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Abstract— This paper describes a method to realize flexible
cooperation between human and robot which reflects the
intention and state of human by using gaze information. This
physiological information expresses the process of thinking
directly, so it enables us to read the internal condition such as
hesitation or search in decision making process. We propose
a method to interpret the intention and condition from the
latest history of gaze movement and determine an appropriate
cooperative action of a robot based on it so that the task
proceeds smoothly. Finally, we show experimental results by
using a humanoid-type robot.

I. INTRODUCTION

In recent years, many laboratories and companies have
been studying on humanoid-type robots and have gotten
considerable results especially in realization of stable lo-
comotion with two legs. Meanwhile, research on more
intelligent tasks, such as skillful manipulation or coop-
erative tasks between human and robot, has also been
investigated[1], [2], [3], [4]. In these frameworks, a demon-
stration of a task is performed by a human operator and
a task model, an abstract representation which describes
necessary conditions for the task to proceed, is generated.
Then, reproduction of the task[1], [2], [3] or cooperative
behavior[4] is realized by a robot system based on the task
model. However, the behavior of the robot is determined
from a static task model, thus a human must exactly follow
the procedure described in the task model even when under
cooperative tasks. This is far from a natural cooperative
task in which one dynamically determines appropriate
cooperative behavior by taking the intention and state of
the partner in consideration. To realize natural cooperative
tasks, the robot needs to know the information which can
be used to estimate the intention and state, i.e. the process
of thinking, of a human partner as well as the information
about the procedure of the task.

To estimate the intention and state of a human at work,
we think gaze movement is very useful whose physiolog-
ical nature represents the attention or interest of him/her

directly. Gaze movement reflects the process of thinking
under intellectual activity and contains useful information
to infer them. Thus, the use of gaze information is popular
in the field of psychology, as well as in the field of
engineering[5], [6], [7]. If the behavior planning of the
robot can be modified based on the intention and state
estimated by analyzing gaze movement, it is possible to
realize flexible and natural cooperation between human
and robot as we do. Besides, gaze movement is appeared
as a by-product of thinking, it does not impose extra
burden on a human compared with other methods like
oral command or explicit interval before the robot starts
to behave. We select LEGO assembly task as an example
task, and propose a method to estimate the intention and
state of human from gaze information and a strategy to
generate an appropriate cooperative action based on them.

In this paper, our framework for cooperative tasks is
discussed in section 2. In section 3, a method to estimate
the intention and state of human from gaze movement
and a strategy to determine an appropriate cooperative
action are proposed. In section 4, implementation details
about the proposed method on a humanoid robot system
is described and some experimental results are shown.
Finally, we conclude in section 5.

II. FRAMEWORK FOR COOPERATIVE TASKS

A. Related Research

We extend the cooperative framework[4] proposed by
Kimura, et al., and realize a much flexible cooperative task
between human and robot based on the estimation of the
intention and state of human. Fig.1 shows a task model
for assembly tasks used in Kimura’s framework. A model
is represented as a sequence of Events, each of which
indicates a pair of “Pre-condition” and “Result.” “Result”
is a state after an assembly action is performed and “Pre-
condition” is a conditional action required to achieve the
corresponding “Result.” A task model is constructed at
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Fig. 1. One-way Task Model

a teaching phase. At a cooperation phase, a sequence of
actions performed by a human is observed by a robot
system and if the next “Result” is not satisfied for a certain
period of time, the robot performs the action described
in the corresponding “Pre-condition” instead. Hereby, each
“Result” is guaranteed to be satisfied sequentially and the
task proceeds.

However, the order of assembly motion is fixed and the
robot behavior generated at any time is uniquely deter-
mined from the task model. Thus, this framework cannot
be applied to much more general cooperative tasks in which
one will choose the most appropriate action among many
possible candidates according to the process of thinking.
Further, the robot starts to take an action after confirming
that the next “Result” is not satisfied for a certain period
of time. This interval is determined so as to be sufficiently
long and has nothing to do with the process of thinking.
So, even if the generated cooperative action is appropriate,
it make the progress of the task slow compared with the
cooperative action performed by human.

To summarize, there are two problems.

1) The order of the action is uniquely determined.
2) A certain amount of delay is required before the robot

starts to cooperate.

B. Framework for Flexible Cooperative Tasks

To solve the above problems, we propose the following
framework.

1) Task representation with a branching task model.
2) An appropriate cooperative action is determined from

the intention and state of a human at that time.

In a branching task model, the final configuration of the
assembly task is fixed as in the previous model, however
there are many possible paths, i.e. the order of actions, to
reach the goal and the choice of the path is deeply affected
by the intention and state of a human. Fig.2 is an example
of a branching task model.

