10 for statistical analysis). Therefore, it
appears participants rapidly formed a partner model based on knowledge of their movement
goal to modify their involuntary visuomotor feedback responses.”

Supplementary: “Supplementary Fig. S10 shows the involuntary visuomotor feedback
responses in the first half (A,C) and second half (B,D) for each experimental condition. In
Experiment 1, we observed the same statistical results in the first half and second half of
trials as the analysis of all trials. That is, we observed a significant interaction between self-
target and partner target in the first half (F[1,47] = 37.09, p < 0.001) and second half (F[1,47] =
48.68, p < 0.001) of trials. Follow-up mean comparisons showed the same significant trends as
our analysis of all trials in the main manuscript (see Fig. S10A-B).”

Supplementary: “Supplementary Fig. S10 shows the involuntary visuomotor feedback
responses in the first half (A,C) and second half (B,D) for each experimental condition. In
Experiment 1, we observed the same statistical results in the first half and second half of
trials as the analysis of all trials. That is, we observed a significant interaction between self-
target and partner target in the first half (F[1,47] = 37.09, p < 0.001) and second half (F[1,47] =
48.68, p <0.001) of trials. Follow-up mean comparisons showed the same significant trends as
our analysis of all trials in the main manuscript (see Fig. S10A-B).”

Supplementary: “Showing the same involuntary visuomotor feedback response trends across
the experimental conditions for the first half, second half, and all trials suggests that the
sensorimotor system used a model of a partner based on their goals and considered their
costs to modify rapid motor responses.”

(4) It looks slightly counter intuitive (and therefore interesting) that the participant shows
some amount of fast feedback responses in the “Partner Relevant Self Irrelevant”
condition, since they were instructed to only consider the self-target. Based on the
results, the authors suggest an altruistic feature of the motor system (lines 333-340). It
would be helpful to clarify the basis for this interpretation, whether it is formally derived
from the game-theoretic framework or represents a more conceptual interpretation.
Providing additional explanation that translates the game-theoretic reasoning into more
accessible, intuitive terms would help readers better understand and evaluate this claim.

We are glad the reviewer also finds this result interesting. The reviewer raises an important
point that there needs to be a more clear explanation for why we believe this result was
found. We have made the following changes to the discussion:

“Furthermore, this result is predicted by our dynamic game theory models that include the
partner’s costs in the self cost function. In other words, a dynamic game theory model that
selects feedback gains to minimize both the self and partner cost reflects an altruistic control
policy.”

(5) Please check whether all references are displayed correctly. Some of them (e.g., 25,
65) seemed not correctly shown in the References section.

We have fixed the citation.

We thank the reviewer for providing a clear and insightful review. Their comments have
significantly improved the manuscript.
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