Networked Haptic Cooperation with Remote Dynamic Proxies

by

Zhi Li
B.Sc., University of China Agricultural University, 2006

A Thesis Submitted in Partial Fulfillment of the

Requirements for the Degree of

MASTER OF APPLIED SCIENCE

in the Department of Mechanical Engineering

© Zhi Li, 2009

University of Victoria

All rights reserved. This dissertation may not be reproduced in whole or in part, by
photocopying

or other means, without the permission of the author.



Networked Haptic Cooperation with Remote Dynamic Proxies
by

Zhi Li
B.Sc., University of China Agricultural University, 2006

Supervisory Committee

Dr. Daniela Constantinescu, Supervisor

(Department of Mechanical Engineering)

Dr. Afzal Suleman, Departmental Member

(Department of Mechanical Engineering)

Dr. Brad Buckham, Outside Member

(Department of Mechanical Engineering)

i



11

Supervisory Committee

Dr. Daniela Constantinescu, Supervisor

(Department of Mechanical Engineering)

Dr. Afzal Suleman, Departmental Member

(Department of Mechanical Engineering)

Dr. Brad Buckham, Outside Member

(Department of Mechanical Engineering)

ABSTRACT

Networked haptic cooperation entails direct interactions among the networked
users in addition to joint manipulations of shared virtual objects. For example, ther-
apists may want to feel and guide the motions of their remote patients directly rather
than via an intervening virtual object during tele-rehabilitation sessions. To support
direct user-to-user haptic interaction over a network, this dissertation introduces the
concept of remote dynamic proxies and integrates it into two distributed control archi-
tectures. The remote dynamic proxies are avatars of users at the sites of their distant
peers. They have second order dynamics and their motion is coordinated to the re-
mote user whom they represent either via virtual coupling or via wave-based control.
The remote dynamic proxies render smooth motion of the distant peers regardless
of the infrequent and delayed information received over the network. Therefore, the
integration of remote dynamic proxies into distributed networked haptic cooperation
allows stiffer contacts to be rendered to users and improves position coherency in the
presence of longer constant network delays.

The thesis investigates the advantages and limitations of the remote dynamic
proxies for two distributed haptic architectures. These architectures coordinate the

peer users and their virtual environments via:

1. virtual coupling control. For virtual coupling-based networked haptics with
remote dynamic proxies, stability is analyzed within a multi-rate state space
framework and the analysis is validated through experiments involving both co-

operative manipulations and direct user-to-user interactions. The results show



v

that the remote dynamic proxies maintain high coherency between the distrib-
uted virtual environments and enable users to see and feel their peers moving
smoothly. They also increase the stiffness of direct user-to-user contact in the
presence of larger constant network delay. However, the remote dynamic proxies
do not lessen users’ perception of a predominantly viscous virtual environment

in the presence of network delay.

. wave-based control. To enable users to feel other dynamics in addition to vis-
cosity during networked haptic cooperation, this dissertation further develops
a wave-based distributed coordination approach for the remote dynamic prox-
ies. The performance of the proposed approach is investigated via experiments
involving both cooperative manipulations and direct user-to-user interactions.
The results demonstrate that the remote dynamic proxies mitigate the poor
coherency typical to wave-based coordination architectures and enable users to
touch their peers. Furthermore, the remote dynamic proxies improve users’

perception of inertia in the presence of network delay.
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Chapter 1

Introduction

1.1 Networked Haptic Cooperation

Computer haptics, or haptics, enables human users to interactively touch and ma-
nipulate virtual environments [3]. Generally, the haptics adds perception to tradi-
tional visual and/or audio applications and have wide and promising use in various
areas such as military training [4], industrial design and maintenance [5], remote
surgery [6, 7], creative painting [8] and sculpting [9], etc. To be specific, haptics is
involved in surgery training, teaching of palpatory diagnosis (detection of medical
problems via touch) [10] and so on. For entertainment, haptics adds the perception
and manipulation of virtual objects to video games [11]. In a virtual art exhibition,
haptics enables human users to play virtual musical instruments as well as touch and
feel the haptic attributes of the displays.

In networked haptics, the virtual environment is shared by multiple users distrib-
uted over networks. According to the ways that the users interact with each other as
well as touch and feel the virtual environments, networked haptics can be categorized
into three groups: (1) haptic interaction with static shared virtual environments, (2)

haptic collaboration and (3) haptic cooperation [12].

e Haptic interaction with a static shared virtual environment: users

touch and feel a fixed virtual environment.

In the haptic interaction with static shared virtual environments, users passively
explore the shared virtual environment and experience corresponding visual,
audio and haptic feedback. Users are not enabled to manipulate or modify the

shared virtual environment. The shared virtual environment has fixed geometric



attributes (such as the shape, texture, etc.), kinematic attributes (position,
velocity, etc.), dynamic attributes (such as mass, damping, etc.) and so on.
Therefore, its implementation is largely simplified. In haptic interaction with
a static shared virtual environment, users usually visit a central database in
client-server fashion to touch and feel the shared virtual environment, which
is managed by a centralized server. At the same time, a user can access the
information of the other users in the same shared virtual environment in two
ways: (a) via contacting a centralized server which keeps the most recent status
of the other users; or (b) via directly contacting the other users for their updated

state.
Centralized Server Centralized Server

Static SVEs :
Static SVE
with fixed attributes e >

with fixed attributes —

Most recently updated
status of all the users

Y Information of user 1 v
User 1 User 2 User 1 User 2
Information of user 2
(a) Users contact a centralized server for the (b) Users contact other users directly for their
update status of the other users. updated state.

Figure 1.1: Haptic interaction with a static shared virtual environment (SVEs).

e Haptic collaboration: users take turns at touching and feeling the shared

virtual environment.

In haptic collaboration, users are enabled to manipulate and modify the shared
virtual environment with the restriction of “one user at a time”. Two kinds
of approaches are available to synchronize the networked haptic cooperation,

respectively for: (1) client-server topology; and (2) peer-to-peer topology.

During networked haptic collaboration with users connected in client-server
fashion, while being modified by one of the users, the information of the shared
virtual environment can be locked by a central server which keeps its only

“official” copy. As illustrated in Figure 1.2, User 1 and User 2 are connected



to a centralized server. When being modified by User 1, the shared virtual
environment is locked by User 1 (i.e. User 2 can only touch and feel the shared

virtual environment passively).

SVEs SVEs

Locked ' Locked

channel channel

4

User 1 User 2 User 1 User 2

Figure 1.2: Synchronization of haptic collaboration in a shared virtual environment
(SVE) via client-server synchronization.

For networked haptic collaboration with users connected in peer-to-peer fashion,
the official copy of the shared virtual environment is managed by each user in
turn via a token ring scheme. While one of the users is authorized to modify
the official copy of shared virtual object, other users in the networked haptic
collaboration can only touch and feel it passively (Figure 1.3). Peer-to-Peer
topology demonstrates effective synchronization performance via the token ring
implementation. In the token ring implementation, a token will be circulated
among the interconnected users. The user who gets the token has the right
to modify the shared virtual environment, while the other users without token
could only passively touch and feel the shared virtual environment. However,
due to the complexity of connection and the large load of network traffic, this

synchronization scheme does not scale well as the number of users increases.

User 1 User 2 User 1 User 2
Modify and Touch and Touch and Modify and
manage the p| feel the official _> feel the official ¢ manage the
official copy SVE passively SVE passively official copy
ofthe SVE ofthe SVE
With token With token

Figure 1.3: Peer-to-peer haptic collaboration in a shared virtual environment (SVE)
with token ring synchronization.



e Haptic cooperation: users touch and modify the shared virtual environment

simultaneously.

It is only in haptic cooperation that multiple users can simultaneously manipu-
late and modify the same shared virtual object in a shared virtual environment
(Figure 1.4).

> SVEs <«
A 4 v
User 1 User 2

Figure 1.4: Haptic cooperation.

As the restriction of “one user at a time” is removed, task performance in the
shared virtual environment is largely improved. It has been experimentally
demonstrated in [13] that, when the task of haptically passing a virtual object
is performed by two people working together, the error rate for exchanging
objects is diminished without increasing the time to move the object. The
physical realism is also enhanced in haptic cooperation since users are allowed
to feel and push each other directly or indirectly while moving the shared virtual
object. For example, users involved in networked haptic cooperation interact

with each other via a shared virtual cube in [14].

The “Transatlantic Touch” [15] is the first published implementation of net-
worked haptic cooperation over long distance. Since that, networked haptic
cooperation has been implemented in various practical applications. Some ap-
plications have emerged in the industrial area. For instance, designers located
in different cities or even different countries may need to haptically cooperate
on the same project in a shared virtual environment. An example is the CAD
assembly task cooperatively carried out between the University of Manchester
in UK and the University of North California at Chapel Hill in the USA [16].



The designed system provided effective transatlantic cooperative haptic manip-
ulation of objects whose motion was computed using a physically-based model.
Although the network latencies have been of the order of 120ms, the perfor-
mance achieved over the Internet is comparable to that on a local area network
(LAN). Other applications of networked haptic cooperation are in medicine.
For example, the Jerusalem TeleRehabilitation System [17] is a low-cost and
easy-to-use rehabilitation system which allows the therapist and the patient

cooperatively perform a rehabilitation procedure.

1.2 Challenges in Networked Haptic Cooperation

Networked haptic cooperation faces challenges due to the network attributes. As
the number of users and user groups increases, the synchronization will also be a
problem. This section briefly overviews how the network attributes and the syn-
chronization issues affect the performance of networked haptic cooperation. A more

detailed discussion will be presented in Chapter 2.

1.2.1 Network Challenges

The performance of a network is limited by the following network attributes:

e Network Delay

The network delay, or latency, is the delay experienced by a packet within the
network. In a IP network, the network delay consists four parts: (1) processing
delay, i.e., the time that routers need for processing the packet header; (2)
queuing delay, i.e., the time that the packet remains in routing queues; (3)
transmission delay, i.e., the time for pushing the packet’s bits onto the network
link; and (4) propagation delay, i.e., the time for propagating the signal over the
medium it is being transmitted through. The network delay has various negative
impacts on networked haptic cooperation. By introducing latency between the
human action and the force feedback, it leads to instability. The network delay
may affect the networked haptic cooperation to various extent depending on
the nature of the task. Generally speaking, the negative effects become more

severe as the delay increases.

e Network Delay Jitter



The network delay jitter is the variation of the network delay. The network
jitter has the largest impact on networked haptic cooperation in the presence
of long network delay. It is notable that the adverse effect of network jitter
is comparable to that of long constant network delay. This is because data
transmission buffer schemes can transform network jitter into constant long

network delay.

Packet Loss

Packet loss refers to the situation in which one or more packets of data trans-
mitted over networks fail to reach their destination. Packet loss may be due
to unavoidable data loss in transmission or to intentional network traffic re-
duction. For example, many networked haptic cooperation schemes employ the
User Datagram Protocol (UDP) transmission protocol, which emphasizes on
communication efficiency at the expense of transmission reliability. To reduce
the network traffic, other implementations either selectively transmit update
packets [18,; 19] or employ a network transmission rate that is lower than the

rate of local haptic rendering [2].

Network Bandwidth

Network bandwidth refers to the data rate supported by a network connection
or interface and represents the capacity of the network connection. The greater
the capacity of the network connection, the more likely it is that the data
transmission will achieve better performance. Network bandwidth limitations
may aggravate other adverse network effects, such as network delay and jitter,
and packet loss. Especially in the presence of heavy network traffic and large
number of users, network bandwidth may limit the performance of networked

haptic cooperation.

Heavy network traffic may be required by haptic applications that need to ex-
change video and audio data across the network in addition to update messages
that control users’ motion and interaction. In addition, the real-time synchro-
nization that is critical in networked haptic cooperation makes network traffic
load an outstanding problem. Therefore, a heavy network traffic load over lim-
ited network bandwidth may impose stringent constraints on the number of
users that can be included in the networked haptic cooperation and may ag-

gregate adverse network effects such as the network latency, jitter and packet



loss.

A large number of users involved in networked haptic cooperation may also have
communication needs that exceed the network bandwidth. For instance, many
users interconnected in peer-to-peer fashion require large network bandwidth
because each pair of cooperative participants needs to exchange various infor-
mation. In this case, the network bandwidth will limit the number of users that

can be involved in networked haptic cooperation.

These network attributes may adversely impact (1) the stability and (2) the phys-

ical realism of the networked haptic cooperation:

e Impact of network attributes on the stability of haptic cooperation

Networked haptic cooperation can become unstable because of network delay
and jitter. The work in [20] demonstrated through experiments that the virtual
coupler [21] connecting the copies of the shared virtual objects need to become
more compliant as the network delay increases. The theoretical analysis in [2]
showed that the stability region shrank as the delay increased regardless whether

centralized or distributed control architectures connected the networked users.

Network delay, jitter, and packet loss also lead to network update rates that are
usually much lower than the typical haptic rendering rate of 1 KHz. The low
network update rates lead to a multi-rate force feedback loop which presents

additional stability challenges. These challenges are detailed in Chapter 2.

e Impact of network attributes on the realism of haptic cooperation

Physical realism is important in many networked haptic cooperation applica-
tions, including tele-rehabilitation and tele-training for surgical procedures. Yet
realism may need to be traded off for stability in networked haptic cooperation.
For example, typical haptic applications increase damping to maintain stabil-
ity in the presence of network communication delays. However, the damping
injected through control may overwhelm users’ perception of the virtual envi-

ronment dynamics, in particular of the dynamics of the shared virtual object [2].

When users are represented in the virtual environments of their remote peers
directly from the network updates, their motion will be sampled at varying,
relatively large intervals (tens to hundreds of ms compared to ms) due to the

characteristics of the network traffic. Hence, the motion of remote peers will



appear discontinuous, jumping from one position to the next, instead of evolving

smoothly in time.

1.2.2 Synchronization Among Users and User Groups

Multi-user computer games and on-line art expositions with haptic feedback are ex-
amples of networked haptic cooperation applications that strive to involve as many
cooperating participants as possible in the virtual environment. This intention brings
about the challenge of haptically synchronizing cooperative users and user groups.
The synchronization comprises the synchronization of the shared virtual objects, as
well as the synchronization of member status. The complexity of the synchronization

increases significantly as the number of users grows larger.

e Synchronization of Shared Virtual Objects

As a real-time network application, networked haptic cooperation requires the
synchronization of the shared virtual objects. In other words, each participant
must perceive the properties of the shared virtual objects in a manner consis-
tent with the other participants. For example, position coherency requires all
the distributed copies of the shared virtual object to be at the same location.
However, due to the interaction controller and/or the imperfect network data
transmission among users, position differences always exist among the distrib-

uted copies of the shared objects (Figure 1.5).

e Synchronization of Member Status

The synchronization of member status aims to maintain the network connection
among all users involved in the networked haptic cooperation, and to inform all
participants about the most recent status of all other users. Via synchronization
of member status, participants are informed when other participants join in and
leave the networked haptic cooperation; the network information such as the IP
addresses of other users are disseminated to participants in order to build up
suitable network connections; participants learn the geometric (shape, texture)
and dynamic (mass, stiffness, damping) attributes, as well as dynamic status

(position, velocity) of the other participants.

e Synchronization of Users and User Groups
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Figure 1.5: Position difference among the distributed copies of the shared virtual
object (SVO). F; and F5 are the forces applied by Peer 1 and Peer 2 on their respective
copies of the shared virtual object.

Scalability is a major challenge in networked haptic cooperation with large
number of participants. Scalable networked haptic cooperation should be able
to handle a growing amount of network traffic gracefully, as well as be easily
enlarged. When expanding the hierarchical structure of networked haptic coop-
eration, a balanced hierarchical tree of communication is desirable. In an unbal-
anced hierarchical tree, many participants connect to the same synchronization
reference node as clients and the acknowledgements of receiving synchronization

packets may overwhelm the node through acknowledgement implosion.

