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Abstract

One consequence of the embodiment of cognition is that a
single cognitive system may use fast internal mechanisms
to coordinate conflicting actionsin real time performance.
In contrast, two different cognitive systems engaged in
joint action have to resolve similiar conflicts via the envi-
ronment. A tracking paradigm was used to investigate the
coordination of conflicting actions in individuals and
groups. The main question was whether and how persons
engaged in joint action would exploit the perceivable envi-
ronmental outcomes of their partner’s actions to adjust
their own actions with respect to a jointly desired state.
Groups performed worse than individuals, initially, but
they achieved the same level of performance after some
training. Groups improved because conflicting results of
the partner’s actions were taken into account when mem-
bers of the pair producedtheir own actions. This led to the
emergence of an agreed-upon environmental location,
around which, group members coordinated their action ef-
fects. Theresults are consistent with the view that the spe-
cia requirements of socia interaction may have fostered
the development of higher cognitive functions.

Varieties of Embodiment

During the past decade, more and more researchers have
become interested in the notion of embodied cognition (A.
Clark, 1997; Port & van Gelder, 1995; Varela, Thompson,
& Rosch, 1991). This approach has arisen largely out of
dissatisfaction with the earlier notion of a central, disembod
ied symbol-manipulation system that is buffered from the
environment via sensorimotor systems. In contrast, the Em-
bodied approach stresses both, the importance of sensorimo-
tor processes in cognitive functioning, and the close, dy-
namically supportive couplings that exist at all times be-
tween organisms and their environments.

Despite their common ground, different versions of the
Embodied approach take issue with different aspects of the
symbolic approach. In its most radical form, which is advo-
cated by proponents of Dynamical Systems Theory (Port &
van Gelder, 1995; Thelen & Smith, 1994), embodied cogni-
tion constitutes a reection of representationalism as a
whole, and conceptualizes cognition in terms of dynamic
organism-environment couplings, exclusively. Less radica
versions also stress the dynamic, organism-environment
couplings, yet retain the notion of internal representation in
order to account for the fact that certain biological systems

are able to produce actions that are directed toward objects
not currently present in the immediate environment (Ballard,
Hayhoe, Pook, & Rao, 1997; A. Clark, 1997). Given that
these representing systems are assumed to have emerged due
to the possibilities they afforded action production, propo-
nents of this version often claim cognitive functioning to be
constrained in one way or another, by the functioning of the
sensorimotor  system (e.g. the formation of concepts,
(Barsalou, 1999; Lakoff & Johnson, 1999)).

The present research takes this notion as its starting
point, and addresses its implications for action coordination.
This is because, to date, embodiment has focused primarily
on the individual cognitive system and its continuous envi-
ronmental couplings. Members of many species, however,
especialy humans, often engagein joint action with other
members of their species. Though some may consider social
interaction just another example of environmental interac-
tion, it may be the case that specia requirements of joint
action placed certain constraints on action production. Such
constraints may have served, historicaly, to shape the struc-
tures and processes that came to be embodied in evolving
cognitive systems (Mead, 1934; Vygotsky, 1978). The pre-
sent research addresses these constraints.

Individual and Joint Coordination of
Conflicting Actions

A major function of action control in an individual organ-
ism is to select proper actions to obtain a desired impact on
the environment (Prinz, 1997). If thereare conflicting action
aternatives, some internal mechanism may resolve the con-
flict (Anderson, 1990) andthe motor system can be adjusted
according to the action selected.

The situation is quite different when the action alterna
tives are distributed across two different cognitive systems
that are engaged in joint action. Following a definition by
H. H. Clark (1996), by a joint action we denote an action
"that is carried out by an ensemble of people acting in coor-
dination with each other" (p. 3). This implies that the ind-
viduals in the ensemble try to achieve a common goal.
However, the intention to achieve a common goal does not
protect the ensemble from encountering conflicts, especialy
when each system has only one of many action alternatives
at its disposal.

To illustrate, imagine a situation in which two people
drive a car together on a straight road. They can neither see
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Figure 1: lllustration of experimenta paradigm (vertical positions of target and tracker do not change in the actua task).

nor speak to one another. Person G controls the gas and
person B, the brakes. As long as the car does not need to
stop, thereis no conflict, G acts and B does nothing. Now
imagine a situation in which the ensemble encounters a traf-
ficlight. If the trafficlight is green, no changeis needed. If
the trafficlight is red, G hasto stop acting andB hasto start
acting. Hence, this situation requires G and B to coordinate
their actions according to an anticipated point at which they
want to bring the car to afull stop. Conflicts may arise with
respect to the point in time a which G stops and B starts
acting, and as a consequence the ensemble may give gas and
brakeat the same time during a certain time interval. Hence,
the car may well stop at a point that was intended neither by
G, nor by B.

