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Motor	  interac+ons

• many common tasks rely on the motor interaction 
between two humans 

• motor interaction may be at the basis of all social 
behaviours
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Robots	  interac+ng	  with	  humans

• recent years have seen a surge in robots 
interacting with humans

• understanding motor interaction is critical to 
designing their control
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Therefore, it becomes necessary to develop tools for characterizing and understanding the nature and
the issues of interactive tasks. Having a taxonomy of interaction kinds and strategies would enable us to
identify the interaction strategies humans use. This may help us creating robots that react as humans
do during motor interaction, as well as e!cient human-robot dyads able to use the best of the human
and the robot. Therefore, we would like to design a taxonomy of interactive behaviors that can classify
the di!erent kinds of motor interactions, model the agents’ behavior and simulate their control.

In order to be able to design such a taxonomy, we first reviewed literature on motor interaction
behaviors in the fields of human computer interaction (HCI), robotics, psychology and game theory [15].
The main results on taxonomies for motor interactions can be summarised as follows:

• Some taxonomies from HCI (e.g., [16, 17]) can be used for motor interactions, but are not specific
to them and di!cult to apply in concrete tasks.

• Analyses of motor interaction kinds [18,19] have defined roles according to either the trajectory [20]
or the force [21]. Models using both trajectory and force (e.g., [22]) are complex and thus di!cult
to use.

• A few implementations of controllers with flexible behavior have been developed [20,21], which are
based on simplified taxonomies and thus not adapted to all situations. For instance, important
motor interactions for humans such as competition have not been considered.

• Studies on psychological [23] and social factors [24] influencing joint action focused on kinematic
and haptic information exchanges. While they present interesting analyses, however they could
hardly be used to generate joint motor behaviors.

These shortcomings of previous taxonomies for motor behaviors prompted us to develop a taxonomy
to describe the role distribution during a joint motor action in a simple quantitative way. First, the nature
of the task and how it constrains the choice of possible behaviors for each agent and their interactions
was studied. Then, the role of each agent was defined through a cost function that it needs to minimize,
and the interaction between the two agents arises by their physical coupling. This enables us to use
mathematical tools from Game Theory, optimal control and nonlinear adaptive control in order to derive
the two partners’ motor behavior and adaptation.

It has been shown in neuroscience studies that humans interact with the environment by minimizing
error (e) and e"ort (u) [25, 26], which can be modelled as the minimization of the cost function

V (t) ! !e2(t) + "u2(t) , !," > 0 . (1)

Furthermore, when interacting with novel dynamics, humans adapt force, mechanical impedance and
trajectory to minimize such a cost function [27–29]. Similar cost functions will be used to model the
interaction of two agents.

This paper’s outline is as follows. A framework for motor interactive tasks and control is first in-
troduced, in the form of a simple taxonomy for the interaction between two agents, physically coupled
(directly or through an external object or tool) and conditioned by the tasks they are carrying out. This
taxonomy is then described in detail. The paper then presents how the taxonomy can be used to classify
existing implementations of human-robot motor interaction, and provides an overview of the problems
that remain to be addressed. The new taxonomy can also be used to generate appropriate behaviors, as
is illustrated in simulations. Finally, possible applications of the framework to other fields like behavioral
psychology and agent theory are described.
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Exis+ng	  roles	  taxonomies
• general: derived from human computer interaction (HCI) 

thus not focused on motor interaction

• or based on teleoperation (e.g. Ong 2005), from interaction 
with mobile robots (e.g. Scholtz 2003) or humanoids (e.g. 
Burghart 2002) 

• no mathematical definition of behaviours

• no methodology to generate them



Objec+ves

• to develop a framework for describing the many motor 
interactions observed between two humans,

• that can both classify and reproduce behaviours,

• define roles in a quantitative way,

• be directly used to design robot controller and specify 
both motion kinematics and dynamics,

• and integrate in a simple way known psychological 
and social factors



Game	  theore+cal	  framework

• game theory describes and analyses situations where 
interactive “decisions” take place

• provides a set of analytical tools to predict the 
outcome of complex interactions

• e.g. two player games take a unique value (von 
Neumann)

• finding an optimal strategy is related to optimal control 

• game theory assumes “rational” players, but in our 
case the “decisions” do not have to be voluntary
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place Figure 2 near here.

Divisible vs. interactive tasks

We start our description with divisible tasks, which are composed of compatible subtasks that can be
completed by each agent independently. In some cases the task could be completed by each agent alone,
such as painting a house walls together [34], or the task in the left panel of Fig. 2, where two animals
can pull a rope to move a pallet and obtain food. Other divisible tasks have disjunct but complementary
subtasks, such as a hybrid force-position controller in which position control and force control are executed
independently in separate subspaces [35].