1.3 Objective of the Thesis

This dissertation aims to provide a framework for distributed networked haptic co-
operation that enables direct user-to-user interaction in addition to cooperative ma-
nipulation of a shared virtual object. The framework will focus on two-users haptic
cooperation in the presence of low network update rate and constant network delay.
Therefore, synchronization will be assumed to have negligible impact on both the
stability and the performance of the interaction. The performance will be evaluated

via: (1) the position coherency among the distributed copies of the shared virtual
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object during cooperative manipulations; (2) the contact stiffness that the users can
perceive; and (3) the range of network delays for which the networked haptic cooper-
ation is stable. Potential applications of the framework proposed in this dissertation
include tele-rehabilitation and multi-user computer games.

To achieve its aims, this thesis will: develop a methodology for distributing peer
users across the network that is based on the new concept of remote dynamic proxies;
integrate the remote dynamic proxies into peer-to-peer haptic control architectures
with virtual coupling control and with wave-based control; derive stability margins
for peer-to-peer networked haptic cooperation via remote dynamic proxies with vir-
tual coupling coordination; and validate through experiments the performance of the

remote dynamic proxies.

1.4 Structure of the Thesis

The thesis is organized as follows:

Chapter 2 reviews existing research on networked haptic cooperation emphasizing

work that focuses on the adverse network effects and on improving performance.

Chapter 3 introduces the concept of remote dynamic proxies and integrates them
into two peer-to-peer networked haptics architectures: (1) the distributed con-
trol architecture with remote dynamic proxies and virtual coupling coordination;
and (2) the distributed control architecture with remote dynamic proxies and

wave-based coordination.

Chapter 4 develops the stability analysis for two-users networked haptic coopera-
tion rendered via RDP-s with virtual coupling coordination. The analysis for-
mulates the state space representation of the multi-rate haptic feedback system
under constant network delays, both for cooperative manipulation of a shared

virtual object and for direct user-to-user interaction.

Chapter 5 compares through experiments the remote dynamic proxies with virtual
coupling and with wave-based coordination to three recent peer-to-peer con-

trollers. It also validates the analysis in Chapter 4.

Chapter 6 summarizes the conclusions of this dissertation and discusses directions

for future work.
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Appendix A details the derivations required for the stability analysis in Chapter 4,
both for distributed cooperative manipulation and for direct user-to-user inter-
action. It also presents the procedure for setting up the experiments presented
in Chapter 5.
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Chapter 2
Literature Review

This chapter reviews the research history of networked haptic cooperation. After
addressing the influence of the adverse network effects (i.e. the limited bandwidth, the
network delay, jitter and packet loss), the chapter presents the state of art to achieve
the ideal networked haptic cooperation from three perspectives: (1) the network-based
approaches to improve the performance of networked haptic cooperation, (2) design of
control architectures with various controllers, and (3) representation of human users

with proxies of higher order dynamics.

2.1 The Influence of the Adverse Network Effect

The performance of a network is limited by adverse network effects such as: (1)
network delay, (2) network delay jitter, (3) packet loss, (4) limited network bandwidth.
This section will address to detail the influence of the above adverse network effects

on networked haptic cooperation according to the existing researches.

2.1.1 Network Delay

The network delay, namely the network latency, has various negative impacts on
the networked haptic cooperation. The network delay not only causes the response
latency between human operation and the force feedback, but also leads to instability
perceived by human users as rebound and/or vibration of the haptic devices.

In [22] experimental study on the effects of constant network delay in coopera-
tive shared haptic virtual environment (CSHVE), task performance in CSHVEs have

been evaluated from three perspectives: (1) force perception, (2) consistency of the
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haptic-visual feedback, and (3) the system stability of networked haptic coopera-
tion. In this experimental study, human users are connected to the shared virtual
environments in Client-Server way. In objective assessment, although the increasing
network delay does not affect the force feedback significantly, the task performance
measured via Task Completion Time (TCT) decreased. Especially when the delay
goes to 1800ms, the performance decreased by 50%. In the subjective assessment, the
task performance is evaluated via contact stiffness, as well as the physical-intuition,
i.e. how realistic and comfortable the experienced perceptions are and whether these
perceptions are comparable to those in real-life situation. It is described by human
users that there existed ”discontinuity” in the force perception for large delay. For
each user, the other users in the same shared virtual environment move slower as the
delay increases. In [23] the adverse effect of constant network delay is examined quan-
titatively. In the haptically cooperative task, human users first reached forward to
touch each other, then moved to a target without losing contact. The network delay
between 0 ms to 400 ms is graded into 10 levels. It is experimentally demonstrated
that as the delay increases, in the cooperation exists more movement errors of aiming
(i.e. users can not properly aim each other), penetration (i.e. users penetrate into
each other while contacting) and separation (i.e. users can not persist the contact
while moving to the targets). The error rates increases rapidly as delay rises from 0
ms to 100 ms, but slowly when delay is over 100 ms.

In conclusion, the adverse effects of network delay affect the networked haptic
cooperation to different extent according to the nature of the task, yet generally

speaking, their negative effects become severe as the delay increases. [22].

2.1.2 Network Delay Jitter

The network delay jitter is the variation of network delay. The network jitter has the
greatest adverse effect on networked haptic cooperations when combined with long
network delay. In [24, 25] cooperative tasks are conducted in the presence 10 ms
network delay and 200 ms delay with and without jitter. It is demonstrated that the
task completion time significantly correlated to both the network delay and the delay
jitter.

While increasing the task completion time, the network delay jitter also affects
human users’ perception of the shared virtual objects. It is described in [26] that due

to the fact that it is after the transmission delay (single-trip-time for Peer-to-Peer
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connection and round-trip-time for Client-Sever connection) that the shared virtual
object can respond to human users’ manipulations, as the delay varies, participants in
networked haptic cooperation will try to push the shared virtual objects with larger or
smaller force, which is equivalent to the mass variation of the shared virtual objects.

It is notable that the adverse effect of network delay jitter is comparable to that of
constant long network delay. With buffer schemes in data transmission, network jitter
may transformed to constant long network delay. [27] suggested that 10 ms delay with
jitter resulted adverse effect equivalent to 200 constant network delay without jitter.
Although experimentally generated in networked haptic collaboration, this result may

also be referred to by researches on networked haptic cooperations.

2.1.3 Packet Loss

The packet loss may come from either the unavoidable data loss in transmission or the
intentionally network traffic reduction. For example, many networked haptic coopera-
tions employ UDP as transmission protocol, which emphasizes on the communication
efficiency at the expense of transmission reliability [28, 29, 15, 30, 31]. To reduce the
network traffic loads, other implementations of networked haptic cooperation either
selectively transmit update packets [18, 19] or employ a lower network transmission
rate than the rate of local haptic rendering [2]. In [2] The intentionally decreased
network update rate results in a control system with multiple sampling rates and

further affects the control stability of the networked haptic cooperation.

2.1.4 Limited Network Bandwidth

One challenge in networked haptic cooperation is the heavy traffic load over limited
network bandwidth. The limitation of bandwidth becomes severer especially when
including large number of users and user groups in a networked haptic cooperation.
The heavy network traffic may impose stringent constraints on the system layout and
the aggregate other adverse network effects such as the network latency, jitter and
packet loss [12].

[32] categorized data existing in networked haptic collaboration into five columns.

They are:
e real-time audio and video data;

e data describing objects/scences in shared virtual environments;
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e data representing traditional 2D collaborative data such as whiteboards;

e data used by the system to perform tasks such as consistency control, manage-

ment, etc. (i.e. data for control);
e data for updates.

[32] explained that based on the received control data and update data, user can
simulate at his/her own side the real-time audio and video, as well as the background
of shared virtual environments which is seldom changed during the networked haptic
collaboration. Therefore, messages containing the control data and update data are
most frequently transmitted and consequently become the main focus of synchroniza-
tion.

During the period that participants exist in a networked haptic cooperation en-
vironment, they exchange status information with the networked haptic cooperation
system that they are involved in. Specifically, the participants need to receive occa-

sional and/or periodic information related to:
e permission to join the cooperative task;

e synchronization with the shared virtual environment, including the background

and audio and video information;
e current static and dynamic status of the shared virtual environment;
e current static and dynamic status of other participants in the cooperative task;
e current static and dynamic status of other participants passing by (optional);
e other participants joining in and leaving the cooperative task;

e other participants joining in and leaving the shared virtual environment (op-

tional);
e current network traffic load (optional).
At the same time, they are required to send own information related to:
e the intention of joining in and leaving the shared virtual environment;

e the intention of joining in and leaving the cooperative task;
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e their static and dynamic status.

As described in [32], messages transmitted in networked haptic collaborations
have different requirements of reliability. So it is with networked haptic cooperation.
For example, messages containing the control data insist reliable transmission since
without reliably receiving control messages such as IP address of new members, the
connections among participants will not be built up and expanded correctly. In
comparison, messages for updating the positions and velocities emphasize on the
transmission efficiency instead of reliability in order to render smooth motion for the
representations of remote users. Limited by the network bandwidth, networked haptic

cooperation aim at a tradeoff the reliability and efficiency of data transmission.

2.2 State of the Art

According to the challenges described in the Chapter 1, existing researches focus on
improving the performance of networked haptic cooperation from three perspectives.
(1) From the perspective of network, research to date has mitigated the adverse net-
work effects such as network delay, jitter, packet loss and has synchronized large
number of users & user groups via the implementing advanced protocols. Especially,
various buffer schemes and prediction & interpolation are implemented to smooth the
network delay jitter and make up for the packet loss. (2) From the perspective of
control stability, centralized and distributed control architectures with various con-
trollers are designed to improve the performance of networked haptic cooperation. (3)
From the perspective of physically-intuitive virtual reality, proxies of different orders
of dynamics (i.e. proxies with zero order, first order or second order dynamics ) are
implemented to represent the users’ motion in the shared virtual environments. Fur-
thermore, controllers are designed to help the shared virtual objects with maintaining

their dynamic properties.

2.2.1 Network-based Approaches to Improve the Performance
of Networked Haptic Cooperation

Protocols for Networked Haptic Cooperation

Traditionally, networked haptic cooperation employ TCP (Transmission Control Pro-

tocol) and/or UDP (User Datagram Protocol) as communication protocol over net-
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work. These two commonly used network protocol have different emphasis on trans-
mission performance. The TCP is a reliable transmission protocols so that it persists
sending a packet until acknowledgement of this packet is received from the destina-
tion side. Therefore, the transmission reliability is ensured at the expense of relatively
lower transmission efficiency. On the contrary, the UDP only transmits the packets
with best effort without any requirement for acknowledgement. In most situation,
users in the networked haptic cooperation prefer frequent updates from the remote
side rather than reliable transmission of any specific update. Therefore, the UDP is
much more commonly implemented in networked haptic cooperation.

As previously described, updates of networked haptic cooperation have various
transmission requirements, which could not be satisfied by protocols that solitarily
emphasizes on either the transmission reliability or efficiency. [33] solve this problem
by opening multiple communication channels for updates with different transmission
requirement. In their implementation, three transmission channels are built up be-
tween each of the two client users and the server that manages the official copy of
the shared virtual environment. Users’ positions relevant to the collision detections
with the shared virtual object are reliably transmitted with TCP while UDP is used
to transmit positions of users when they are idling around. The position of the
shared virtual object can be transmitted either by TCP or UDP. Their experiments
demonstrated that combination of TCP and UDP can achieve higher performance of
cooperation than only using either the TCP or the UDP.

Instead of the combination of multiple protocols, some other researches have
solved this problem by employing a single protocol with adaptive transmission re-
liability and efficiency, or even suggested designing network protocol particularly for
networked haptic cooperation [34]. Recently, the SCTP (Synchronous Collaborative
Transmission Protocol) and the S-SCTP (Smoothed SCTP) have been implemented
in networked haptic cooperations, both of which distinguishes the key updates from

regular updates and set different transmission reliability for them respectively.

Synchronization Among Users and User Groups

Applications of networked haptic cooperations such as computer games and haptic
art exposition intend to simultaneously involve as many participants as possible. This
intention leads to challenge of synchronizing among haptically cooperative users and

user groups. This synchronization consists (1) the synchronization of the shared
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virtual objects, as well as (2) the synchronization of member status. Complexity of

the synchronization becomes increasingly significant as the user number grows larger.

e Two Approaches for the Synchronization of Shared Virtual Objects

Synchronization of the shared virtual objects can be achieved either via (1)
controllers connecting copies of the shared virtual objects [14, 2, 35] or via (2)
update packet for synchronization [19, 28, 31, 36]. For the synchronization with
controller, the potential challenges are maintaining the control stability as well
as minimizing the position difference among the distributed copies of the shared
virtual objects. For example in [14], the virtual couplers are used to generate
the inter-connection control forces which maintain the position coherency of
the distributed copies of the shared virtual objects. The control stability for
long network delay is ensured at the expense of less stiff virtual couplers which
leads to worse position consistency of the distributed copies of the shared virtual
objects. [2] demonstrated that for the distributed multi-rate control architecture
with delay steps of n = 1, n = 2 and n = 3, the remote contact stiffness
is inversely proportional to the stiffness of coordinating virtual coupler in the
presence of a fixed local contact stiffness. According to this theoretical analysis,
the rendered contact stiffness also bounds the stiffness of the virtual couplers
connecting the copies of the shared virtual objects, which affects further on the

position coherency of the shared virtual objects.

When synchronizing the shared virtual objects with inter-connecting controllers,
the generated control forces are reciprocal that copies of the shared virtual
objects are synchronized with reference to each other. However, synchronization
with update packets entails choosing the synchronization reference node
and expending the synchronization architecture based on leveled authorization
of synchronization. For instance, for a networked haptic cooperation with two
users, two nodes exist in the networked haptic cooperation and one of them can
be chosen as the synchronization reference node, which maintains an official copy
of the shared virtual objects. If using an extra centralized server to maintain
the official copy of shared virtual objects, there will be three nodes included
in this networked haptic cooperation. The node of the extra centralized server
will be selected as the synchronization reference node with both the two users
connecting to it in Client-Server way. In both the above two situations, the

synchronization reference node has higher level of synchronization authorization
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comparing to the other node(s).

As the networked haptic cooperation involving larger number of users, more
cooperative participants and/or centralized servers can be selected as the syn-
chronization reference nodes for the sake of scalability. Consequently, the syn-
chronization authorizations of these cooperative users/centralized servers have
to be graded to multiple levels, ensuring that only one official copy exists in
the networked haptic cooperation. As the nodes with different level of synchro-
nization authorization inter-connect and expand, users and user groups form an

hierarchical structure in the networked haptic cooperation.

It is notable that some special cases of networked haptic cooperation require
synchronization of temporal coordinate system. In [16], this temporal coordi-
nate system is defined as virtual time, which is the abstraction of real time
and implemented via a system of logical clock. This synchronization ensures
the consistent state across all participants connected via high latency network,
preparing for implementation of interpolation and/or prediction to smooth the
rendering of shared virtual environments as well as the motions of remote par-

ticipants.

Acknowledgement Strategy

Basically, two acknowledge mechanisms are available to ensure update trans-
mission reliability. The positive acknowledgement based (ACK-based)approach
is sender-initiated while the negative acknowledgement based (NACK-based)
approach is a receiver-initiated one. Efficient acknowledgement suppression
mechanism is necessary for both of them to reduce network traffic load and

avoid acknowledgement implosion.

For the ACK-based approach, updates with strong reliability requirement must
be acknowledged immediately. The sender can realize a packet loss either by
timeout scheme or duplicated acknowledges for previous update messages. The
expense for this prompt response is the sender’s danger of acknowledgement
implosion. As the user number grows, the adverse effect of acknowledgement

implosion becomes severe.