This model is composed of “Object” and “Function;”
where “Function” characterizes the use of “Object,” while
“Objects” are assembled by connecting “Functions” with
each other. In this paper, LEGO assembly task is selected,
thus “Object” corresponds to a LEGO part and “Func-
tion” corresponds to one of “Axle,” “Open-Axle,” “Bear-
ing,” “Peg” and “Hole.” Each “Function” has connectable
“Function” as shown in TABLE I. The task proceeds by
connecting “Functions” sequentially so that the “Object”
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Function

Object

Fig. 2. Branching Task Model

TABLE I

ASSEMBLY PATTERN

Connectivity Driver required
Axle ↔ Bearing Yes

Open-Axle ↔ Bearing No
Peg ↔ Hole No

pair are assembled as described in the task model. Some
combinations of “Functions” needs extra action, screwing
by “Driver,” after connection.

The branching task model represents the final config-
uration. Suppose the task is partially completed, and L1,
D1, G in the figure is assembled so far. Then the next
candidate object to be assembled is one of H, E, D2. In
this situation, if one of the following conditions is met,
the cooperative action by a robot might help; (1) a human
is unable to reach the next object because the both hands
are occupied or the object is placed far, (2) a human is
unable to decide which assemble action is the correct one.
Furthermore, in the case of (1), if the cooperative action is
delayed, a human tries to break the situation by releasing
the held object or by moving from his/her position to bring
it. In this case, the delayed cooperative action may conflict
with the action performed by a human and may block the
task instead.

So, the robot must know in which situation the human
is and choose the right assembly action according to the
intention of the human if there are many candidates, and
start the cooperative action without delay. To estimate those
information while the human is in his process of thinking,
we employ “gaze movement.”

III. ESTIMATION OF THE INTENTION AND

DETERMINATION OF COOPERATIVE ACTION

A. Acquisition of Gaze Movement

To know the role of gaze movement in assembly tasks,
5 subjects were asked to perform several LEGO assem-
bly tasks and gaze movement was measured. First, the
final plan (Fig.3) was presented to the subjects and they
were requested to memorize it within 30 seconds. Then,
they were asked to assemble the LEGO object based on
the memorized plan. Note that we have assumption that
the decision making process for selecting next assembly
operation is largely affected by the relationship between
“Functions” in the plan, because only the parts which
have a connectable “Function” can be connected to the



Fig. 3. Final Plan of LEGO Assembly

incomplete construction at hand. Thus, for ease of analysis,
color information is removed from the presented final plan.

Gaze movement is measured by using an gaze tracking
system. The history of the gazed objects and its fixation
time is obtained.

B. Cooperative Action by a Robot

After analysis of the obtained gaze movement, the
following 3 types of cooperative actions are found to be
useful.

1) Taking over
2) Settlement of hesitation
3) Simultaneous execution

In the following sections, the detail of the cooperative
actions is discussed.

C. Cooperative Action 1: Taking Over

The flow of LEGO assembly can be summarized as
follows.

1) search for the next part in the environment
2) determine the next part to be assembled
3) grasp the part and assemble it
4) goto 1)

If the transition from 1) the searching state to 2) de-
termining state can be detected, the cooperative action
“Taking over” is possible by passing the selected part to
the subject at the time of transition. This is useful under
the situations below.

• The both hands of the subject are occupied and he/she
is unable to grasp the selected object.

• The selected object is far from the subject and it is
efficient for the robot to pass it to him/her.

Here we focus on the fixation time during gaze move-
ment and try to separate the searching state and the
determining state.

1) Characteristics of the fixation time during search:
We measured the distribution of the gaze fixation time
in the searching state and that just before a grasp, i.e.
determining state, during LEGO assembly tasks. Fig. 4
shows the distribution. If the fixation time is larger than
0.6 [s], the 70 % of the samples are in determining
state. Moreover, a half of the samples where the fixation
time is less than 0.6[s] is captured when using “Driver.”
Because the subjects used “Driver” several times in the
measurement, the subjects got to know where and how
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Fig. 4. Distribution of the Fixation Time in Searching and Determining
State

“Driver” was placed and did not require longer time to
check it before grasping.

If we remove the data related to “Driver,” the 77 % of
the samples where the fixation time is larger than 0.6[s]
are in determining state. So, we can say that there are
meaningful difference in fixation time in between searching
state and determining state, and this can be used to separate
determining state from searching state.

2) Proposed Cooperative Action: If fixation time T i at
i-th transition during searching state is greater than the
threshold Tthr determined from the above distribution,
the robot decides that the object of interest is what the
human tries to grasp next. So, we propose “Taking Over”
cooperative action as follows.

1) i = i + 1, measure Ti

2) if Ti < Tthr then goto 1)
3) if |Pi − Phuman| < dist then goto 1)
4) If isEmpty(hand) then the robot passes the part

else the robot assembles the part
5) goto 1)

where Pi is the position of the object of interest and
Phuman is the position of the subject.