It is very unlikely that an individual in the same situation
would carry out both actions at the same time even if differ-
ent feet were used for giving gas and braking. An internal
mechanism would select between the action aternatives in
advance, instead of carrying out two conflicting actions at
the same time. In the joint action example, conflict resolu-
tion is necessarily linked to noticeable changesin the envi-
ronment, at least initially. Hence, if the situation requires
braking, and B decides to start braking early, G will only
know of that decision after perceiving that B has started to
brake.

Theaim of our research is to investigate how individuals
and groups optimize their performance when conflicts arise
in real time action coordination. Our main hypothesis is that
persons engaged in joint action will use perceivable out-
comes of the other’sadionsto dynamically adjust their own
actions with respect to a commonly desired future state. In-
dividual performance can be used as basdine to determine
how the same conflict is dealt with within asingle cognitive
system.

Experimental paradigm

Weuse a tracking paradigm for our studies. Generally, in
tracking tasks one has to control atracker so as to minimize
the distance betweenthe tracker andthe target. The tracker is
controlled by means of simple and clearly defined actions,
e.g. hand movements or keypresses. The standard task re-
qguiresminimal anticipation of future events and no conflict
arises between dternative actions. For our study, we de
velopped a different type of tracking task. In this task, an-

ticipation of future eventsis crucial, and conflicts between
two different action alternatives arise in a clearly defined
manner. Figure 1 illustrates this task.

A target moves across the computer screen horizontally
with constant velocity. As soon asit reaches a border of the
screen, it changesits direction abruptly and moves back to-
wards the other border, changes its direction again, and so
on. Thetask is to keep atracker on the target by controlling
its velocity with two keys. When the tracker is moving to
the right, hitting the right key accelerates it by a constant
amount and hitting the left key decelerates it by the same
amount. When the tracker is moving to the left, hitting the
left key acceleratesit and hitting the right key decelerates it.
To illustrate, if the right key has been pressed five times,
the left key will have to be pressed five times to bring the
tracker to a full stop. Within the middle region, tracking
performance can be optimized by decreasing the immediate
error, as in most tracking paradigms. For instance, if the
target is moving to the right and the tracker is left of the
target, accelerating the tracker by aright keypressis the only
reasonable action to be carried out (seepanel a, in Figure 2).

The situation is different within the border regions. In
these regions, a conflict arises between two aternative
strategies. Thefirst alternative, i.e., trying to stay on target
as long as possible, will minimize the immediate error up
until the point at which the target changes its direction. Af-
terwards, alarge error will arise because tracker velocity can
only be changed gradually. Several keypresseswill be needed
to stop the tracker and more will be needed to gain velocity
in the opposite direction. During this interval, the target
will continue moving in the opposite direction, constantly
increasing the distance between itself and the tracker. Thus,
trying to minimize immediate error will create an extremly
largefuture error.

The second aternative is to slow down the tracker before
the target turns. In this case, the immediate error will be
increased to prevent future error. This is the case because the
target continues to move toward the border as the tracker
decelerates with each keypress. Using the latter strategy is
the only way to improve performance within the border re-
gion, especially when the target moves fast and the impact
of each keypress on the velocity of the tracker is low.
Within this context, we refer to keypresses that decrease
immediate error as compensatory presses, and those that that



increase immediate error in order to reduce future error, as
anticipatory brakes (seepanel a, andb, in Figure 2).
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Figure 2: lllustration of the effects of compensatory and
anticipatory keypresses (in the actual task target and tracker
are horizontally aligned).

To investigate conflict resolution in individuals and
groups we used two versions of the task that differed in one
single aspect. In the individual condition each person con-
trolled both keys, in the group condition each person con-
trolled only one key. Hence, in the individual condition, the
conflict between minimizing immediate vs. future error
ariseswithin one cognitive system, while in the group con-
dition it arises between two cognitive systems. As a conse
quence, individuals may solve the conflict by use of fast
internal mechanisms, while groups have to use certain as-
pects of the environment to act out the conflict overtly.
Thus, in the group condition, the only way to better coordi-
nate conflicting actions and thereby improve performance is
to focus on changes in certains aspects of the environment
that result from the other person’s actions. Regularities in
these changes can then be used to adjust one’s own actions
with respect to the commonly desired future state.

Predicitions

The nature of the present paradigm affords the measure-
ment of several dependent variables that characterize per-
formance, the extent andtiming of the anticipatory strategy,
and certain environmental anchorsto which coordination can
be linked. In the following, we will describe the rationale for
using each of these variables, and derive predictions for the
indvidual and group condition, in turn.