Proposed suppression scheme for those ACK-based approach is to build up a
temporary hierarchical tree in synchronization topology. The sender periodi-

cally picks some representatives from a group of receivers. The acknowledge-
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ment from a representative is considered as a symbol of successful transmission
for the whole group area. If an acknowledgement from the representative is re-
ceived, the sender will consider the whole group gets the new update message.
Otherwise, the update message is resent and another representative for this lo-
cal group will be selected. All users except the previous representative in this
group will send out acknowledgement based on a acknowledgement suppression
algorithm. The sender will then choose a new representative to take the place
of the old one. With this approach it is still possible for some users to be kicked

out. However, the acknowledgement implosion is suppressed in large area.

The NACK-based approach works on the assumption that any practical network
will deliver successfully many more packets than it drops. Thus, the congestion
caused by acknowledge packets are largely reduced. This NACK-based approach
is preferred by many multi-cast protocols. Negative acknowledgement can only
be sent out when the receiver realizes some packet loss. Acknowledgement

implosion is avoid at the expense of lossen the sender’s control over the receivers.

NACK-based approach demonstrates low performance when the network jitter is
available. Update packets are not received at fixed interval, which may confuse
the receiver. Available solution is to have the receivers send the "heart beat”
message to the sender periodically. These messages keep the sender informed

with the receiver’s state and response accordingly.

Generally speaking, the NACK-based approaches have the wider popularity
than the ACK-based approaches for their consuming less bandwidth. Some-
times, Automatic Repeat Request (ARQ) and Forward Error Correction (FEC)
are combined to the NACK-based approaches to achieve higher performances.
The ARQ mechanism can only response to packet loss when it receives a new
update message with a larger time stamp or sequence number. If the new up-
date is sent very late, it is possible for the delayed user to be kicked out of
the collaboration for a while. Even worse, if the new updates never comes, the
collaboration will be a total failure. Some paper proposed to integrate the FEC
technique with the NACK approaches. It puts many adjacent packets in a block
and tails the repair packets for the whole block at the end. However, networked
haptic communication pays attention to key update at interval rather than the

integrity of adjacent packets. Therefore, the use of FEC is almost a waste.
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Buffer Schemes

As described previously, the jitter of network delay introduces worse effect than con-
tant network delay. Therefore, it is preferred to smooth this jitter even at the expense
of introducing additional delay of the update packets. To smooth the jitter of network
delay, buffers with fixed or adaptive size have been either embedded in transmission
protocol or additionally implemented at the receiving sides of updates. The imple-
mentations of buffer schemes may further rearrange the receive the update packets
according to their time stamps and make up for the lost packet with proper interpo-
lation, which smoothes the update flow and improves the system control stability.
Available networked haptic cooperation with fixed buffer scheme lies in [30], which
employs the S-SCTP as transmission protocol. Fixed buffer embedded in the S-SCTP
results in less time to successfully complete the networked haptic cooperation in the
presence of network delay and jitter, comparing to that of using transmission protocols
of UDP and SCTP. Furthermore, [36] implemented adaptive buffer for haptic media
synchronization and the adaptable buffer size is determined by the expected network
delay, which is calculated via a single-input adaptive transversal filter structure of
adaptive signal processing. This implementation of adaptive buffer demonstrated
higher performance in preventing overall packet loss comparing to the fixed buffer
scheme, especially for longer network delay and severe jitter. Another implementation
of adaptive buffer in [37] proposed a priority-based buffer scheme with low processing
delay. The buffer time adaptively varies for updates of different importance. This
method effectively reduced the additional delay that the buffer schemes introduced

when smoothing the received updates.

Network Decorators

[23] thoroughly examined the human user’s behavior in the presence of different
network delay. It is experimentally demonstrated that users adaptively adjust their
manipulation in an ”impact-perceive-adapt” way to achieve successful networked hap-
tic cooperation based on their feeling of network condition. Users become aware of
delay at 50 ms, before which people don’t perceive any difficulties caused by network
delay. As network delay increases, people intentionally slow their movement to avoid
unsuccessful manipulation. However, although users are aware of delay affecting their
performance, it is less than 100 ms they fail to slow their movements enough to stop

an increase in errors. Consequently, there are three delay thresholds at which users
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intentionally change their manipulation.

e Impact threshold of 25 ms, at which errors of manipulations increase signifi-

cantly and users become aware of delay.

e Perception threshold of 50 ms, at which users clearly perceive network delay and
start to adjust their manipulation. However, as the movements of the remote
user still appears smooth, the delay is not disruptive enough to slow users’

movement sufficiently to halt the rise in error rate.

e Adaptation threshold of 100 ms, at which network delay is significant to cause a
breakdown in the force perception so that the remote user’s movement appears
jerky and disjointed. From this point onwards, users slow down their movement

proportionally to delay to stop the increasingly more error manipulations.

Successful networked haptic cooperation can be achieved by offering users the in-
formation of network condition, which results in S. Shirmohammadi’s serial researches
on decorators. The decorators initially proposed in [38] are graphical queues used to
virtually inform the user in networked haptic cooperation about the current network
condition, e.g. the network delay and jitter. Based on the evaluation of network

Y

condition, the decorator varies its color to indicate the network is ”ok”, ”"so-so” and
"not ok”. [39] further enriched the color scheme for the decorator and [40] categorized
the decorators into 3 groups: (1)jitter decorator to reveal the delay variation, (2) di-
rection decorator to indicate the direction of movement and (3) trajectory decorator
to predict the future state of a shared virtual object according to previous movement,
which visualizes more complicated network condition.

Instead of solitary implementation of decorator, [41] adds to networked haptic co-
operation with decorators a prediction algorithm that predicts the current behavior
of the shared virtual object based on interpolations from a history buffer. This pre-
diction algorithm works similar to dead reckoning, using a short-interval prediction to
improve the cooperation performance. [28] conducted comprehensive implementation
consisting the network transmission protocols of SCTP and UDP, decorators and pre-
diction algorithms. The performance of networked haptic cooperation is examined in
the presence of complicated network condition. It was experimentally demonstrated
that to achieve higher performance of networked haptic cooperation, decorator, pre-

diction and effective network transmission protocols are supposed to be combined

together.
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Prediction and Interpolation

Predictions in networked haptic cooperation reduce the network traffic load as well as
smooth the updates by making up for the delayed and/or lost packets. The prediction
algorithm can be either a simple interpolation based on history update record [41] or a
advanced prediction algorithm such as dead-reckoning. The dead-reckoning algorithm
selectively transmits updates according to the evaluation of the difference between the
realistic update generated at local user side and the predicted one at remote user side.
When this difference goes beyond a setup threshold, the generated update will be sent
out. Although [42] indicated that the dead-reckoning algorithm does not performed
well in highly synchronous closely-coupled task, [40] suggests that re-examination of
this prediction algorithm leads to positive results [43], [44].

[37] implemented a dead reckoning algorithms based compensation scheme to
make up for the delayed or lost updates. At the receiver’s side, a predictor checks
whether there is a haptic event in the buffer for the current time. If it returns false, the
application uses the predicted haptic event to update the position and rotation of the
virtual object. The prediction algorithm is the third order predictive algorithm and it
shows high performance before the delay increases to about 80 ms. Furthermore, [25]
conducts similar experiment to evaluate the adverse effect of network jitter when dead
reckoning involved. It is suggested that without the dead reckoning, the average delay
affects more than jitter in the networked haptic cooperation. However, as soon as the

dead reckoning joins in, the adverse effect of jitter overwhelms that of delay.

2.2.2 Control Architectures with Various Controllers

Control architecture is the blueprint of the implementation of networked haptic co-
operations. It embeds the haptic devices, the representations of users in the shared
virtual environment, the shared virtual objects and the communication channels. It
also defines their relationship in control and topology over network.

Previous research on designs of control architectures of networked haptic coop-
eration can be categorized into two groups: (1) the centralized (i.e. Client-Sever)
control architectures [2, 20] and (2) the distributed (i.e. Peer-to-Peer) control archi-
tectures [45, 46, 15, 16, 20, 1]. Generally speaking, the centralized control architec-
tures have the advantage of simplicity for synchronizing among users and expanding
topology, while the distributed control architectures outperform in the inherent con-

trol stability. The centralized control architectures usually manage on the centralized
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server the shared virtual environments as well as the official status of each client user,
which avoids the synchronization of multiple copies of the shared virtual environ-
ments. Users newly joining in a networked haptic cooperation directly connect to the
centralized server instead of building connection to each other user respectively, which
simplifies the topology among users and reduces the network traffic load. However,
the centralized control architectures have worse inherent control stability than the
distributed control architectures, which is due to the longer delay of updates from
the remote sides. In the centralized control architectures, updates from remote sides
are delayed for round-trip-time, which is double of the delay in the distributed control
architectures. Larger inherent delay for updates may result in worse inherent control
stability and cooperative performance.

Most of the previous designs of control architectures focus on the cooperative
manipulation of the shared virtual objects. However, participants in networked haptic
cooperations also intend to directly interact with each other in addition to jointly
manipulating the shared virtual objects. In addition to connecting the local copies of
the shared virtual object through virtual coupling, the distributed control architecture
in [2] provided the position and velocity of a user at its peer site. Although not
developed for this purpose specifically, that architecture can render direct peer-to-
peer interaction in addition to cooperative manipulation.

For haptic interaction with given haptic device and sampling rate, there is limi-
tation of stiffness K and damping B that the shared virtual environment can render.
Although high stiffness of the virtual spring is preferred, in practical implementation,
a stiffness K as high as 2000-8000 N/m is sufficient to render a feeling of rigidity.
The damping B of the rigid virtual wall exists to prevent prevent noticeable oscil-
lation when users contact the wall, yet high damping B results in a high frequency
oscillation.

To improve the contact stiffness of haptic interaction without losing control sta-
bility, various controllers are integrated in to control architectures. Additional con-
trollers can be implemented between distributed copies of the shared virtual objects

to combat the network adverse effects.

Virtual Coupling Controller

The concept of the virtual coupling controller, or virtual coupler, was presented for

the first time in [47] to achieve passivity in the haptic interaction at the expense of
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Figure 2.1: Human user contacts the virtual environment via the virtual tool, which
is controlled by the haptic device it represents via the virtual coupler.

limiting the impedance the haptic devices can exhibit. Instead of directly contacting
the virtual environment, human user contacts the virtual environment via the virtual
tool, which is controlled by the haptic device via virtual coupler. Therefore, the
stiffness that human users can feel depends on the stiffness Ky and damping By
of the virtual coupling controller, instead of the real stiffness K and damping B
of the virtual environment (Figure 2.1). Introducing a virtual coupling into haptic
interaction separated the dynamics of virtual environment from dynamics of haptic
devices, which allows independent design of each of them.

Various control architectures with virtual coupling coordination has been devel-
oped for networked haptic cooperation. In these designs virtual couplers render the
contact in cooperation as well as coordinate the distributed copies of the shared
virtual objects. [14] introduced three virtual coupling schemes for two haptically co-
operative users either in Peer-to-Peer connection or in Client-Sever connection. These
three schemes are experimentally compared by their performance in maintaining po-
sition coherency. [2] designed the distributed control architecture and the centralized
control architecture, as well as theoretically derived their control stability in the pres-
ence of constant network delay and multiple sampling rate. In [1], the virtual couplers
are combined with passivity control and wave-based control to improve the control

stability in the presence of network delay.
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Figure 2.2: Model of a one-degree-freedom haptic interaction with virtual coupler.

Passivity Observer and Controller

A passivity observer and controller (POC) [48] ensures the system passivity in real
time by adjusting power flow according to the observed energy calculated by passivity
observer(PO). For a one-port system with zero initial energy storage and sampling

period 7', the energy observer can be implemented according to Equation 2.1

Eopo(n) =T f(k)u(k) (2.1)

Similarly, for an M-port network with zero initial energy storage and sampling

period T the observed energy follows Equation 2.2

Eobsv(n) = TZ (fl(k)vl(k> + ot fM(k)vM(k>) (22>
k=0

in which f;(k) and v;(k) are the admissible force and velocity to the port ¢ of the
M-port network.
For both the above two energy observers, if E,ps,n) > 0 for every time step n, the

system dissipates energy. If there is any instance that F,,s, < 0, the system generates
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energy and the amount of generated energy is — F,ps, ().
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Figure 2.3: A network of inter-connected elements with one open port.

For a system including multiple interconnected elements, energy observers can
be implemented to either monitor any of the element or a group of elements, even
the system as a whole. Given a network of inter-connected elements with one open
port as Figure 2.3, energy observer is implemented at each element. Assuming the
initial energy of each elements is zero, the observed energy at each element will follow

Equation 2.3 to Equation 2.6

Eni(n TZ fi(Ryoi (k) + fa(k)va(k) — far(k)oas (k)] (2:3)
Exa(n) =T Z — fo(k)va(k (2.4)

Eng(n TZ fa(k)vs(k) — fa(k)va(k)] (2.5)
Exu(n TZ fur(k (2.6)

The total energy of these inter-connected elements is: (Equation 2.7)

Eobsv (TL) = EN2 (n) + EN2 (n) —+ e+ ENM(TL) (27)

Which determines the passivity of the entire network of inter-connected elements.

It is notable that the total observed energy is equivalent to the observed energy at
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the open port (Equation 2.8)

Eobsv (n) =T Z fl(k)vl(k> (28)

According to the observed energy, passivity controller compensates the negative
energy to dissipate an otherwise active system. The the passivity controller may be
arranged either in series connection or in parallel connection. Given a observed and
controlled element with admissible force f, and velocity v, as well as the passivity

controller with admissible force f; and velocity v;. For passivity controller in series

v Passivity v Passivity
. Ly Observer - 2 \Z ) Observer Vz'
| - o et
f ol | & N f ) N

Figure 2.4: Series (left) and parallel (right) configuration of passivity controllers for
one-port networks.

connection (Figure 2.4), at time step n

fi(n) = fa(n) + a(n —1)vy(n) (2.9)

The « is the adjustable damping element, which is computed in real-time as:

a(n) = —Epsu(n)/T(v2(n))? if Eobsv.(n) <0 (2.10)
0 otherwise

In Equation 2.10, the Egg,(n) is the observed energy at the n step, which is
computed as: (Equation 2.11)

Eobsv(n) = Egpsu(n — 1) + [fa(n)va(n) + a(n — 1) (va(n — 1))*T (2.11)

Note that F,; = a(n —1)ve(n—1) is the additional force for energy compensation.
It is notable that T" can be canceled from Equation 2.10 and 2.11, which simplifies

the computation. Therefore, the passivity observer can be also expressed as
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W) =3 falk)oa(k) + 3 alk)(uak))? (2.12)
Where X
W(n) = TEobsv(n) (2.13)

Consequently, the observed and controlled element achieves system passivity if for

arbitrary step n

Yo Aikuk) = Y falk)va(k) + Y alk)(va(k))? (2.14)

= k=0
= 3 hakt) + 3 alk) wa(k))? + a(n)(ua(n))?
k=0 k=0

The passivity controller in series connection has two potential problems. First
of all, the force required for energy dissipation may exceed the largest force that
the actuator can generate, which becomes more obvious for smaller v,. To avoid
this situation, some implementations of passivity controllers set time-varying energy
reference instead of a fixed threshold for energy compensation. Therefore, the negative
energy will be compensated during multiple time steps rather than in one time step.

Another potential problem comes from the notorious difficulty of rendering ve-
locity signal without noise. In passivity controller in series connection, the noise of
velocity will be easily magnified by the adjustable damping parameter «.. In this case,
a upper boundary of « is necessary and the excess energy will be dissipated during
the following one or several steps.