Of course, the long fixation time does not always mean
the signal of grasping, but at least the robot can advice
whether the object of interest is one of the correct candidate
objects to be assembled next or not.

D. Cooperative Action 2: Settlement of Hesitation

“Hesitation” is a common state appeared during LEGO
assembly tasks. The subject knows a specified function
on the incomplete construction at hand must be connected
with a part in the environment, but cannot be sure which
one is required. If the robot notice this state and also notice
which function the subject is looking for as a counterpart,
the robot can guess the right part that is what the subject
thinks in mind.

In this research, the robot knows the final configuration,
i.e. the task model. So, the correct object to be assembled at
a certain time is also known. However, because the branch-
ing task model is employed, multiple correct answers can
exist in some cases. For this reason, when the subject is
in “Hesitation” state, the correct answer depends on which
“Functions” he/she is trying to find. To estimate the true
candidate, we employ the history of gaze movement.



1) Estimation of Intended Object based on Voting from
Fixation History: First of all, we try to distinguish the
following two situations; (1) the subject is unable to
determine the next part possibly caused by partial loss
of his/her memory, (2) The subject is just looking for
the already determined object in the scene. Only in the
former case, the cooperative action serves well, but the
robot further needs to know the intended part which will be
assembled with the incomplete construction at the subject’s
hand.

When the subject cannot determine the next part which
should be assembled to “Function(A)” on the incomplete
construction, we assume that he/she looks for a part which
has connectable “Function” to “Function(A)” and then
compares the part with the plan in his/her memory to
determine whether this is the right part. If we focus on
gaze movement, the gazed “Function(B)” of “Object” at a
certain fixation period means that the subject is looking for
a part which is connectable to the counterpart of “Func-
tion(B)” on the incomplete construction. If the counterpart
of “Function(B)” is known, the right part can be estimated
from the task model and it can be presented to the subject
as a cooperative action.

Here, we will explain in detail how to estimate the
intended part by utilizing the task model and gaze infor-
mation. Suppose we have an incomplete construction and
other parts in the environment as shown in Fig. 5.
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Fig. 5. Incomplete Construction and Parts in Progress

Based on the task model, the candidate parts at this
time is one of “BlockB,” “BlockD” and “BlockE.” We try
to estimate the intended part by using voting mechanism
based on the “Functions” of the gazed part. A gazed part
can be classified into following 2 types.

1) Correct candidate parts which is connectable to the
incomplete construction as described in the task
model (“BlockB”,“BlockD”,“BlockE”)

2) Wrong candidate parts (“BlockJ”,“BlockL”)

First, the robot extracts the connectable “Functions” to
one of the “Functions” on the incomplete construction
among the “Functions” on the gazed part. Then, the robot

votes for all the parts in the environment which have one
of the extracted “Functions.” For example, when “BlockD”
is gazed, the not-yet-connected “Functions” on the incom-
plete construction is Axle, Peg and Hole(marked in squared
box in Fig. 5) and the counterpart of those in the gazed part
are “Peg” and “Hole.” So if “BlockD” is gazed, the subject
is expected to look for a part which will be connected to
one of “Peg” or “Hole” on the incomplete construction.
Then the robot extracts the parts which have the counterpart
“Function” from the correct candidate parts list and votes
for “Peg” and “Hole” by one for each of the extracted parts,
e.g. “BlockD” and “BlockE” in this case.

During searching state, this voting process is repeated
while gaze transition continues from one part to the other.
If the number of votes of an part is greater than a certain
threshold, the part is estimated as the intended part. The
threshold value is determined from the measured gaze
movement data.

Under the framework of accumulating votes over a
constant value, the cooperative action starts only when
the searching time is long enough, i.e. sufficient number
of gaze transitions is counted. The estimated object is
always the right answer on the task model. Fig. 6 shows
an example of voting process.
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2) Proposed Cooperative Action: The decision making
process of this cooperative action is summarized as follows.

1) at i-th gaze transition, object Ok is gazed
2) vote ∀j{Nj = Nj + 1| func(Oj) ⊂

c func(func(Oconst) ∩ c func(func(Ok)))}
3) if ∃iNi > Nthr then present Oi to the subject

where func(Ok) means the not-yet-connected function set
Ok has. Oconst is the incomplete construction. c func(f )
means the function set of the counterpart of function set
f .

If the number of votes Ni of object Oi reaches a thresh-
old Nthr, the subject is considered to be in “Hesitation”
state and the object Oi is presented to the subject by a
robot as a cooperative action to settle the “hesitation”.

E. Cooperative Action 3: Simultaneous Execution

Consider the situation where the subject is working on
an assembly. If the subsequent assembly action is estimated
and the robot can execute a part of it simultaneously, the



task will proceed much more efficiently. Further, if an as-
semble (A) is always accompanied with another assembly
(B), “Simultaneous Execution” of assembly (B) is realized
when the current assembly is estimated as assembly (A)
before it is completed.