Performance
To characterize performance, we use the absolute distance

between tracker andtarget at the time of each button press as
an error measure. Our prediction is that the error should be
lower for individuals, initialy, because individuals coordi-
nate conflicting actions by using fast internal mechanisms,
whereas groups can only use perceivable changesin the en-
vironment, in their attempt to coordinate conflicting actions.
Hence, groups should need more time to coordinate, which
in turn should deteriorate real time performance, initially.
However, if persons in a group are able to integrate some
aspect of the environment that characterizes their partner’s
actions into their individual planning, the difference in error
between individual sand groups should largely decrease.

Extent and timing of anticipatory strategy

Anticipatory brakes. The extent to which the antidi-
patory strategy is employed within the boundary regions can
be defined as the proportion of anticipatory brakes (see Fig-
ure 2, panel b) occurring in that region. We predict that the
anticipatory brakeratewill be greater for individuals than for
groups, because once individuals have decided to prevent
future error, they will be less likely to switch back to the
conflicting action that reduces immediate error. In contrast,
coordination requires overt action within groups. Therefore,
the person who is responsible for reducing immediate error
will quite likely produce actions that interfere with the an-
ticipatory actions of the other person. The anticipatory brake
rate should increase in both, individuals and groups, as they
become more familiar with the task, because employing an
anticipatory strategy is the only way to reduce overall error.

Decision point. One way in which the person respon-
sible for anticipatory braking in a group can compensate for
conflicting actions of the other is to take them into account,
when timing her or his own actions. This should lead to
earlier initiation of anticipatory braking in the group condi-
tion. The decision point, by which we denote the position of
the tracker at the time of the first anticipatory brake, can be
used to test this hypothesis. It should be further removed
from the border in the group condition than in the individual
condition.

Environmental anchors

L ocation of turn-around points. By the turn-around
point we denote the most extreme tracker location during
each run of the target from one side of the screen to the
other. If the target turns at the right border, the turn-around
point is the maximal screen position of the tracker, if the
target turns at the left border the turn-around point is the
minimal screen position of the tracker (see Figure 1). To
make turn-around points on both sides of the screen compa
rablethey are expressed in terms of the absolute distance to
the respective border. At the turn-around point the tracker
comesto a full stop andis accelerated towards the other d-
rection by the following keypresses. The turn-around point
is functionally important because it can be used as an envi-
ronmental anchor to which the goal of minimizing overal
error can be tied. Thereasonis that, given a certain velocity
of the target and a certain impact of each keypress, the opti-
mal turn-around point will be relatively invariant.

If, as predicted, groups pick a decision point that is further
removed from the boarder, groups may achieve a turn-around



point that is as equally removed from the border as the one
achieved by individuals. Otherwise, it should be less re
moved from the border in the group condition. In the ind-
vidual andthe group condition as well, the turn-around point
should become further removed from the border in later trials
because overall error can be decreased by turning the tracker
earlier.

Homogeneity of turn-around points. In the ind-
vidual condition the turn-around points at the left and the
right border are the result of actions taken by the same per-
son. Thesituation is different in the group condition. When-
ever the target approaches the right border, the person who is
in charge of the |eft key is responsible for anticipatory brak-
ing and the person who is in charge of the right key is re-
sponsible for compensating immediate error. Whenever the
target approaches the left border, each group member must
assume the opposite role (the compensator becomes the an-
ticipatory braker, the anticipatory braker becomes the com-
pensator).

Hence, the prediction for individualsis that they will pick
similiar turn-around points at both borders. Therefore, the
absolute difference betweenthe left and the right turn-aroun
point in a trial should be relatively small and not change
substantially across consecutive blocks. In contrast, two
persons in a group should pick more heterogeneous turn-
around points initially. However, in later trials they may
coordinate their actions by ,agreeing” on a certain turn-
around point. Therefore, we predict a huge initial difference
that substantially decreasesin later blocks.

Method

Participants Forty-five paid participants took part in
the experiment. Fifteen participants were assigned to the
individual condition. Thirty participants wereassigned to the
group condition.

Material and Procedure Upon entering the lab, par-
ticipants wereinformed of the nature of the task. They were
instructed individually in the group condition. Afterwards,
they wereseated in front of a computer monitor at a distance
of 80 cm andwereasked to put on a set of headphones. Par-
ticipants in the group condition were divided by a partition.
They could neither see one nor talk to one another. How-
ever, each was provided with a separate computer monitor,
and all events taking place during the experiment (e.g. the
movements of the tracker and the movements of the target)
werepresented simultaneously on both monitors. Thus, the
only information shared was the task display and the acous-
tic feedback accompanying each keypress.

At the beginning of each trial target and tracker were dis-
played in the middle of the screen for 500 ms, the tracker
being superimposed on the target. Thereafter, the target
started moving either to the left or to the right with constant
velocity. After reaching the border, it abruptly began travd-
ling back in the opposite direction. There were three such
target turns during each trial. The initial velocity of the
tracker was zero. Each left keypress accelerated the tracker to
the left and each right keypress accelerated it to the right.
Right presses triggered a 600 Hz tone and left presses trig-
gered a 200 Hz tone. Participants in the individual condition
controlled both keys. In the group condition, each member

was given an individual control panel consisting of one key.
Keypresses of the individual on the left side of the partition
resulted in tracker acceleration to the left, while those of the
other individual produced tracker-acceleration to the right.
The experiment consisted of 3 blocks of 40 trials each.