For passivity controller in parallel connection,

S

e (2.15)

v2(n) = vi(n) —

1 Eaw)/IT )] i Eg(n) <0 2.16)

a(n) 0 otherwise
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where

1

m(fz(n —1)%T (2.17)

Eobsv(n) - Eobsz)(n - 1) + [fQ(n)UZ(n) +

Similarly, the above computation can be simplified as:

W) =3 hkyod) + 3 i ) (2.18)
Where )
W(TL) = onbsv(n) (219)

SRRk = 3 AERE Y (k) (2.20)
0
= S B W) + 3 e (alB) + —(fa(n)?
2 3H) ()
= W(n)+ (1n) (v2(n))2 > ()

It is notable that some implementations of passivity controllers can adjust the
observed energy flow according to a varying energy reference. This approach can
eliminate the potential transient unstable behavior due to dissipating excess energy
at one time step [49]. The reference energy behavior is designed according to the
dynamic model information of the system. For the virtual environments with (ap-
proximatively) linear dynamic behavior, it is possible to design a passive reference
energy behavior by calculating the stored energy S(t) and the dissipated energy D(t)
of the system. For a continuous and energy lossless one-port network system, the net
energy input to the system E(t) is supposed to equal to sum of the stored energy and

dissipated energy as Equation 2.21

Ei(n) = /0 f(r)a(r)dr = S(t) + D(t) (2.21)

in which S(¢) + D(t) could be the reference energy behavior.
With the reference energy behavior, a passivity controller in serial connection as
Figure 2.5 could be implemented in a one-port network via algorithm as the following

steps:
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Figure 2.5: Passivity Observer and Controller with Energy Reference Flow.

e the input is

from which
Az(k) = x(k) — z1(k — 1) (2.23)

e the accurate energy at the step k is
k
Eopso(k) = / fi(G — DHAz(y) (2.24)
=0

e with S(k) and D(k) as the amount of stored energy and the dissipated energy
of the virtual environment at step k, the control force of the passivity controller

followed the reference energy which is calculated as:

o ?&mW—SW—D%W&Mﬁi?W@<O 025,

Where
W (k) = Bopon (k) — S(k) — D(k) (2.26)

e with the output of the one port systemfy(k), the controlled output f; (k)

fi(k) = Fpo(k) + fok (2.27)

For the virtual environments without the dynamic model information of the sys-

tem, maintaining the system passivity requires a hypothetical reference energy behav-
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ior of the virtual environment, which simulate the continuous time energy behavior
of the virtual environment. For example, the numerical integration of the power flow
in to the virtual environment (the product of displacement and the resulting force

output) can be used as reference energy behavior (Equation 2.28).

k
Brogt) = [ faltalty= 1. alt)alt) —alt;=1) (229

Where the f(x(t;),z(t; —1),---,2(ty)) is the computed force output of virtual
environment for the input position displacement (z(t;) — z(t; — 1)).

[49] is experimentally demonstrated that the passivity observer and controller
with energy reference renders smoother control output and removes the sudden im-
pulsive control force which may destabilize a system. As the design energy reference
is based on the dynamic behavior of the system, negative reference energy is allowed
that it is possible to display an intentionally active behavior of the virtual environ-

ment, such as a virtual object is taken down from a virtual shelf.

Wave-based Controller

The wave-based control is originally designed to implement a passive communication
channel for teleoperation [50]. In the wave based control, the standard power vari-
ables (i.e. the forces F' and velocities &) are encoded into wave variables (i.e. the
forward wave variable v and the backward wave variable v) before being transmitted
across the communication channel and decoded via the opposite algorithm after the
transmission. The transformation between the standard power variables and the wave
variables leads to the redefinition of the power flow P according to Equation 2.29.
P=3i"F = 1uTu — lvTU (2.29)
2 2
Note that the standard power variables can be any other effort and flow pair instead
of the force and velocity.
The wave variables is computed from the standard power variables as the trans-

formation of Equation 2.30. This transformation is unique and invertible.

J_bitF o bi—F
V/2b V2

Where the wave impedance b is the scaling coefficient relating the standard power

(2.30)
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variables and the wave variables.

Actually, the wave transformation could determine any combination of the power
and wave variables. Any two of the four variables can be selected as input or output
(Figure 2.6).

Figure 2.6: Wave transformation between standard power and wave variables.

The wave-based communication channel in continuous time maintains passivity in
the presence of arbitrary communication delay [50]. Furthermore, [51] demonstrated
that an equivalence can be obtained between the continuous time and discrete time
energy flows and therefore proved that with the equivalence the discrete communica-
tion channel is lossless since the constant delay is passive for time-varying delay and
packet loss. With the ensured passivity of the communication channel, the system
stability of the networked haptic cooperation can be largely improved.

As the coordination between copies of the shared virtual objects, wave-based con-
troller helps to render more accurate dynamic properties of the shared virtual objects
in addition to maintain passivity of the communication channel in networked haptic
cooperation, which outperforms the virtual coupler. Consider a shared virtual object
with virtual coupling coordination among its distributed copies. As the network delay
increases, it takes longer for the remote copy of the shared virtual object to response
the manipulation to the local copy of the shared virtual object. This latency in re-
sponse makes the users feel that the shared virtual object is increasingly difficult to
move, which leads to the feeling that the shared virtual object is increasingly heavier.
As in [35], networked haptic cooperation with wave-based communication channel
demonstrated higher performance in maintaining force perception of the same coop-
erative manipulation to the same shared virtual object in the presence of different

network delay.
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Figure 2.7: Teleoperation with traditional wave-based communication channel.

Although wave-based communication channel perform highly in maintaining con-
trol stability in the presence of adverse network effects, two disadvantages prevent it
prevailing as the coordination among distributed copies of the shared virtual object.
As in [1], wave-based coordination demonstrated much worse position coherency com-
paring to the virtual coupling coordination. Although the wave-based coordination
may improve its performance in minimizing position difference by increasing the wave
impedance b, an larger wave impedance b will result in large damping effect that users
feel their manipulations become viscous in a supposed free space [50].

Another disadvantage of the wave-based coordination is that it inherently distin-
guishes the master from the slave among the users it coordinates. Traditionally, users
in teleoperation have inequivalent statuses in control that the user as slave has to
follow to the user as master. This inequality of status embedded in control through
distinguishing forward moving (from master to slave) and returning (from slave to
master) waves. The two sides maintain distinct roles even when they communicate
using the symmetric configuration [50]. However in a networked haptic cooperation
with an exactly Peet-to-Peer connection, users are expected to have equal status in
control. The distributed copies of the same shared virtual object expect being coordi-
nated with equivalently reciprocal forces, instead of being commanded by any of the
copy. Therefore, networked haptic cooperation also look forwards to an wave-based

communication with which users can achieve Peer-to-Peer status in control.
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2.2.3 Representing Human Users with Proxies of Higher Or-

der of Dynamics

In currently existing networked haptic cooperation, human users are commonly rep-
resented with zero order dynamics in the virtual environments of its remote peers’
sides [2]. As described previously, representing users in virtual environments with
higher order dynamics result in motions of users in virtual environments with better
physical realismTherefore, researches on proxies with first and second order dynamics
can server as proper reference, although some of these researches are not particularly
designed for representing users in the remote virtual environments.

The concept of proxies are initially introduced for improving the accuracy of col-
lision detection in the virtual environments. The first proxy-like design of the god
object [52] has its motion fully controlled to prevent any penetration into the virtual
object. In free space, the god object coincides with the position input from the haptic
device. When the haptic device moves into an virtual object, the god-object persists
to stay on the surface and its location is computed to be a point on the currently con-
tacted surface so that its distance from the real position of haptic device is minimized.
Therefore, the implementation of god-object visually renders haptic contact with in-
finite stiffness. [53] inherits the design of surface-persisting proxy and possesses only
the zero order dynamics. This simplification achieves efficient collision detection with
geometrically complicated virtual object at the expense of losing physically realistic
motion of the users.

[54] proposed the design of proxies with first order dynamics and the geometric
constraints in virtual environments are converted into equivalent velocity constrains
for the sake of collision detection. This approach is extended to rigid-body collision
detections between multiple independent proxies, such as two virtual tools in interac-
tion. Proxies with second order dynamics have been proposed in [55]. For single user
interaction with a slow virtual environment, the second order dynamic proxies have
mitigated the effect of computational delay on the stability of the interaction and on

user’s perception of rigid contact.

2.3 Summary

This chapter reviewed the research history of networked haptic cooperation. After

addressing the influence of the adverse network effects (i.e. the limited bandwidth,
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the network delay, jitter and packet loss), the chapter presented the state of art in
networked haptic cooperation from three perspectives. 1) From the perspective of
network, available research mitigates the adverse network effects and synchronize
large number of users and user groups via the implementing advanced protocols.
Especially, various buffer schemes and prediction & interpolation are implemented
to smooth the network delay jitter and to make up for the packet loss. (2) From
the perspective of control stability, centralized and distributed control architectures
with various controllers are designed to improve the performance of networked haptic
cooperation. (3) From the perspective of physically-intuitive virtual reality, proxies
of different orders of dynamics are implemented to represent the users’ motion in the
shared virtual environment. Furthermore, controllers are designed to help the shared

virtual objects with maintaining their dynamic properties.
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Chapter 3

Remote Dynamic Proxies for
Distributed Control of Networked

Haptic Cooperation

This chapter introduces the concept of remote dynamic proxies and integrates it
into two distributed control architectures. The two architectures coordinate the peer
networked sites via virtual coupling and via wave variable control, respectively. The
remote dynamic proxies are integrated into distributed rather than centralized control
architectures because centralized architectures have been shown to be able to render
only limited contact stiffness to the client users [2]. The continuous time dynamics
of haptic cooperation between two users controlled via the two architectures are also
presented in this chapter, both for cooperative manipulation of a shared virtual object

and for direct user-to-user interaction.

3.1 Remote Dynamic Proxies

This section introduces the remote dynamic proxies for networked haptic interaction
between two users. The extension to networked haptic cooperation among more
users will be pursued in future work. This extension requires advanced scheme for
synchronization among large number of users and user groups in the networked haptic
cooperation, in addition to the computational complexity resulted from rendering
large number of remote dynamic proxies in the shared virtual environment.

The motivation for proposing remote dynamic proxies is to enable far away users
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to directly touch and feel each other in the presence of network update rates that are
much lower than the haptic feedback rate, and in the presence of constant network
delays. Direct interactions between distant users are expected to benefit physical
therapists assisting remote patients.

A remote dynamic proxy is an avatar of a user in the virtual environment of
their peer (see Figure 3.1 and Figure 3.2, where RDP;5 denotes the remote dynamic
proxy of Peer 1 in the virtual environment of Peer 2). The remote dynamic proxy
inherits the inertial and damping properties from the haptic device of the user whom
it represents. Its position and velocity are computed using physics-based simulation
rather than being updated from network packets. In Figure 3.1 and Figure 3.2, T,
is the network delay, mygp is the mass of the haptic device of the peer whom the
remote dynamic proxy represents, and the controllers commanding the motion of the
remote dynamic proxies to follow the motion of their respective user are schematically
represented via the spring Kgrpp and damper Brpp connection in the peer’s virtual
environment. This compliant connection allows the networked users to perceive the
motion of distant peers smoothly in the presence of update discontinuities due to
network characteristics (e.g., limited bandwidth, delay, jitter, packet loss, etc.). Note
that, while the haptic device imposes a controlling force on the remote dynamic proxy,

it receives no force feedback from this remote dynamic proxy.

________________ .
Haptic device | Virtual Environment!
of Peer1 Network : of Peer 2 :

: KRDP :

"M\ I

My, — VJ\L‘ : L: I my :
Pos1t1.0n, : Bio RDP :

velocity G R iz

Figure 3.1: Remote dynamic proxy (RDP) with motion commanded via virtual cou-
pling control.

Via the remote dynamic proxies, the motion of the cooperative users is updated at
the haptic rate in the virtual environment of their peer. As a result, all participants
to the interaction (i.e., both cooperative users and the shared virtual objects) are
rendered at the speed of the haptic loop at each peer site. Therefore, the adverse effect
of the low network update rate on stability is limited. To some extent, the remote
dynamic proxies separate the design of the virtual environment with high rendering
rate from the design of the coordination controller with low network update rate.

Furthermore, the remote dynamic proxies allow cooperation between remote sites



39

________________ |
Haptic device Network i Virtual Environment!
of Peer 1 ! of Peer 2 I

w2 wv
KRDP g g : KRDP :
A |l el !
L — -~ o o 1
Position, 2 =1 B I
velocity " | = 2 . RDP.. |

Figure 3.2: Remote dynamic proxy (RDP) with motion commanded via wave-based
control.

with different rendering rates in their local virtual environments.

As avatars of remote peers in the virtual environment of each user, the remote
dynamic proxies require: (1) larger communication bandwidth to accommodate the
additional information that peers need to exchange; and (2) a more time consuming
simulation that includes the remote dynamic proxies of all peer sites in the collision
detection and the dynamic response algorithms. While they may limit the number of
users simultaneously present in a shared virtual environment, these requirements are
typical for networked haptic cooperation approaches that provide users with avatars
of their remote peers. Furthermore, the additional communication bandwidth and
simulation overhead are minimal in the case of cooperation between two users, which
is the focus of this thesis.

The integration of the remote dynamic proxies into a distributed architecture
with virtual coupling coordination between the distant peers is presented in the next
section, while their integration into a distributed architecture with wave-based co-
ordination follows in Section 3.3. Note that with the proposed control architecture
involving the remote dynamic proxies with wave-based coordination have passive
communication channel to be passive and therefore enable the proposed distributed

control architecture to sustain longer network delay.

3.2 Distributed Control Architecture with Virtual

Coupling Coordination

The proposed distributed control architecture is shown in Figure 3.3 for cooperative
manipulation of a shared virtual object by two networked users. For simplicity, the
two haptic devices are assumed similar. In Figure 3.3, notation is used as follows:

myp and byp are the mass and the damping of the haptic interfaces; mo; and bo;
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are the mass and the damping of Peer i’s copy of the shared virtual object; Kyc;
and Bvyc; are the stiffness and the damping of the local contact, i.e. the contact
between Peer ¢ and its copy of the virtual object; Fyc; is the interaction force between
Peer ¢ and its copy of the virtual object; Kvyci; and Byc;; are the stiffness and the
damping of remote contact, i.e. the contact between Peer ¢’s remote dynamic
proxy in Peer j’s virtual environment and Peer j’s copy of the virtual object; Fycij
is the interaction force between Peer i’s remote dynamic proxy and Peer j-th copy of
the virtual object; K1 and Bt are the stiffness and the damping of virtual coupling
coordination among the distributed copies of the shared virtual object; Fr; is the
coordinating force applied on each copy; Krpp and Bgrpp are the stiffness and the
damping of virtual coupler controlling the RDP-s ; Frpp;; is the controlling force
applied on the remote proxy of Peer ¢ in the virtual environment of Peer j; z; and
z; are the position and the velocity of the i-th haptic device; zo; and zo; are the
position and the velocity of Peer i’s copy of the virtual object; z;; and &;; are the
position and the velocity of the remote proxy of Peer ¢ in the virtual environment of
Peer j; z;, and z;, are the position and the velocity commands sent by the i-th haptic
device to their peers; zp;, and p;, are the position and velocity commands sent by
Peer i’s copy of the virtual object to the peer users; lastly, Fy; is the force applied
by the i-th user to their device. Since Fyc; and Fyc;; represent contacts, they are
unilateral forces activated by collision detection.

Note that, in the proposed architecture, the virtual environment of Peer i com-

prises:
1. a copy of the virtual object jointly manipulated by the users.
2. the remote dynamic proxy RDPj; of Peer j.