1) Utilization of Gaze Movement: Simultaneous execu-
tion can be possible based on the task model, however if
the same parts in the scene may lead to different assembly
patterns as in Fig. 7 and both of them are used in the task
model, it is impossible to determine which one is intended
from the task model. In this case, gaze movement can help
the estimation.

Fig. 7. Different Assembly between the Same Parts Pair

The subject usually gazes both “Functions” to be con-
nected with before assembly as in Fig. 8 and Fig. 9.

Fig. 8. Attention Point ex.1 before Assembly

Fig. 9. Attention Point ex.2 before Assembly

So, by investigating the gazed “Functions” just before
the assembly starts, the type of assembly(A) can be esti-
mated. If we know that an assembly(B) always follows the
assembly(A), the robot can realize simultaneous execution
of assembly(B).

2) Proposed Cooperative Action: Simultaneous execu-
tion of the subsequent action is performed as follows.

1) The assembly pattern is estimated by investigating
the gazed “Functions” before the subject completes
the assembly.

2) If the subsequent action is uniquely determined, the
robot executes it simultaneously while the subject is
working on the current assembly.

IV. IMPLEMENTATION OF COOPERATIVE ACTION AND

VERIFICATION EXPERIMENT

A. Experimental Platform

Among other behavior of human, we focus on manipu-
lation tasks and our purpose is to realize the integration of
learning process and reproduction process of manipulation
tasks in a real platform which employs dexterous hands and

Fig. 10. CVL Robot

Mirror

View Camera

Image Sensors

Fig. 11. EMR-8

Attention Point

Fig. 12. Visualization of Attention Point in Virtual Space

high level vision system . For that purpose, a humanoid-
type robot (Fig. 10) which has the similar capabilities to
humans upper body has been developed. In this paper,
this platform is used to realize cooperative tasks between
human and robot,

To measure gaze movement, a gaze-tracking system, Eye
Mark Recorder (EMR-8) Fig. 11, is employed.

We have developed a real-time 3D gaze tracking system
by integrating the vision system of the robot and EMR-
8, which can visualize the gazed point in the integrated
3D space (Fig.12). With this system, we can measure the
3D position of the gazed location in the same coordinates
frame of the object recognition system, so that the gazed
object can be easily identified.

Fig. 13. Experimental Result: Taking Over



Fig. 15. Experimental Result: Simultaneous Execution
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B. Implementation of Cooperative Action

1) Cooperative Action 1: Taking Over: Fig. 13 shows
the experimental results, in which the robot passed the
object which had been gazed over a certain period of time
during searching state.

2) Cooperative Action 2: Settlement of Hesitation: The
experimental result is shown in Fig. 14. The history of gaze
movement is obtained. The upper-right of Fig. 14 shows the
record of accumulated vote for each object. When either
of the number of vote exceeds the threshold, the subject is
considered to be in “Hesitation” state and the robot passed
“BlockB(Light Blue)” to the subject in this case.

3) Cooperative Action 3: Simultaneous Execution: As-
sembly of “Shovel” and “BlockB” is selected. There are 2
possible patterns to assemble these 2 parts.

1) Shovel:Bearing ⇐⇒ BlockB:Axle (Fig. 7Right)
2) Shovel:Open-Axle ⇐⇒ BlockB:Bearing (Fig. 7Left)

Assembly 1) requires screwing using ‘Driver” immedi-
ately after this action, while assembly 2) does not.

Fig. 15 shows the experimental result. The upper row
shows the assembly of “Bearing” and “Open-Axle.” This
does not require the screwing using “Driver,” so the robot
does nothing. Meanwhile the lower row shows the assem-
bly of “Bearing” and “Axle.” This requires a screwing
action, so the robot tries to grasp the “Driver” simultane-
ously when the subject is doing assembly, and passes the

“Driver” to the subject immediately after he/she finishes
the assembly.

V. CONCLUSION

To ensure the flexible cooperative task between human
and robot, a branching task model is introduced to represent
an assembly task. Under this task model, human worker
can freely choose the next assembly action from the
possible candidates. In this case, the robot has to determine
which action the subject is intended to take next during
the process of thinking and has to take an appropriate
cooperative action without delay when a situation occurs
where the subject is unable to advance the task smoothly.
For that purpose, we propose a method to estimate the
intention and state of human working on an assembly task
from the recent history of gaze movement. We also propose
3 types of cooperative actions, “Taking Over,” “Settlement
of Hesitation” and “Simultaneous Execution” to deal with
3 typical blocking situations. These methods are imple-
mented on our gaze-tracking system and humanoid robot
system, and experimental results are presented.
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