In divisible tasks, the two agents do not need to know anything about the other agent in order to
succeed in their respective subtask. As the two agents are acting independently, each agent can minimize
its own error and e!ort, which we represent by the same cost function as was found when one human is
interacting with the environment [25]:

Vi(t) ! !ie
2

i (t) + "iu
2

i (t) , i = 1, 2 . (2)

We name such independent behavior co-activity.
A task in which (at least) one agent needs a partner to carry out its (sub)task is called interactive.

The Game Theory formalism embraces interactive tasks, in which the activity of one agent a!ects the
other agent. The middle panel of Fig. 2 illustrates an interactive task that has been used to examine
the social behavior of animals such as chimpanzes [36], elephants [37] and hyenas [38]. In this task no
animal can succeed in securing the food without the help of its partner. As in an interactive task the
agents’ behaviors are dependent, thus the behavior is more complex than with a divisible task, and the
cost function depends on both agents: Vi(e2i , ê

2
j , u

2
i , û

2
j), i "= j. The rich repertoire of behaviors that can

be adopted in interactive tasks is described in subsection “Taxonomy of interactive behaviors” of the
Methods.

Agonistic vs. antagonistic tasks

Both divisible and interactive tasks can be agonistic or antagonistic. In an antagonistic task, performance
improvement in (at least) one agent is detrimental to the partner, due to conflicting interests, as is
illustrated in the right panel of Fig. 2. An agent’s gain (or loss) of utility is exactly balanced by the loss
(or gain) of the utility of the other agent. If the total gains of the agents are added up, and the total
losses are subtracted, they will sum to zero; that is why these types of interactive tasks are considered as
strictly competitive and correspond to zero-sum games in game theory (the total benefit to both players
in the game, for every combination of strategies, always adds to zero). Examples of antagonistic tasks
include arm wrestling, rope pulling game and fighting. In general, the agents have distinct subtasks and
there is no common task.

In contrary, in agonistic tasks improvement in one agent’s subtask contributes to the improvement in
the common task. This category stains numerous interactive tasks like moving a heavy table together,
dancing or mating, where joint action is the only solution to succeed in the task, but also divisible tasks
such as hybrid position/force control. Both the left and middle panels of Fig. 2 are agonist tasks. In
such a case, the task enforces cooperative behaviour and these types of interactive tasks correspond to
the cooperative games of game theory.

In summary, tasks are determined by two antagonisms: divisible/interactive, and agonistic/antagonistic.
Divisible tasks induce a co-active behavior which will help both agents in agonistic tasks, such as in the
left panel of Fig. 2, and can be mutually detrimental in an antagonist task, such as in the right panel
of Fig. 2. Similarly, interactive tasks can be either agonistic, such in the middle panel of Fig. 2, or
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2
j , u

2
i , û
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Defini+ons

• we consider two agents,   and   , equipped with actuators 
and multimodal sensors 

• that have to fulfil a task     by minimising (e.g. error) metrics
        (           ) with minimal effort

•    is the error of agent   perceived by agent   through its 
sensing and model of 

• interaction behaviour will arise from the combination of the 
minimisation of individual cost functions                     
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Methods

A framework for motor interactions

Game theory [30], which describes and analyzes situations where interactive decisions take place, appears
as a natural framework to consider the motor interaction in a human-human, human-robot or robot-robot
dyad. Game theory comprises a set of analytical tools to predict the outcome of complex interactions
among decision makers, obeying to a strategy based on perceived or measured results. Two-player games,
such as the motor interactions considered in this paper, play a fundamental role in game theory because
their analysis is straightforward; John von Neumann’s minimax theorem [30] establishes a unique value
of such games.

Models that address the interaction among individual decision makers are called games and the ratio-
nal decision makers are referred to as agents in this paper. Interaction between the agents is represented
by the influence that each agent has on the resulting outcome through a cost function representing its
objectives. Steady-state conditions in which each player is assumed to know the equilibrium strategies
of the other players, and no player has anything to gain by changing only his own strategy unilaterally,
known as Nash equilibria, can be identified [31, 32]. The interaction tasks can be seen as di!erential
games, also called utility-based games, where the evolution of the partners’ state variables is governed by
di!erential equations. The problem of finding an optimal strategy in a di!erential game is closely related
to optimal control. Note that while game theory has been originally conceived to model conscious and
even rational decisions of agents, the mechanisms of motor interaction that will be modelled here may be
(at least partly) unconscious.