The mass of the shared virtual object mg is equally divided between its two copies
as mo; = mTo‘ The damping b is assigned to each copy, bo; = bo.
The dynamics of the networked haptic cooperation rendered via the distributed

control architecture with remote dynamic proxies shown in Figure 3.3 are:

e for the haptic devices:

mup1Z1 + bup121 = Fni — Fyvar (3.1)

Mmup2Z2 + bup2®2 = Fha — Fyca (3.2)
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Figure 3.3: Distributed control architecture with remote dynamic proxies (RPDs) and
virtual coupling coordination of two users involved in cooperative manipulation of a
shared virtual object. The remote dynamic proxies are shaded, and their connection
to the corresponding haptic device is bolded.

e for the remote dynamic proxies:

mup1Z12 + bup112 = Frppi2 — Fyciz

mup2L21 + bupe®a1 = Fropa1 — Fyeai

e for the copies of the shared virtual object:

mo1Zo1 + bo1To1 = Fver + Fvear + Fra

moz2Z02 + bo2to12 = Fyee + Fyciz + Fre

where:

Fyer
Fyeo
Fyeia

Fyea

Kyci(zy — zo1) + Byei (21 — ©0o1)

Kvyei(ra — x02) + Byer (32 — £02)

Kvyeci2(z12 — 202) + Byveiz(£12 — £02)

Kvyear (21 — zo1) + Bve2i (£21 — £o1)



Fry =

FT2 -

Frpra1

Frppi2

Kr(x02, — xo1) + Br(Zo2, — To1)
Krxos, + Brios, + (—Krzo1 — Brion)

Fry, + Fry,

Kr(xzo1, — xo2) + Br(Zo1, — T02)
Krxo1, + Brioy, + (—Krxo2 — Brios)
Frro, + Frpo,

Krpp (2, — ®21) + Brpp (22, — ©21)
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(3.11)

(3.12)

Kgrppa, + Brpopia, + (—Krpp21 — Bropdoar)

Frpp21,, + FrDP21,

Krpp (1, — 12) + Brpp (21, — T12)

(3.13)

Kgrppr1, + Brppti1, + (—Krpp12 — BrpPZ12)

Frppi2, + FroPi2.

(3.14)

For direct interaction between two networked users, the distributed control archi-

tecture with remote dynamic proxies and virtual coupling coordination is shown in

Figure 3.4.
Peer l. .
Xl Xl
I FRI)PZI
K 1’rlHI)Z KRDP
VCl1
e i
! RDP
&» Mioi By
bHDl FVCI
Haptic
RDP
device 1 o

Communication
channel
XZn,).(2n

FRDPIZ

KRDP

BRDP

XX

In,

<«
KVCZ bHDZ
My, | !
bHDl BVCZ hd
XZ XZ
2
X, X
12,“*12 >
RDP,, Haptlc
device 2

Peer 2

m
Fvcz HD2 th

Figure 3.4: Distributed control architecture with remote dynamic proxies (RPD) and
virtual coupling coordination of two users in direct interaction with each other. The

remote dynamic proxies are shaded, and their connection to the corresponding haptic
device is bolded.
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In this case, the dynamics of the interaction are:

e for the peer haptic devices:

mup1Z1 + bup1 %1 = Fn1 — Fvar (3.15)

mup2Ls + bup2de = Fhe — Fyce (3.16)

e for the remote dynamic proxies:

mup1Z12 + bup1&12 = Frop12 + Fyvee (3.17)
mup2&21 + bup2d21 = Fropar + Fvel (3.18)
where:
Fyer = Kvei(zi — 221) + Bvei (1 — 21) (3.19)
Fyoy = Kyci(z2 — 212) + Byei (42 — 212) (3.20)
Fropo1 = Krop (T2, — T21) + Brop (42, — T21)

= KrppZa, + Bropda, + (—Krpp21 — Bropiar)

= Frpopa1, + FroP21, (3.21)
Frppi2 = Krop (21, — 212) + Brop (41, — T12)

= Krpp71, + Bropii, + (—KrppT12 — Bropa12)

= Frori2, + Frori2, (3.22)

Based on the dynamics in Equations (3.1) to (3.6) and in Equations (3.15) to (3.18),
Chapter 4 will derive the state space representation of the multi-rate haptic coopera-
tion system, as well as its stability region in the presence of several constant network

delays.
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3.3 Distributed Control Architecture with Wave-

based Controller

3.3.1 Traditional symmetric wave variable control

Wave (or scattering)-based communications have been introduced in teleoperation [56,
57] to render the communication line passive in the presence of communication delay.
In teleoperation, the master and the slave robots play different roles. Their dissimilar
functions have been embedded in control through distinguishing forward moving (from
master to slave) and returning (from slave to master) waves. The two sides maintain
distinct roles even when they communicate using the symmetric configuration [50]*.

Peer-to-peer haptic cooperation between two users via the symmetric configura-
tion and the traditional wave transformation [50] has been implemented in [1], as
shown Figure 3.5. The figure details only the power-to-wave transformations and
the proportional derivative (PD) controllers coordinating the two peer copies of the
shared virtual object. The PD control forces due to the interaction of each user with
their local copy of this object provide the inputs in Figure 3.5. In this figure, notation
is used as follows: indices 1 and 2 identify the two peers; Ty is the communication
delay; b is the wave impedance; v and v are the forward and returning waves, respec-
tively; Kt and Br are the gains of the coordinating controllers at the two remote
sites; F; are the control forces on the copy of the shared object of Peer ¢; mo; and bo;
are the inertia and the damping of those copies; x; and &; are their simulated position

and velocity; and ;4 is their commanded velocity.

Figure 3.5: Traditional symmetric wave variable control of the shared virtual ob-
ject [1].

'In the symmetric configuration, forces are encoded into, and velocities are decoded from, wave
signals at both sides.
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In the symmetric wave transformation shown in Figure 3.5, the control force on

the copy of the shared virtual object of Peer 1 is:
F1 I—BT(Si’1d—i‘1)—KT(SU1d—$1), (323)

while the forward moving wave and the desired velocity are computed via:

Uy = bing + I _ vy + Fy \/% (3.24)

and:

_uV2+ R (3.25)
b '

After unwrapping the algebraic loop created by the PD controller (proportional-
derivative controller) and the wave transformation, the desired velocity no longer

depends on the control force (i.e., F}):

. Ul\/%—i‘ BTjil + KT(:cl — .131d)
4 b+ Bt

(3.26)

€

At the Peer 2 side, the control force, the returning wave and the desired velocity

(after unwrapping the algebraic loop) are calculated using:

FQ = —BT(i'Q — Zt'Qd) — KT((L’Q — [Egd), (327)

bia, — Fy \/5
vy = =22 — yy — Fyy [ 3.28
’ V2b 22V (3.28)

o u2V/2b + Brig + Kr(zo — 29,) (3.29)
2 b+ Br ' '

Note that the asymmetric roles of the two peer sites are reflected in the control forces

F} and F5. Because of this asymmetry, it is not straightforward to employ the tradi-
tional taxonomy in distributed architectures that support cooperation among multiple
users. With a view to the future extension of the current framework to cooperation
among multiple users, the following section proposes a peer-based classification of

wave signals.
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3.3.2 Peer-to-peer symmetric wave variable control

The peer-based view of the haptic cooperation adopted in this work:

1. distinguishes outgoing (i.e., leaving a site) and incoming (i.e., arriving at a
site) waves. Accordingly, tou; and wuy,; will hereafter identify the outgoing and

incoming wave signals at Peer i, respectively (see Figure 3.6).

2. regards the haptic interfaces of all interacting users as similar to the master
robot in teleoperation. Control forces at all peer sites provide feedback to users
in interaction with their local copies of the shared virtual object. Therefore,

they are defined via:

Fy = —=Br (&, — &) — K (25, — ;). (3.30)

Figure 3.6 illustrates the peer-to-peer symmetric wave variable control of the shared

virtual object for haptic collaboration between two users.

Figure 3.6: Peer-to-peer symmetric wave variable control of the shared virtual object.

Given the definition in Equation (3.30), the outgoing wave at Peer ¢ becomes:

2
Uouti = Uins T -Fz \/;7 (331)

while the desired (reference) velocity of the local copy of the shared virtual object at

Peer i is computed via:

B UiniV/2b + Bri; + K (z; — z;,)
d b+ Br

. (3.32)

Z;
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To avoid drift of z;, in Equation (3.32) (due to sampling, numerical integration, data
loss, etc.), the communications are augmented to include wave integrals [58]. Then,

the outgoing wave integral is computed via:

2
Uouti = Uim' + pz\/;7 (333>

and the desired position is decoded using;:

2 1
{L‘id = Uini\/; + gpl (334)

Notation in (3.33) and (3.34) follows [58], i.e., U denotes wave integrals and p is

momentum (i.e., the integral of the control force):
t
pi = / Fidt. (3.35)
0

3.3.3 Distributed Control Architecture with Wave-based Con-

troller

The proposed distributed control architecture is shown in Figure 3.7 for two users
engaged in cooperative manipulation of a shared virtual object. As in the previous
section, the two haptic devices are assumed similar. In Figure 3.7, notation is used
as follows: myp and bgp are the mass and the damping of the haptic interfaces; mo;
and bo; are the mass and the damping of Peer i’s copy of the shared virtual object;
Kyci and Byg; are the stiffness and the damping of the contact between Peer ¢ and its
copy of the shared virtual object; Fy; is the interaction force between Peer i and its
copy of the shared virtual object; Kvyci; and Byc;; are the stiffness and the damping
of the contact between Peer i’s remote dynamic proxy in Peer j’s virtual environment
and Peer j’s copy of the shared virtual object; Fyc;; is the interaction force between
Peer i’s remote dynamic proxy and Peer j-th copy of the shared virtual object; x;
and ; are the position and the velocity of the i-th haptic device; xp; and zo; are
the position and the velocity of Peer ¢’s copy of the virtual object; z;; and &;; are the
position and the velocity of the remote proxy of Peer i in the virtual environment of
Peer j; x;4 and x;4 are the position and the velocity commands received by the i-th
haptic device from their peers via wave signals; xo;q and tp;q are the position and

velocity commands received by Peer i’s copy of the virtual object from the peer users;
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lastly, Fy,; is the force applied by the i-th user to their device. Since Fyc; and Fyc;;

represent contacts, they are unilateral forces activated by collision detection.

Peer 1 Communication Peer 2
channel
X510X014, XKy,
% 7
M & oot Yo T [Yin2 U 5
X, X, & L Lo & K
o Wizt Uiy T [How U |2 A F
B 4 z N ror
=] . =
xoldxt|d> —
£ u,.,U U U | £
s MM, s
F, Mo g uauoUouo u 0 Z
> O | Minol “inol T outo2™ outo2 | ¥
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Fror \! i [Z] [z|
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————————————— a === & Yo U“mmumlz U:mz s
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RDP 2\ Wiy Ui, T Yo Uz 4
5] . L ~df <
3 mem# 3
Haoti Shared Shared Hapti
d ap 101 object RDP,, RDP,, object d ap 102
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Figure 3.7: Distributed control architecture with remote dynamic proxies (RPDs)
and wave-based coordination of two users involved in cooperative manipulation of a
shared virtual object. The remote dynamic proxies are shaded, and their connection
to the corresponding haptic device is bolded.

Note that, as in the distributed architecture with RDP-s and virtual coupling

coordination, the virtual environment of Peer ¢ comprises:
1. a copy of the virtual object jointly manipulated by the users.
2. the remote dynamic proxy RDP;; of Peer j.

The designed mass of the shared virtual object mg is equally divided between its two
copies as mo; = mTo. the damping bg is assigned to each copy, bo; = bo.
The dynamics of the networked haptic cooperation rendered via the distributed

control architecture with remote dynamic proxies shown in Figure 3.7 are:

e for the peer haptic devices (device motion and virtual contact forces balanced

by the user force Fy;):

mup1Z1 + bup121 = Fu1 — Fva (3.36)

Mmup2Z2 + bupa®a = Fhe — Fyeo

(3.37)



49

e for the remote dynamic proxies (remote dynamic proxy motion and virtual

contact forces balanced by the force due to the remote user Fr;;):
mup1Z12 + bup1Z12 = Fropiz — Fvere (3.38)

mup2i21 + bupa@21 = Fropar — Fven (3.39)

e for the shared virtual object (shared virtual object motion caused by forces from
the local user, the remote dynamic proxy and the remote copy of the shared

virtual object):

moi1Zo1 + bo1tor = Fyver + Fyear + Fri (3.40)
mo2Zo2 + bo2Zo12 = Fyea + Fycoiz + Fro (3.41)

where:
Fyver = Kvei(ri —zo1) + Bvei (&1 — To1) (3.42)
Fyca = Kvei(r2 —xo2) + Byei (2 — £02) (3.43)
Fyciz = Kyeia(z12 — zo2) + Byci2 (12 — £02) (3.44)
Fyear = Kvea(za1 — xo1) + Byeai (21 — To1) (3.45)
Fri = Kr(zo1 —zo1,) + Br(to1 — ©o1,) (3.46)
Fro = Kr(zo2 —zo2,) + Br(fo2 — £02,) (3.47)
Frppir = Krpp(z1 — x1,) + Brop (21 — ©1,) (3.48)
Frppe = Krpp(z2 — x2,) + Brop (22 — 2,) (3.49)
Frppar = KRDP($21 - €E21d) + Brpp (51;”21 - 51'5214) (3-50)
Frpriz2 = Krpp(212 — 212,) + Brop (£12 — Z12,) (3.51)
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If the wave transformation has wave impedance b, then:

Uino, \V4 2b + BTjrol + KT ('Tol — xold)

— 3.52
Fola b + Br (352
B _ Uingyy/ 20 + Brios + K1(202 — To2,) (3.53)
024 b + BT ’
i _ uin1\/2b +BRDP3.31 —f-KRDP(I’l _x1d> (3 54)
la b + Brpp '
P Uiny\/2b + Brppta + Krpp (22 — 22,) (3.55)
24 b + Brpp '
. _ Uiny, /20 + Brop @12 + Krpp (T12 — T12,) (3.56)
124 b + Brpp .
i _ Uing 20 + Bropda1 + Krop (221 — 221,) (3.57)
Ha b + Brpp '

The wave outputs are computed as:

2 2

Uout; = Uing + FRDPl 67 Uouty, = Uing + FRDP2 E (358)
2 2

Usutyz = Uinyy + FROP12 \/;, Uouty; = Uiny, + FRDP21 5 (3.59)
2 2

Uout0, = Uino, + 11 7 Uout0r = Uino, + Frro b (3.60)

Furthermore, if the communication channel has a delay Ty, the following relations

hold between the input and the output wave signals:

Uino; = Uoutosy (t - T); Uinoy = Uoutoy (t - T) (361)
Uing; = Uouty (t - T), Uiny, = Uouty (t - T) (362)
Uin; = Uouts (t - T), Uiny = Uouto (t - T) (363)

For direct interaction between two networked users, the distributed control ar-

chitecture with remote dynamic proxies and wave-based coordination is shown in
Figure 3.8

In this case, the dynamics of the interaction are:

e for the peer haptic devices (device motion and virtual contact forces balanced
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Figure 3.8: Distributed control architecture with remote dynamic proxies (RPD)
and wave-based coordination of two users in direct interaction with each other. The
remote dynamic proxies are shaded, and their connection to the corresponding haptic
device is bolded.