Results and Discussion
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Figure 3: Individual and group performance across con-
secutive blocks

Ascanbeseenin Figure 3, error decreased for individuals
and groups across consecutive blocks. Hence, performance
improved in individuals and groups. As expected, the error
was much larger in the group condition during the first
block. After the second block, group performance reached the
level of individua performance. A 2 x 3 ANOVA with the
factors Experimental Group (Individuals and Groups, be-
tween) and Block (1, 2, and 3, within) revealed a significant
main effect for the Block factor, F(2, 56) = 24.2, p < .001,
and a significant interaction between Experimental Group
andBlock, F(2, 56) =3.5, p < .05

Anticipatory brakes

The anticipatory brake rate was computed as the number
of anticipatory brakesin aborder region divided by the over-
al number of button pressesin that region. Figure 4 shows
the results. The anticipatory brake rate increased over con-
secutive blocks for individuals and groups. As expected, the
anticipatory brake rate was constantly lower in the group
condition than in the individual condition.

A 2 x 3 ANOVA with the factors Experimental Group (In-
dividuals and Groups, between) and Block (1, 2, and 3,



within) revealed significant main effects for the Group fec-
tor, F(1, 28) = 9.4, p < .01, andthe Block factor, F(2, 56) =

26.1, p < .001. Therewas no significant interaction.

Figure 5 shows the result of the analysis of decision
points, i.e., the distance of the tracker from the border at the
time of the first anticipatory brake.

As they became more familiar with the task, individuals

0,70 and groups moved the tracker closer to the border before they
initiated the first anticipatory brake. This result indicates
that resolving the action conflict took less time in later tri-
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Figure 5: Decision point in individuals and groups across

consecutive blocks.

The difference between individuals and groups was highly
significant during the second block, t = 4.21, p < .001. The
main effect of experimental group was not significant.
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Homogeneity of turn-around points.

Figure 7 depictsthe results of the analysis of the homogene-
ity of turn-around points.
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Figure 7. Homogeneity of turn-around pointsin individu-
als and groups across consecutive blocks.

Individuals turned the tracker at roughly the same point on
both sides of the screen, i.e., there was only a small differ-
ence of about 30 pixels. The homogeneity of turn-around
points increased only slightly across consecutive blocks. In
contrast, persons in a group picked heterogeneous turn-
around points, initially. In later trials, the selected turn-
around points which were ailmost as homogeneous as those
chosen by individuals. A 2 x 3 ANOVA with the factors
Experimental Group (Individuas and Groups, between) and
Block (1, 2, and3) revealed a significant main effect for the
Block factor, F(2, 56) = 8.25, p < .001, and a significant
interaction, F(2, 56) = 3.30, p < .05. There was no signifi-
cant main effect of experimental condition.

Discussion

Individuals as well as groups are able to learn to coordi-
nate conflicting actions with respect to a common goal, in
real time, but groups clearly perform worse initially. The
results illustrate robustly the different constraints that
groups must deal with as they attempt to coordinate conflict-
ing actions. To be sure, both groups and individuals im-
prove by employing the advantageous anticipatory strategy.
This is reflected in the fact that both gaverise to increases in
anticipatory braking, as well as increases in the distance of
the turn-around point from the border. Within groups how-
ever, this anticipatory strategy had to be worked out via the
environment. Thus, it seems that group members take into
account the potentially interfering actions of their partner by
starting to brake at a further digance from the border. In
addition, they seem to "agree" on a certain point in space at

which to turn the tracker, as is evidenced by increased ho-
mogeneity of the turn-around point. As soon as such an
agreement has been reached, both the homogeneity of the
turn-around points and the degree of error become almost
indistinguishable from that produced by individuals.

The additional constraints on action coordination that arise
within groups, as opposedto within an individual, are due to
the fact that embodied cognitive systems have to make use
of the environment to coordinate conflicting actions. This
need to “lean” on the environment in group action, may
constitute a selective pressure responsible for the phyloge-
netic emergence of cognitive systems cgpable of integrating
the anticipated effects of another system’s actions, into the
planning of their own. This capability, in turn, may have
afforded the emergence of the ability to produce environ-
mental effects whose intended outcome was not solely en-
tailedin the effect itself, but rather, in the impact that effect
was anticipated to have upon the planning abilities of other
cognitive systems. In short, the group need to collaborate
through the environment may have driven the embodiment
and environmental projection of symbol systems. This is
consistent with Clarks (1996) assertion that the essence of
languageis joint action.
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