Interaction definition

We consider the interaction of two agents, 1 and 2, that:

• generally aim at minimizing their e!ort ui, i = 1, 2.

• perform separate actions a1 and a2 or a common action a, whose performance is rewarded by
reinforcement signals ri or evaluated through error measures ei, i = 1, 2.

• are each equipped with multimodal sensors. To simplify the exposition, we will focus on sensors
measuring position, force and body contact. Agent 1 is able to perceive its own error e1 and estimate
the partner’s error e2 (denoted by ê2), whereas agent 2 perceives e2 and estimates e1 (denoted by
ê1).

• are equipped with actuators able to a!ect the environment and the other agent with suitable force
and mechanical impedance, using a feedforward controller Ci(ai, ei, êj), i, j = 1, 2, i != j (i.e., j = 1
if i = 2 and j = 2 if i = 1), thus containing feedback. êj denotes the estimate from i of the error
of the other agent.

In summary, each agent i has to fulfil a task by minimizing some error (or maximizing some reward) while
using minimal metabolic cost. Each interaction behavior will arise from the combination of the mini-
mization of the individual cost functions Vi(ai, ei, êj , ui, ûj), i != j, i, j = 1, 2, and is thus characterized
by these two cost functions.

The nature of the motor interaction between the agents depends on the combination of their personal
behaviors, as will be described in more detail in the “Taxonomy of interactive behaviors” section of the
Methods, and is also constrained by the particular task(s) carried out, which will be described in detail in
the “Divisible vs. interactive tasks” and “Agonistic vs. antagonistic tasks” sub-sections of the Methods.
These cost functions can also be used to adapt behavior as will be described in the “Learning” paragraph
of the Results. The following task description extends the approach of [33] about representations and
action monitoring supporting joint action.
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the partner’s error e2 (denoted by ê2), whereas agent 2 perceives e2 and estimates e1 (denoted by
ê1).

• are equipped with actuators able to a!ect the environment and the other agent with suitable force
and mechanical impedance, using a feedforward controller Ci(ai, ei, êj), i, j = 1, 2, i != j (i.e., j = 1
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Methods

A framework for motor interactions

Game theory [30], which describes and analyzes situations where interactive decisions take place, appears
as a natural framework to consider the motor interaction in a human-human, human-robot or robot-robot
dyad. Game theory comprises a set of analytical tools to predict the outcome of complex interactions
among decision makers, obeying to a strategy based on perceived or measured results. Two-player games,
such as the motor interactions considered in this paper, play a fundamental role in game theory because
their analysis is straightforward; John von Neumann’s minimax theorem [30] establishes a unique value
of such games.

Models that address the interaction among individual decision makers are called games and the ratio-
nal decision makers are referred to as agents in this paper. Interaction between the agents is represented
by the influence that each agent has on the resulting outcome through a cost function representing its
objectives. Steady-state conditions in which each player is assumed to know the equilibrium strategies
of the other players, and no player has anything to gain by changing only his own strategy unilaterally,
known as Nash equilibria, can be identified [31, 32]. The interaction tasks can be seen as di!erential
games, also called utility-based games, where the evolution of the partners’ state variables is governed by
di!erential equations. The problem of finding an optimal strategy in a di!erential game is closely related
to optimal control. Note that while game theory has been originally conceived to model conscious and
even rational decisions of agents, the mechanisms of motor interaction that will be modelled here may be
(at least partly) unconscious.

Interaction definition

We consider the interaction of two agents, 1 and 2, that:

• generally aim at minimizing their e!ort ui, i = 1, 2.

• perform separate actions a1 and a2 or a common action a, whose performance is rewarded by
reinforcement signals ri or evaluated through error measures ei, i = 1, 2.

• are each equipped with multimodal sensors. To simplify the exposition, we will focus on sensors
measuring position, force and body contact. Agent 1 is able to perceive its own error e1 and estimate
the partner’s error e2 (denoted by ê2), whereas agent 2 perceives e2 and estimates e1 (denoted by
ê1).

• are equipped with actuators able to a!ect the environment and the other agent with suitable force
and mechanical impedance, using a feedforward controller Ci(ai, ei, êj), i, j = 1, 2, i != j (i.e., j = 1
if i = 2 and j = 2 if i = 1), thus containing feedback. êj denotes the estimate from i of the error
of the other agent.

In summary, each agent i has to fulfil a task by minimizing some error (or maximizing some reward) while
using minimal metabolic cost. Each interaction behavior will arise from the combination of the mini-
mization of the individual cost functions Vi(ai, ei, êj , ui, ûj), i != j, i, j = 1, 2, and is thus characterized
by these two cost functions.