(3.64)

(3.65)

e for the remote dynamic proxies (remote dynamic proxy motion and virtual

contact forces balanced by the force due to the remote user Fr;;):

mup1Z12 + bup1Z12 = Froriz — Fvee

mHDQi‘21 + bHDQi‘QI = FRDPQl - FVCl

(3.66)

(3.67)
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where:

Fyer = Kvei(rr —221) + Byer (81 — $21) (3.68)
Fyca = Kvei(ra — 212) + Byer (22 — 212) (3.69)
Frpp1 = KRDP(l'l - 1’1d) + BRDP(Z'l - $1d) (3-70)
Frpp2 = Krgrpp (1’2 $2d) + Brpp (5132 - izd) (3-71)
Frppar = Krpp (221 — 221,) + Brop (#21 — Z21,) (3.72)
Frppiz2 = Krpp(Z12 — %12,) + Brop (12 — Z12,) (3.73)
Given the wave transformation has wave impedance b, then:
P Uiny \/2b + Brpp®1 + Krpp (21 — 21,) (3.74)
ta b + Brpp '
b o UiV 2b + Brppiz + Krpp (72 — 2,) (3.75)
24 b+ Brpp .
b Uiy 2b + Brppi12 + Krpp (712 — T12,) (3.76)
12a b + Brpp '
B _ Uing V/ 2b + Brppda1 + Krpp (21 — 21,) (3.77)
“ia b + Brpp '
The wave outputs are computed as:
2 2
Uout, = Uin, + FRDP1 \/;, Uouty = Uiny, + FRDP2 2 (3.78)

2 2
Uoutys = Uingy T Frppri2 \/;, Uouty, = Uing; T Frppa1 \/; (3-79)

Furthermore, if the communication channel has a delay Ty, the following relations

hold between the input and the output wave signals:

Uing, = Uouty (t — T, Uiny, = Uout, (t — T') (3.80)
Uing, = Uoutys (t —T')y Uiny = Uouty, (t — 1) (3.81)

3.4 Summary

Motivated by the need to support direct interaction between distant users, this chap-

ter has proposed to distribute the users across the network via avatars with second
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order dynamics called remote dynamic proxies. It has also integrated the remote
dynamic proxies into two distributed control architectures that coordinate the net-
worked sites via virtual coupling and via wave-based control, respectively. The con-
tinuous time dynamics of networked haptic cooperation between two uses rendered
through the two architectures have been derived both for cooperative manipulation
of a shared virtual object and for direct user-to-user interaction. These dynamics
provide the starting point of the stability analysis of networked haptic cooperation
with remote dynamic proxies and virtual coupling coordination in Chapter 4. Fur-
thermore, they are implemented in the setup employed in the experimental validation

of the two distributed architectures with remote dynamic proxies in Chapter 5.
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Chapter 4

Stability of Networked Haptic
Cooperation with Remote
Dynamic Proxies and Distributed

Virtual Coupling Coordination

This chapter investigates the stability of networked haptic cooperation between two
users when rendered via remote dynamic proxies and virtual coupling coordination.
The users can interact across an Ethernet-based Local Area Network (LAN) or a
high-speed Metropolitan Area Network (MAN). In this context, the network delay
can be assumed to be jitter-less and of the order of one to three transmission sample
times, and the packet loss can be assumed negligible [2]. Although restrictive, these
assumptions are valid in many applications because LAN- and MAN-based networks
can cover several buildings and even large cities and thus, make tele-rehabilitation
and multi-user on-line computer games feasible for users within the same city.

The key challenge involved in haptic cooperation over a LAN or a high-speed MAN
is the low network update rate typical to communications implemented via network
protocols like UDP and TCP/IP. This rate is generally equal to 128 Hz [2], and is
well below the 1 KHz force feedback rate required for high fidelity haptic rendering.
Therefore, the network update rate can severely limit the realism of the cooperation.
However, by adopting the multi-rate control strategy introduced in [59] and applied
to haptic cooperation in [2], the force control loops at each cooperating user can be

executed at a much higher rate than that of data transmission over the network.
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Within the multi-rate framework proposed in [59], this chapter develops the math-
ematical model for the distributed control of haptic cooperation with remote dynamic
proxies and virtual coupling coordination, over a LAN or high-speed MAN. It then
investigates the stability of cooperation between two users connected via this con-
troller, for cooperative manipulation of a shared virtual object and for direct user-to-
user contact. Network delays up to three transmission sample times are considered
in the analysis. Compared to the distributed controllers with virtual coupling coordi-
nation in [2] and [1], the architecture with remote dynamic proxies maintains similar
stiffness for the local contact and for the coordinating virtual coupler, and achieves
much higher stiffness for the remote contact! during cooperative manipulation of a
shared virtual object. In turn, the high stiffness of the remote contact improves the
position coherency for the shared virtual object. For direct user-to-user interaction,
the proposed architecture renders higher contact stiffness in the presence of larger

network delay.

4.1 Continuous State-Space Representation

The stability analysis of haptic cooperation between two users connected via a LAN

or high-speed MAN is developed in this chapter as follows:

e the continuous-time state-space representation of the open loop haptic coop-
eration system is derived in this section, both for cooperative manipulation of
a shared virtual object (Section 4.1.1) and for direct user-to-user interaction
(Section 4.1.2);

e the discrete-time state-space representation of the open loop system is devel-
oped, and the communication delay is incorporated into it as proposed in [2] in
Section 4.2;

e the state matrix of the open-loop multi-rate system is employed to investigate
the stability of the closed-loop system for various controller gains and commu-

nication delays in Section 4.3.

Notation is used hereafter as follows: p is the number of sampling times in the

open-loop haptic cooperation system; indices ¢ and n identify signals sampled at the

' The local contact is the contact between the local user and the shared virtual object, while the
remote contact is the contact between the remote dynamic proxy and the shared virtual object.
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(fast) force control rate and at the (slow) network update rate; indices 1 and 2 indicate
values related to the Peer 1 and Peer 2 site, respectively; n,, n,, n, are the number
of states, of outputs, and of inputs, respectively, of the continuous-time open-loop
system. Furthermore: ng,, n,, are the number of fast and of slow system outputs;
Nicy, Niny are the number of fast and of slow outputs at Peer 1; ng.y, na,, are the
number of fast and of slow outputs at Peer 2; n.,, n,, are the number of fast and of
slow system inputs; n1e,, N1ne are the number of fast and of slow inputs at Peer 1;
and Ngey, Nane are the number of fast and of slow inputs at Peer 2, respectively.

In the subsequent derivations, it is assumed that the force sampling times at the
two peer users are equal. Hence, the haptic cooperation system is a system with
two rates, the network update rate and the force control rate, i.e., p = 2. It is also
assumed that the force and the network sampling times (7, and T,,, respectively) are
synchronized and can be written as integer multiples of a base sample time 79, i.e.,
T, = l;7g with ¢ € {c,n}. It then follows that a sampling time T} exists such that

Iy
No’

dissertation in particular, the force control rate is taken to be equal to the typical

To = l; = ]]\\;—0 for i € {c,n}, and Ny the least common multiple of N;. In this
haptic feedback rate of 1024Hz and the network update rate is taken to be equal to
128Hz, which is the rate of the network card in the experimental setup and is also
the rate in [2]. Therefore, 79 = sec, Ty = Elssec, No=8 N.=8 N, =1,1.=1,
and [,, = 8.

The continuous state space representation of the open-loop (i.e., without the vir-

1
1024

tual coupling controller) haptic cooperation system with remote dynamic proxies is

derived in this section in the general form:

(4.1)

x =Ax +Bu
y =Cx

where z(t) € R™ is the vector of system states; u(t) = (u.(t) u,(t))T € R™ is the
vector of (fast and slow) system inputs; y(t) = (ye(t) yn(t))T € R™ is the vector of
(fast and slow) system outputs; and A is the system matrix. The specific dimensions
of these vectors depend on whether Equation (4.1) models cooperative manipulation
of a shared virtual object or direct user-to-user contact, and are given in the next two

sections.
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4.1.1 Cooperative Manipulation

Figure 4.1 schematically depicts the cooperative manipulation of a shared virtual ob-
ject via the distributed architecture with remote dynamic proxies and virtual coupling
coordination proposed in Section 3.2 again. The closed loop form of this architecture

is shown in Figure 4.2.

Peer 1 Peer 2
XZIAXZI,
X ); FRDPZI X )'(
1,1 F\'CZI K 2n, Zg
mHDZ fI)P
bIlDZ
BRDP
F]\] HDZ&
bHDZ
Communication XX,
channel
Hapti Shared Shared Hanti
aptic object RDP,, RDP,, object aptic
device 1 copy 1 copy 2 device 2 |

Figure 4.1: The distributed control architecture with remote dynamic proxies (RPDs)
and virtual coupling coordination of two users involved in cooperative manipulation
of a shared virtual object introduced in Figure 3.3. The remote dynamic proxies are
shaded, and their connection to the corresponding haptic device is bolded.

The open-loop continuous-time model of the system comprises the dynamics of
the haptic devices and of the peers’ copies of the virtual environment which, in turn,
include the local copies of the shared virtual object and the remote dynamic proxies.
For cooperative manipulation, these dynamics have been derived in Equations (3.1)
to (3.10). Equations (3.11) to (3.14) comprise the feedback of the system. According

to these equations, the system inputs can be computed from:

e position and velocity outputs sampled at the (fast) force feedback control rate

Te: xy, o1, T2, T2, To1, To1, To2, LO2, To1, L21, T12, T12;

e position and velocity outputs sampled at the (slow) network update rate T),:

ZO1,5 Ol LO2,5 LO2,s L1y L1y 2,5 L2,-
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Figure 4.2: The distributed virtual coupling-based control system, including the hap-
tic devices (HD), the remote dynamic proxies (RDP), and the shared virtual environ-

ment (SVE).

To derive the open-loop state space representation of the haptic cooperative ma-
nipulation in the form of Equation (4.1), the continuous state space dynamics of the
two haptic devices (HD), of the two copies of the shared virtual object (SVO), and

of the two remote dynamic proxies (RDP) can be written as:

THD1 [0 1 ] THD1 [ 0 ]
) = ) (Frer)  (42)
THD1 0 —bup /mHD1_ THD1 _—1/mHD1_

THD?2 0 1 ] THD2 0
. = . + <F vc2> (4.3)
THD2 _0 —brpe /mHD2_ THD2 |~ 1/mHD2_

fEOl B 0 1 TO1 i 0 0 0 0 FV021
To1 0 —boi/mo1| \Zo1 1/mo1 1/mo1r 1/mor 1/mos Fry,

{t'og i 0 1 02 i 0 0 0 0 FV012
T02 0 —bo2/moz| \Zo2 1/mo2 1/mos 1/mo2 1/mog Fra,

Fra,
(4.5)
F
o1 0 1 wa) 0 0 0 le
. = . RDP21,
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F
i1 0 1 o) 0 0 FVC”
. = . RDP12,
T12 0 —bup1/mup1| \Z12 —1/mup1 1/mup1  1/mup1 .
Frppi2,
(4.7)

Equations (4.2) to (4.7) can be grouped based on the peer site. In particular, at
the Peer 1 site:

1 0 1 0 0 0 0 1
1 0 —bupi/mup1 O 0 0 0 1
o do |0 0 0 1 0 0 o1
o ao | 1o 0 0 —boi/mor 0 0 o1
To1 0 0 0 0 0 1 To1
T _0 0 0 0 0 _bHDQ/mHD2_ T91
[0 0 0 0 0 0 | ({ Fva
—1/mum 0 0 0 0 0 Fuean
., 0 0 0 0 0 0 Fr,
1/moy I/mo1  1/moy 0 1/mos 0 Fropa1,
0 0 0 0 0 0 Fr.,
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Similarly, at the Peer 2 site:
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and:
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K B 0 0
2 P ~F,, =F, (4.19)
2x4 O O KT BT 2x4 n2x4

The continuous-time state-space dynamics of the entire open-loop haptic cooper-

ation system are obtained after combining Equations (4.8) and (4.14). Specifically,
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4.1.2 Direct User-to-User Interaction

Figure 4.3 schematically depicts direct user-to-user haptic interaction via the dis-
tributed architecture with remote dynamic proxies and virtual coupling coordination
proposed in Section 3.2 again. The closed loop form of this architecture is shown in
Figure 4.4.

Peer 1 Xy, Xy, Communication Peer 2

X, X, ’ channel

FRDPZI X2n,).(2n
mIIDZ ADP
o bRy T
e -
! BRDP T
F., M) B d F,. mﬂm&
> FVU Froriz K. b
me vet Kepp ve2 HD2
__________ mHDl{E:F
B
BRDP bHDl ve -
XZ XZ »
Xln,Xln .
H . XIZ,XIZ
aptic RDP Habpti

. aptic

device 1 2 RDP,, p
device 2

Figure 4.3: The distributed control architecture with remote dynamic proxies (RPDs)
and virtual coupling coordination of two users involved in cooperative manipulation
of a shared virtual object introduced in Figure 3.3. The remote dynamic proxies are
shaded, and their connection to the corresponding haptic device is bolded.

The open-loop continuous-time model of the system comprises the dynamics of
the haptic devices and of the peers’ copies of the virtual environment which, in turn,
include the remote dynamic proxies. These dynamics have been derived in Equa-
tions (3.15) to (3.18). Equations (3.11) to (3.14) comprise the feedback of the system.
Equations (3.19) to (3.22) provide the feedback, according to which the system inputs

can be computed from:

e position and velocity outputs sampled at the (fast) force control rate T,: xy,

Ty, T2, T2, T21, T21, T12, T12;

e position and velocity outputs sampled at the (slow) network update rate T),:

Llny Tlys L2, L2,
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Figure 4.4: The distributed virtual coupling-based control system, including the hap-
tic devices (HD), the remote dynamic proxies (RDP), and the shared virtual environ-

ment (SVE).

To derive the open-loop state space representation of the haptic cooperative ma-
nipulation in the form of Equation (4.1), the continuous state space dynamics of the
two haptic devices (HD) and of the two remote dynamic proxies (RDP) can be written

as:

' [0 1 ] 0]
!me _ 3.7HD1 X (Fvch) (4'34>
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o1 0 1 ) [0 0 0 h ver
. - . RDP21,
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(4.36)
FA
i1 0 1 na\ [0 0 - Ve
. = . RDP12,
12 0 _bHDl/mHDl Z12 1/mHD1 1/mHD1 1/mHD1 2
Frppiz,
(4.37)

Equations (4.2) to (4.7) can be grouped based on the peer site. In particular, at the
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and:
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(4.44)

(4.45)

The continuous-time state-space dynamics of the open-loop direct user-to-user haptic



interaction are obtained as:
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The output equation is:
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4.2 Discretization of the Control System and De-

lay Augmentation

The closed loop system formed by the two cooperating users, their local copies of the
shared virtual environment (including the local copies of the shared virtual objects

and the remote dynamic proxies) and the coordinating virtual couplers is:

e a sampled-data system because of the discrete nature of the virtual environment

simulation.

e a system with multiple rates because the network transmission rate of 128 Hz is
lower than the 1024 Hz rate of the local force feedback loops at the networked

users.

Hence, the open-loop haptic cooperation system is discretized according to the multi-
rate methodology introduced in [59]2. The discretization is only briefly overviewed
in this section, and is presented in detail in Appendix A.1 for cooperative manipu-
lation of a shared virtual object, and in Appendix A.2 for direct user-to-user haptic
interaction.

According to the methodology in [59], the expanded state vector is defined as:

x ((k—1)Ty + 7o)

x ((k—1)Ty + 27)

xo[H] = z (4.60)

x ((k—=1)To+ (No — 1) 719)
x (kTp)

where k is the sampling time index. The output vector is augmented via:

Yb, (kTO)
v [k = <YDC [k]>  where yp, [K] = YD, (Mjo +T5) (4.61)
Yp., [k’] :

2The open-loop system is the system without the feedback Equations (4.33) and (4.59) for coop-
erative manipulation and for direct user-to-user interaction, respectively.
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In the presence of computational and/or communication channel delay, the ex-

panded input vector up can be defined as:

llDi (]CT())

up [k] = (ch @) , where up, [k] = H: @“Ti) (4.62)

n

Up, (/{?T() + (N, — 1) TJ

In Equations (4.61) and (4.62), i € {c¢,n}.
With the above definitions, the discrete-time state space representation of the

open-loop haptic cooperation system can be written as:

XD [k + 1] = Apxp [k] + Bpup [l{]
yplk] = Cp (Uixp[k + 1] + Usxp[k]) (4.63)

where U; = blockdiag (I N 0n1> and Uy = blockdiag (Onz L U )

Hence, the discrete-time state-space representation can be derived in the form:

ng "

XD [k’ + 1] = ADXD [k’] -+ BDuD [k)]
yolk] = Cpxplk]+Dpup ] (4.64)

where CD =CpU;Ap +CpU, and CpU;Bp.

