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Remote robot systems find their applications from manufacturing units in industries to intensive
care units in hospitals. Traditionally, teleoperation has been used in applications where normal
onboard manual operation/control cannot be used or where it would be too hazardous or expensive.
The evolution of teleoperation has generated sophisticated telepresence systems where the operators
can feel that their presence in the teleoperation site. By adding force feedback to the remote robot
systems, the operators can perceive the force from the remote robots. With force sense, the accuracy
and efficiency of the system can largely be improved. When the feedback information is sent over a
Quality of Service (QoS) non-guaranteed network such as the Internet, an object carried by the robots
may be subjected to a large force owing to network delay, delay jitter, and packet loss. This large force
may seriously damage the object.

Tn this thesis, we mainly concentrate on QoS control to mitigate the influence of network delay in
remote robot systems with force feedback. When multiple remote robot systems are used to perform a
cooperative task, the spatial and temporal synchronization may seriously be deteriorated owing to the
network delay. To solve this problem, in this thesis, we investigate the influences of network delay and
the effects of various types of QoS control by performing the task of carrying an object
together by using two remote robot systems with force feedback. We also consider two types of
relationships between the systems; namely the master-slave relation and peer-to-peer relation to
clarify how network delay affects each relationship. In the master-slave relation, one system acts as
the master, and the other system acts as the slave. In the peer-to-peer relation, the two systems act as
independent systems working together to complete a given task. We conduct experiments to study the
influence of network delay in remote master-slave systems with force feedback. Based on the
experimental results, we propose a combination of the adaptive A-causality control and the robot
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position control with force information to ensure smooth operation under unfavorable network
conditions. We investigate the influence of different network delays such as network delay of each
system, and network delay between robots in remote robot systems with peer-to-peer relation. We also
clarify that the adaptive A-causality control should be applied globally to keep the operability high
while performing a cooperative task. ‘

The thesis is organized as follows:

In Chapter 1, we explain the research background and various technologies used in our
experimental system. We also elaborate on the purpose and contributions of the thesis.

In Chapter 2, we investigate the influence of network delay in the system by using experimental
results in remote master-slave robot systems. We clarify the influence by performing cooperative work
carrying an object together. Based on the experimental results, we found that the average work time,
the average force of robots, and the average reaction force at the haptic interface devices increase as
the network delay becomes larger. These larger forces make the system unstable and difficult to
operate. This results in degradation of operability and deteriorates QuE. As a result, we conclude that
to eradicate this problen, it is necessary to perform QoS control to achieve efficient operation during
unfavorable network conditions.

In Chapter 3, we investigate the effects of the adaptive A-causality control and robot position control
using force information in remote master-slave robot systems to reduce the influence of network delay.
We find that the position difference between master and slave robots increases, as the network delay
becomes larger. This results in larger force exerted on the object carried by the robots. In the adaptive
A-causality control, the output timing of the position of the master robot is dynamically changed to
reduce the difference in position between the robots to achieve smooth completion of work. In the robot
position control using force information, the robot position is changed to reduce the force exerted on
the object. We also clarified the effects of a combination of both types of control. Based on the
experimental results, we found that a combination of the adaptive A-causality control and robot
position control using force information is the most effective.

In Chapter 4, we propose the global and local adaptive A-causality control to alleviate the influence of
network delay in remote robot systems with peer-to-peer rvelation. The global adaptive A-causality
control dynamically delays output timing of the position of each robot according to the network delay
between robots, and in each system to reduce the difference in position between the robots. The local
adaptive A-causality control between robots dynamically changes the output timing of each robot
according to the network delay between the robots, while the local adaptive A-causality control
hetween the haptic interface device and the robot involves dynamically changing output timing of the
position at each robot according to the network delay in each system to minimize the position
difference. By experiment, we also make a comparison between the global and local adaptive
A-causality control. Based on the experimental results, we illustrate that the global adaptive
A-causality control is better than the local adaptive A-causality control.

In Chapter 5, we summarize and conclude the thesis. We also discuss future directions and
challenges based on the results of this study.
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