The nature of the motor interaction between the agents depends on the combination of their personal
behaviors, as will be described in more detail in the “Taxonomy of interactive behaviors” section of the
Methods, and is also constrained by the particular task(s) carried out, which will be described in detail in
the “Divisible vs. interactive tasks” and “Agonistic vs. antagonistic tasks” sub-sections of the Methods.
These cost functions can also be used to adapt behavior as will be described in the “Learning” paragraph
of the Results. The following task description extends the approach of [33] about representations and
action monitoring supporting joint action.

4

place Figure 2 near here.

Divisible vs. interactive tasks

We start our description with divisible tasks, which are composed of compatible subtasks that can be
completed by each agent independently. In some cases the task could be completed by each agent alone,
such as painting a house walls together [34], or the task in the left panel of Fig. 2, where two animals
can pull a rope to move a pallet and obtain food. Other divisible tasks have disjunct but complementary
subtasks, such as a hybrid force-position controller in which position control and force control are executed
independently in separate subspaces [35].

In divisible tasks, the two agents do not need to know anything about the other agent in order to
succeed in their respective subtask. As the two agents are acting independently, each agent can minimize
its own error and e!ort, which we represent by the same cost function as was found when one human is
interacting with the environment [25]:

Vi(t) ! !ie
2

i (t) + "iu
2

i (t) , i = 1, 2 . (2)

We name such independent behavior co-activity.
A task in which (at least) one agent needs a partner to carry out its (sub)task is called interactive.

The Game Theory formalism embraces interactive tasks, in which the activity of one agent a!ects the
other agent. The middle panel of Fig. 2 illustrates an interactive task that has been used to examine
the social behavior of animals such as chimpanzes [36], elephants [37] and hyenas [38]. In this task no
animal can succeed in securing the food without the help of its partner. As in an interactive task the
agents’ behaviors are dependent, thus the behavior is more complex than with a divisible task, and the
cost function depends on both agents: Vi(e2i , ê
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• collaboration: no a priori roles’ distribution, spontaneous role 
distribution depending on the interaction history

• competition: agents focus on their own action and effort, 
and can impede the other’s performance in this purpose

• cooperation: different roles are ascribed to the agents prior 
to the beginning of a task
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Dr Helper

1958 GE handyman

Master-‐slave	  interac+on

       in teleoperation       
       & exoskeletons
       robot slave 
       reproduces action

       human-robot interaction: human 
       generates commands that the      
       robot executes

Kazerooni’s 
extender
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DR Helper



       the human or robot therapist provides “just
       enough” assistance to perform successful action

Educa+on	  type	  of	  interac+on



• with our adaptive model as controller, 
the rehabilitation robot will tend to 
increase the range, provide force and 
guidance...

• ... and gradually relax this assistance 
as the subject's motor function improves

• ongoing implementation on the 
BiManuTrack in Berlin (with H Schmid, 
Frauenhofer Institute)
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e.g. collaboration leads to reduction of the overall effort and 
movement time relative to cooperation

To	  generate	  motor	  interac+ons
• our taxonomy can be used to generate dyad motor 

interaction behaviours, e.g. move an object together
• simulating the interaction of two arms using optimal control



e.g. education: movement is faster with the hardworking 
student and the teacher can reduce his relative effort

To	  generate	  motor	  interac+ons
• our taxonomy can be used to generate dyad motor 

interaction behaviours, e.g. move an object together
• simulating the interaction of two arms using optimal control



To	  generate	  motor	  interac+ons

e.g. co-activity: stronger subject implicitly forces “partner” to 
follow him, which leads to non-zero terminal co-contraction

• our taxonomy can be used to generate dyad motor 
interaction behaviours, e.g. move an object together

• simulating the interaction of two arms using optimal control



A	  framework	  to	  classify,	  interpret	  
and	  generate	  motor	  behaviours	  

• the interaction between two agents is complex due to the 
redundancy in the system & possible conscious decision 

• we propose an axiomatic approach to model interactive 
behaviours based on a taxonomy of tasks and individual 
behaviours

• specific cost functions to simulate motor interactions of 
different types

[Jarrasse et al. PLoS ONE 2012]



A	  framework	  to	  classify,	  interpret	  
and	  generate	  motor	  behaviours	  

• this taxonomy can be used to describe various systems 
consisting of two agents

• it leads to design control using game theory, nonlinear 
adaptive control and optimal control 

• and may be used in fields other than robotics, e.g. to 
explain pathological behaviours such as an autistic 
interaction

[Jarrasse et al. PLoS ONE 2012]