To integrate the communication channel and/or computational delay into the
discrete-time state-space representation of the haptic cooperation system, the state
vector can be augmented with the delayed input signals as in [2]. The delay aug-
mentation generates the new matrices Ap, Bp, Cp, Dp, and the new augmented
state vector Zplk] and augmented input vector @p[k]. The detailed derivations of
these matrices and vectors are presented in the Appendix A.1.2 and Appendix A.2.2.
The closed-loop discrete-time system augmented with the delay can be obtained upon

using the feedback law:
ﬁD = FDYD (465)

The feedback gain matrix Fp has constant elements that are the stiffness and damp-
ing parameters of all the virtual couplers in the control system. Given the state

space representation of the open loop system augmented with computational and/or
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communication delay, the state space transition matrix of the closed loop system is
computed via:

A€y = Ap + BpFp(I — DpFp)~'Cp (4.66)

Lastly, the closed-loop system is stable if and only if all the eigenvalues of this matrix

are inside the unit circle.

4.3 Stability Analysis

To ensure that the analysis results are comparable with previous research in [2], pa-
rameters in this analysis are chosen as [2]: myp = 0.1kg; mo1 = moz = 0.4kg; the
damping of all virtual couplers is 10Ns/m; and the update rates are T, = 1/1024s
for haptic rendering and 7,, = 1/128s for network transmission. Constant combined

communication/computational delays of n, = 0, 1,2, 3 network sample times are con-

sidered in the analysis.
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Figure 4.5: Stability region for Ky = Kyee = 2000N/m, Kgpp = 500N /m



76

n=0 n=1
8000 8000
E 6000 E 6000
< <
3 )
S 4000 - ~ & 4000
= stable ~
o o
& 2000 & 2000 stable
0 0
0 2000 4000 6000 8000 10000 12000 0 1000 2000 3000 4000
K, (N/m) K, (N/m)
n=2 N =3 Kyorr / Kygan Ky
8000 8000
—_ —_ —
E 6000 E 6000
£ £
8 3
> 4000 > 4000
X X
= stable ~ stable
5 5
& 2000 «& 2000
0 0
0 500 7000 1500 2000 0 500 7000 1500
K, (N/m) K, (N/m)

Figure 4.6: Stability region for Kyco1 = Kvci2 = 300N/m, Kgpp = 500N /m.

Similar analysis is also conducted for the peer-to-peer virtual coupling scheme
in [1], which consists only the local contact (Kyci = Kvyez) and the coordinating
virtual coupler between distributed copies of the shared virtual object(Kr). The
corresponding analysis result is demonstrated in Figure 4.9 For comparison, other
parameters are chosen the same as the above analysis.

Comparing to the distributed control architecture in [2] and the peer-to-peer
scheme with virtual coupling in [1], the proposed control architecture is theoretically
predicted to maintain similar local contact stiffness (Kyc; and Kyeg) and coordi-
nating virtual coupler stiffness (Kr), yet it achieves largely improved remote contact
stiffness(Kyco1 and Kyciz). With this improved boundary remote contact stiffness,
potentially larger position difference between the distributed copies resulting from
the compliant virtual couplers controlling the remote dynamic proxies can be com-
pensated by improving the remote contact stiffness. Note that for given local contact
stiffness Kvc1 = Kvyez and remote contact stiffness Kyvoor = Kvoie in the presence
of a specific delay, the Krpp and the Kt are approximately limited within a inverse

proportional boundary Figure 4.8. When applied to direct user-to-user contact, the
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Figure 4.7: Stability region for K+ = 1000N/m,Kgrpp = 500N /m.

proposed control architecture is predicted to achieve much stiffer contact for different
delay steps (Figure 4.10).
In comparison, the distributed control architecture in [2] can maintain control

stability for different delay step in the presence of much lower contact stiffness under
the same other conditions.(Figure 4.11)

4.4 Summary

This Chapter theoretically analyzes the distributed control architectures with vir-
tual coupling coordination and derives its boundary stiffness for control stability. By
applying the mathematical framework for the modeling and analysis of cooperative
multi-rate haptic control systems for rigid objective manipulation in [2], theoretical
prediction is conducted for the proposed control architecture in the presence of 1 KHz
haptic rendering rate and 128 Hz network transmission rate. Stability regions with
boundary stiffness of virtual coupling controller are expressively depicted for different

network delay steps when the proposed control architecture is applied to cooperative
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Figure 4.8: Stability region for Ky = Kvee = Kvear = Kveia = 4000N/m.

manipulation of the shared virtual object and direct user-to-user contact. Comparing
to the peer-to-peer scheme with virtual coupling in [1] and the distributed control
architecture in [2], the proposed control architecture with remote dynamic proxies
and virtual coupling coordination is theoretically predicted to maintain similar lo-
cal contact stiffness and coordinating virtual coupler stiffness, yet it achieves largely
improved remote contact stiffness. With this improved remote contact stiffness, po-
tentially larger position difference between the distributed copies resulting from the
compliant virtual couplers controlling the remote dynamic proxies can be compen-
sated by improving the remote contact stiffness. For the direct user-to-user contact,
the proposed control architecture is predicted to render much higher contact stiffness,

with smoothed users motion and force perception.
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Chapter 5
Experiments

This chapter experimentally contrasts the proposed distributed control architectures
to several recently designed distributed control architectures in [20], [1] and [2].

The experimental comparison among the the Proposed Control Architecture 1 (the
Distributed Control Architecture with Virtual Coupling Coordination and Remote
Dynamic Proxies), the Reference Control Architecture 1 (the Peer-to-peer Scheme
with Virtual Coupling Controller in [20]) and the Reference Control Architecture 2
(the Distributed Control Architecture in [2]) confirms the analysis results in Chap-
ter 4. This comparison shows that, in coordinating the distributed copies of the shared
virtual object, the Proposed Control Architecture 1 achieves much higher performance
than Reference Control Architecture 1, and that this performance is comparable to
the performance of the Reference Control Architecture 2. In addition, the Proposed
Control Architecture 1 renders smooth motion of users in the virtual environment of
their distant peers, which results in continuous visual display. However, the virtual
coupling control adds viscous damping to the simulated shared virtual objects in the
presence of communication delay. Therefore, all the three control architectures in-
volved in the comparison can not realistically render the motion of a shared virtual
object designed as a pure mass. As the Proposed Control Architecture 1 includes
the largest number of virtual coupling controllers for coordination, it introduces the
largest additional damping to the shared virtual object.

The experiments involving both the cooperative manipulation and direct user-to-
user contact are repeated to contrast the Proposed Control Architecture 2 (the Dis-
tributed Control Architecture with Wave-based Coordination and Remote Dynamic
Proxies) to the Reference Control Architecture 3 (the Peer-to-Peer Scheme with Wave

Variable Delay Compensation in [1]). Both architectures with wave-based commu-
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nications outperform the control architectures with virtual coupling coordination in
rendering realistic dynamic properties of the shared virtual object. Furthermore,
the inertia rendered via the Proposed Control Architecture 2 has smaller variation
and less derivation from the theoretical expectance than the inertia rendered via the
Reference Control Architecture 3.

It is notable that the remote dynamic proxies help both proposed control archi-
tectures to maintain stable interaction and to render smooth motion of distant user
in the presence of high contact stiffness regardless of whether the users cooperatively
manipulate a shared virtual object or interact with each other directly. Furthermore,
the performance of both architectures in coordinating the distributed copies of the
shared virtual object is comparable for the same constant network delay. However, as
the two proposed control architectures employ different controllers for coordination,
their performance differs in several aspects. First, both during cooperative manipula-
tion and during direct user-to-user interaction, the proposed control architecture with
virtual coupling coordination adds more damping to the shared virtual environment
than the control architecture with wave-based coordination. Secondly, the proposed
control architecture with wave-based coordination renders stable cooperative manipu-
lation and direct user-to-user contact in the presence of much longer constant network

delay than the proposed control architecture with virtual coupling coordination.

5.1 Reference Schemes for Comparison

5.1.1 Reference Control Architecture 1: Peer-to-Peer Scheme

with Virtual Coupling Controller [1]

The peer-to-peer scheme with virtual coupling controller is shown in Figure 5.1. As
depicted in Figure 5.1, the virtual environment of each peer includes a copy of the
shared virtual object in a rigid enclosure that allows it to move only horizontally. Note
that in all the experiments in this chapter, the shared virtual object is a shared virtual
cube. mpyp; and byp; are the mass and the damping of the haptic interfaces; mo;
and bo; are the mass and the damping of Peer i’s copy of the shared virtual object;
Kyc; and Byg; are the stiffness and the damping of the contact between Peer ¢ and
its copy of the virtual object; Fyc; is the interaction force between the haptic device
of Peer i and its local copy of the virtual object; Kt and Br are the stiffness and the

damping of coordinating virtual coupling controller between the distributed copies of
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the shared virtual object; Fr; is the coordinating force between the distributed copies

of the shared virtual object; zo; and &; are the position and the velocity of Peer i’s

copy of the virtual object; zo;, and Zq;, are the position and velocity commands sent

by Peer i’s copy of the virtual object to the peer user; lastly, Fy; is the force applied

by the i-th user to their device. The network delay is represented as Ty for both the

forward and the return pathes.

Peer 1

Communication
channel

Peer2

Haptic
device 1

Shared
object
copy 1

Shared

object
copy 2

7 My F,
<«

le)Z

Haptic
device 2

Figure 5.1: The Peer-to-Peer Scheme with Virtual Coupling Controller.

In this control architecture, the two copies of the shared virtual object are con-

nected through a virtual coupling controller. The mass of the shared virtual object

is equally divided between the two cube copies. The damping of the shared virtual

object is inherited by the two cube copies. The interaction forces applied on the hap-

tic devices and on the copies of the shared virtual object are given in Equations (5.1)

to (5.8):

e for the peer haptic devices:

e for the copies of the shared virtual object:

Fpi — Fyci = mup121 + bup121

Fro — Fyca = mup2Z2 + bupa s

Fyer — Fri = mo1Zo1 + boiTor

Fyco — Fro = moaZo2 + bo2T02

(5.1)

(5.2)
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where:
Fycer = Kvei (21 — zo1) + Bvei (41 — Zo1) (5.5)
Fyae = Kyei (22 — 702) + Byei (T2 — T02) (5.6)
Fry = Kr(zo1 — Zo2,) + Br(fo1 — 02,) (5.7)
Fro = Kt(z02 — 201,) + Br(fo2 — Zo1,) (5.8)

With the virtual coupling connection between the cube copies, this control architec-
ture maintains control stability in the presence of constant and time-varying network
delay. While achieving higher performance in position coherency between the copies
of the shared virtual object, increasingly larger network delay leads to latent response
of position and velocity signals from the peer sides, which makes the users feel that

the shared virtual object become heavier accordingly.

5.1.2 Reference Control Architecture 2: Distributed Control
Architecture [2]

As shown in Figure 5.2, the distributed control architecture in [2] transmits to the
peer sides the positions and the velocities of the haptic devices in addition to the
positions and the velocities of copies of the shared virtual object. Therefore, the hap-
tic devices are kinematically represented at their remote peers’ sides, which enables

haptic rendering of direct user-to-user interaction among the cooperative users.

Peer 1 " Communication | Peer 2
. channel
4>Xl’xl F\'Czn .
K\'CZ] XZnAXEH
KVCI /
Flvl Myip th
<
bHDZ
XZ ).(Z
=2y
F\'(‘lZ
Haptic Shared Shared Haptic
b bject bject .
device 1 obJec obJee device 2

copy 1 copy 2

Figure 5.2: The Distributed Control Architecture in [2].

As in the Reference Control Architecture 1, the two copies of the shared virtual
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object are connected through a virtual coupling controller. The mass of the shared
virtual object is equally divided between the two cube copies. The damping of the
shared virtual object is inherited by the two copies. The interaction forces applied
on the haptic devices and on the copies of the shared virtual object are given by
Equations (5.9) to (5.18):

e for the peer haptic devices:
Fyi — Fyc1 = mupi1 1 + bap1dh (5.9)

Fho — Fyca = mup2Z2 + bup2 22 (5.10)

e for the local copies of the shared virtual object:

Fycr — Fr1 + Fyca1 = mo1Zo1 + boi1%or (5.11)
Fvez — Frra + Fyciz = mo2io2 + bo2%o2 (5.12)
where:
Fyc1 = Kvei (21 — zo1) + Bvei (41 — Zo1) (5.13)
Fya = Ky (T2 — 702) + By (2 — T02) (5.14)
Fri = Kr(zo1 — z02,) + Br(%o1 — 02,) (5.15

Fry = Ky (202 — %01,) + Br(Zo2 — To1,) (5.16
Fyci2 = Kyciza (21, — xo2) + Byciz (21, — To2) (5.17
Fycor = Kyeai (z2, — xo1) + Byeai (2, — o1) (5.18

In Figure 5.2, myp,; and byp; are the mass and the damping of the i-th haptic interface;
mo; and bp; are the mass and the damping of Peer i’s copy of the shared virtual object;
Kyci and Byg; are the stiffness and the damping of the contact between Peer ¢ and
its copy of the virtual object; Fyc; is the interaction force between Peer ¢ and its copy
of the virtual object; Kt and Bt are the stiffness and the damping of coordinating
virtual coupling controller between the distributed copies of the shared virtual object;
Fye; is the coordinating force between the distributed copies of the shared virtual
object; Kyc;j and Byci; are the stiffness and the damping of the contact between the

kinematic representation of Peer i and Peer j-th copy of the virtual object; Fyc;; is
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the interaction force between the kinematic representation of Peer ¢ and Peer j-th
copy of the virtual object; x; and &; are the position and the velocity of the i-th haptic
device; ro; and T, are the position and the velocity of Peer i’s copy of the virtual
object; x;; and @;; are the position and the velocity of the kinematic representation
of Peer 7 in the virtual environment of Peer j; z; and z;, are the position and the
velocity commands sent by the i-th haptic device to their peers; z;, and zq;, are the
position and velocity commands sent by Peer ¢’s copy of the virtual object to the peer
users; lastly, F}; is the force applied by the i-th user to their device. Since Fyg; and
Fycij represent contacts, they are unilateral forces activated by collision detection.

For direct user-to-user contact, the Reference Control Architecture 2 is shown
in Figure 5.3, and the dynamics of the interaction are given by Equations (5.19)
to (5.22):

e for the peer haptic devices:

Fui — Fyer = mup1Z1 + bup1 @1 (5.19)
Fro — Fvea = mupaiz + bupa @2 (5.20)
where:
Fyer = Kvei(x1 — x9,) + Byer (81 — 42,) (5.21)
Fyeo = Kyea (e — x1,,) + Byea(t2 — 41,,) (5.22)

5.1.3 Reference Control Architecture 3: Peer-to-Peer Scheme

with Wave Variable Delay Compensation [1]

The peer-to-peer scheme with wave variable delay compensation (Figure 5.4) employs
wave-based control to coordinate the copies of the shared virtual object. In this
scheme, the positions and the velocities of the copies of the shared virtual object zo;,
and Zo;, are transmitted in the form of wave variables U0, and uquo, by Peer i’s
copy of the virtual object to the peer user. This scheme renders realistic forces during
cooperative manipulation of the shared virtual object at the expense of low position
coherency between the copies of the shared virtual object. The interaction forces
applied on the haptic devices and on the copies of the shared virtual object are given
by Equations (5.23) to (5.30):
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Figure 5.3: The Distributed Control Architecture in [2], applied to direct user-to-user

contact.

e for the peer haptic devices:
Fu1 — Fver = mup1@1 + bap1 @1
Fra — Fyca = mup2@2 + bapa T2
e for the copies of the shared virtual object:
Fvc1 — Fr1 = mo1Zo1 + boi1Zo1

Fycz — Fra = mo2Zo2 + bo2202
where:
Fyer = Kvoi (21 — wo1) + By (41 — @o1)
Fyee = Kvoz (T2 — w02) + Byez (2 — To2)
Fri = K1(x01 — z02,) + Br(to1 — To2,)

FT2 = KT (ZL‘OQ — {Eold) + BT(i'OQ - i‘Old)

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)
(5.28)
(5.29)

(5.30)

In [1], the wave variables are only used to transmit the velocity signals. How-

ever, this dissertation will implement all wave-based controllers to transmit the wave

integral for the positions in addition to wave signals. For programming simplicity,



88

RIRITG Peer 1 Communication Peer 2
channel
7X 24 X oo TX X FVCZ
= u. =
K. K < unumIUomol T Uinot Yinot,| & K
fu mHDIm o W Fu [i ino2 “~ino suto2Y auto [i F,, f\I/<\Tq Moy 7 My (th
b L= > 2 = = > L=
bHDI ol § § B boz ! bHDZ
B\’Cl . B T . T T BVCZ
J XOI.XOI, .
vl XOZAXO2 "
XZ XZ
Haptic Shgred Shared ’
. object bi Haptic
device 1 object .
copy 1 copy 2 device 2

Figure 5.4: The Peer-to-Peer Scheme with Wave Variable Delay Compensation.

these wave-based controllers employ the peer-to-peer symmetric configuration of wave

variable control introduced in Chapter 4.

5.2 Experiment Setup

Figure 5.5 illustrates the experimental networked haptic cooperation system. The
system comprises two FALCON NOVINT haptic devices respectively connected to
two personal computers. One computer runs Window XP on an Intel Core 2 Duo
CPU at 2.67GHz with 2 GB RAM. The other computer runs Window Vista on an
Intel Core 2 Duo CPU at 1.67GHz with 3 GB RAM. The haptic devices provide
three degrees of freedom (3 DOF) displacement sensing and force rendering and,
thus, enable point interaction in 3 DOF virtual environments. The computers are
located in the same laboratory, and can be screened from each other to prevent users
from seeing each other’s display. Copies of a shared virtual environment comprising
a rigid cube in a rigid enclosure are generated on each computer as C++ console
applications. The computers communicate over the network via the UDP protocol.
In the following experiments, the network environment is simulated via the Wide
Area Network Emulator (WANem) [60]. The WANem runs on a separate personal
computer. The position sensing and force rendering rate of the FALCON NOVINT
haptic devices is 1IKHz. The data transmission rate is 128Hz.

The experiments in Section 5.3, Section 5.4 and Section 5.5 contrast: (1) the

proposed control architectures to the reference control architectures, and (2) the two
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Figure 5.5: The experimental networked haptic cooperation system.

proposed control architectures against each other. In particular, the architectures

involved in the experimental comparisons will be denoted as:

PCA 1: the Proposed Control Architecture 1, i.e., the distributed control

architecture with remote dynamic proxies and virtual coupling coordination;

PCA 2: the Proposed Control Architecture 1, i.e., the distributed control

architecture with remote dynamic proxies and wave-based coordination;

RCA 1: the Reference Control Architecture 1, i.e., the peer-to-peer virtual

coupling scheme in [1]);

RCA 2: the Reference Control Architecture 2, i.e., the distributed control

architecture in [2]);

RCA 3: the Reference Control Architecture 3, i.e., the peer-to-peer scheme

with wave variable delay compensation [1].

To ensure comparable experiments, some experiments replace the two human peers
with forces applied to each FALCON NOVINT device through commands sent to mo-

tors via software. Effectively, this eliminates the inherent damping of the users’ hands

from the interaction. Since the two haptic interfaces are impedance type devices, the

controlled forces have no stabilizing effect compared to user-applied forces. Such con-

trolled experiments are used to investigate both the cooperative manipulation of a
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shared virtual cube and the direct interaction between two remote users. Experiments
with human users are also conducted for illustration purposes.

In all experiments in this chapter, general parameters are chosen consistently as:
the mass of the virtual cube is mg; = mos = 0.5mg = 0.125kg, and the mass of the
remote dynamic proxies is myp; = mup2 = 0.01kg; damping is incorporated neither
in the remote dynamic proxies nor in the virtual cube, i.e., bo1 = bos = bugp1 =
bup2 = ONs/m; a constant network delay T; = 50 ms is emulated via the WANem;
T. = 1/1024 s is the haptic rendering; T,, = 1/128 s is the network update rate.

In the cooperative manipulation experiments, the default parameters for the stiff-

ness of the various controllers are: In the direct user-to-user interaction experiments,

Controller parameters | RCA 1| RCA2 | PCA1| RCA 3| PCA2
Kvcr = Kyez (N/m) | 4000 4000 4000 4000 4000
Kveor = Kyeiz (N/m) | N/A 2000 10000 | N/A 10000
Kt (N/m) 2000 2000 2000 2000 2000
Kgrpp (N/m) N/A N/A 1000 N/A 1000

Table 5.1: Default parameters of virtual coupling controllers for cooperative manip-
ulation experiments.

the default parameters for the stiffness of the various controllers are: In all experi-

Controller parameters | RCA 2 | PCA 1| PCA 2
Ky = Kyez (N/m) | 2000 4000 4000
Kgrpp (N/m) N/A 1000 1000

Table 5.2: Default parameters of virtual coupling controllers for direct user to user
interaction experiments.

ments, the damping of the various controllers are: Byc; = Byce = Bvear = Bveiz =
3Ns/m; Br = 200Ns/m; Bgrpp = 200Ns,/m.

All experiments are conducted in a three dimensional shared virtual environment.
The virtual environment includes a rigid enclosure that allows the users and the shared
virtual object (a cube) to move only along the horizontal x-axis and thus, ensures the
same initial conditions among successive experiments. In the controlled cooperative
manipulation experiments, the two users are initially at rest and in contact with the
shared virtual cube. Figure 5.6 is the snapshot of the initial conditions displayed to

Peer 1. During the experiment, Peer 1 pushes the virtual cube and Peer 2 with a
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constant controlled force Fj; = 5N, whereas Peer 2 applies no force onto the shared

virtual cube.

4

Figure 5.6: Snapshot of initial condition displayed to Peer 1 in the controlled coop-
erative manipulation experiments.

In the cooperative manipulation experiments with human users, the two human
users are initially at rest and not in contact with the virtual cube, which is placed
between them. Figure 5.7 is the snapshot of the initial conditions displayed to Peer 1.
During the experiment, the two users initiate, maintain and break contact with the
virtual cube. The users are instructed to perform the same manipulation during

successive experiments.

— = -~

Peer 1 PECE2
¥ /|

Figure 5.7: Snapshot of initial condition displayed to Peer 1 in the cooperative ma-
nipulation experiments with human users.

In the controlled experiments that investigate direct user-to-user interaction, the
two users are initially at rest and in contact with each other. Figure 5.8 is the snapshot
of the initial conditions displayed to Peer 1. During the experiment, Peer 1 pushes
Peer 2 with a constant controlled force F}; = 5N, whereas Peer 2 applies no force
onto Peer 1.

In the experiments that investigate direct interaction between human users, the
two users are initially at rest and not in contact with each other. Figure 5.9 is the

snapshot of the initial conditions displayed to Peer 1. During the experiment, the
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Peer 1 Peer 2 .
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Figure 5.8: Snapshot of initial condition displayed to Peer 1 in controlled direct user-
to-user interaction experiments.

two users initiate, maintain and break contact each other. The users are instructed

to perform the same interaction during successive experiments.

. T
B’ 3

Figure 5.9: Snapshot of initial condition displayed to Peer 1 in direct user-to-user
interaction with human users.

5.3 Experimental Comparison among the Refer-
ence Control Architecture 1, the Reference Con-
trol Architecture 2 and the Proposed Control
Architecture 1

This section contrasts the Proposed Control Architecture 1 to the Reference Control
Architecture 1 and to the Reference Control Architecture 2. Experiment I (Section
5.3.1) illustrates controlled cooperative manipulation. Experiment II (Section 5.3.2)
demonstrates cooperative manipulation between two human users. Experiment III
(Section 5.3.3) depicts controlled direct user-to-user interaction. Lastly, experiment
IV (Section 5.3.4) presents direct user-to-user interaction between two human users.

As the Reference Control Architecture 1 can not render direct user-to-user interaction,
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only the Reference Control Architecture 2 and the Proposed Control Architecture 1
are employed in the Experiment III and Experiment IV.

5.3.1 Experiment I - Controlled Cooperative Manipulation
of the Shared Virtual Cube

Section 5.3.1 contrasts the Proposed Control Architecture 1 to the Reference Control
Architecture 1 and to the Reference Control Architecture 2 in controlled cooperative
manipulation experiments. Figure 5.10, Figure 5.11 and Figure 5.12 demonstrate the
position and the force feedback during controlled cooperative manipulation of the
shared virtual cube via the Reference Control Architecture 1, via the Reference Con-
trol Architecture 2 and via the Proposed Control Architecture 1, respectively. The
dynamics of all elements in the shared virtual environment and the task completion
times demonstrate the features and the performance of the different control archi-
tectures. These figures show that the Proposed Control Architecture 1 renders the
smoothest motion of the remote user, which results in smooth force feedback to the
users. However, due to the virtual coupling coordination of the shared virtual object
and of the remote dynamic proxies, the Proposed Control Architecture 1 renders a
predominantly viscous virtual environment.

Figure 5.13 shows the position coherency performance of the three control architec-
tures with virtual coupling coordination. As Figure 5.13 illustrates, the much higher
stiffness of the remote contact helps the Proposed Control Architecture 1 to achieve
better performance than that of the Reference Control Architecture 1 in coordinating
the distributed cube copies. This performance is comparable to the performance of
the Reference Control Architecture 2. Among the three control architectures in com-
parison, the Proposed Control Architecture 1 leads to the longest task completion
time. This result confirms that virtual couplers implemented over communication
channels with network delay add viscous damping to the simulated virtual elements
that they connect [2].

5.3.2 Experiment II - Cooperative Manipulation of the Shared
Virtual Cube by Human Users

Section 5.3.2 contrasts the Proposed Control Architecture 1 to the Reference Con-

trol Architecture 1 and to the Reference Control Architecture 2 through cooperative



94

At Peer 1 At Peer 2

N
o
N
o

=
o
=
o

-10 / —Local Peer

Position (mm)
N
Position (mm)
o

-10 — Local Peer /
—Local Cube —Local Cube
-20 — Remote Peer -207 -~ —Remote Peer
0 2 4 6 8 0 2 4 6 8
time (sec) time (sec)
At Peer 1 At Peer 2
3 3
_25 _25
2 4
<, ~= 2
) )
g 15 g 15
LL L
1 1
05 2 4 6 8 %% 2 4 6 8
time (sec) time (sec)

Figure 5.10: Controlled cooperative manipulation of the shared virtual cube, rendered
via the Reference Control Architecture 1. Kyc; = Kyce = 4000N/m, Kt = 2000
N/m.

manipulations of the virtual cube performed by with human users. Figure 5.14, Fig-
ure 5.15 and Figure 5.16 demonstrate the position and the force feedback rendered
by the Reference Control Architecture 1, by the Reference Control Architecture 2
and by the Proposed Control Architecture 1, respectively. These figures confirm that
Proposed Control Architecture 1: (1) renders smooth motion of the remote users;
and (2) renders a predominantly viscous virtual environment.

Figure 5.17 shows the position coherency performance of the three control archi-
tectures that use virtual coupling coordination during cooperative manipulation of a
shared virtual cube by two human users. The experimental results in this figure con-
firm the conclusion in Section 5.3.2: the remote dynamic proxies help the Proposed
Control Architecture 1 to achieve higher position coherency than the Reference Con-
trol Architecture 1 and this performance is comparable to that of Reference Control
Architecture 2.
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Figure 5.14: Cooperative manipulation of the shared virtual cube by human users,
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Kp = 2000 N/m.
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Figure 5.16: Cooperative manipulation of the shared virtual cube by human users,

rendered via the Proposed Control Architecture 1.
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dered (1) via the Reference Control Architecture 1 (RCA 1), (2) via the Reference
Control Architecture 2 (RCA 2), and (3) via the Proposed Control Architecture 1

(PCA 1).
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Figure 5.18: Controlled direct user-to-user interaction, rendered via the Reference
Control Architecture 2. Kyo; = Kvez = 2000N/m, T, = 50 ms

5.3.3 Experiment III - Controlled Direct User-to-User Inter-

action

This section illustrates the position and the force feedback during controlled di-
rect user-to-user interaction rendered via the Reference Control Architecture 2 (Fig-
ure 5.18) and via the Proposed Control Architecture 1 (Figure 5.19), respectively!.
These figures show that the Proposed Control Architecture 1 renders smooth motion
of the remote user, which results in the smooth force feedback applied to the users.
The discontinuous motion of the remote users rendered by the Reference Control
Architecture 2 prevents it from rendering high contact stiffness during direct user-
to-user interaction. As Figure 5.18 shows, the interaction rendered via the Reference
Control Architecture 2 is stable for a contact stiffness of up to 2000 N/m, although
the motion of the remote users is perceived as discontinuous. However, the Proposed
Control Architecture 1 maintains the interaction stable for a contact stiffness of up
to 4000 N/m in the presence of 50 ms constant network delay. For the same contact
stiffness and network delay, the interaction becomes unstable when rendered via the

Reference Control Architecture 2.

INote that the Reference Control Architecture 1 cannot render direct user-to-user interaction.
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Figure 5.19: Controlled direct user-to-user interaction, rendered via the Proposed
Control Architecture 1. Kyo; = Kyeo = 4000N/m, Kgrpp = 1000Ns/m, T; = 50 ms

5.3.4 Experiment IV - Direct Interaction between Human

Users

This section illustrates the position and the force feedback during direct interaction
between two human users rendered via the Reference Control Architecture 2 (Fig-
ure 5.20) and via the Proposed Control Architecture 1 (Figure 5.21), respectively. As
shown in Figure 5.21, direct user-to-user contact via the Proposed Control Architec-
ture 1 can achieve higher contact stiffness (4000 N/m) with smooth rendering of user
motion and of forces. The Reference Control Architecture 2 renders discontinuous
forces and users motion even with much lower contact stiffness (2000 N/m), as shown

in Figure 5.20.
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Figure 5.20: Direct interaction between human users, rendered via the Reference

Control Architecture 2. Kyc; = Kvea = 2000N/m.
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Figure 5.21: Direct interaction between human users, rendered via the Proposed
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5.4 Experimental Comparison between the Refer-
ence Control Architecture 3 and the Proposed
Control Architecture 2

In this section, the Proposed Control Architecture 2 is contrasted to the Reference
Control Architecture 3. In cooperative manipulation experiments, Experiment I (Sec-
tion 5.4.1) involves the controlled force and Experiment II (Section 5.4.2) involves
human users. As the Reference Control Architecture 3 cannot render direct user-to-
user contact, experiments involving direct interaction between human users are only
presented for the Proposed Control Architecture 2. All wave-based controllers in the
Reference Control Architecture 3 and the Proposed Control Architecture 2 employ a

wave impedance of b = 50 N/m.

5.4.1 Experiment I - Controlled Cooperative Manipulation
of the Shared Virtual Cube

In this section, Figure 5.22 and Figure 5.23 demonstrate controlled cooperative ma-
nipulation of the shared virtual cube via the Reference Control Architecture 3 and
via the Proposed Control Architecture 2 in the presence of 50 ms constant network
delay, respectively. The experiment is later repeated for various constant network
delays. Figure 5.24 demonstrates the position coherency performance (1) via the
Reference Control Architecture 3 and (2) via the Proposed Control Architecture 2.
While the Reference Control Architecture 3 (RCA 3) generally renders an average
position difference of 3.62 mm between cube copies, the Proposed Control Architec-
ture 2 (PCA 2) maintains an average position difference of 1.30 mm between the cube
copies for the various constant network delays.

Note that with the wave-based coordination, both the Reference Control Archi-
tecture 3 and the Proposed Control Architecture 2 can render stable cooperative
manipulation in the presence of long network delay (for example T; = 400 ms as in
Figure 5.25 and in Figure 5.26). For a network delay of 7; = 400 ms, all control
architectures with virtual coupling coordination are unstable.

When Peer 1 pushes the shared virtual cube and Peer 2 with a constant hand
force, the control architectures with wave-based coordination lead to parabolic user

trajectories instead of the linear user trajectories rendered by the control architectures
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Figure 5.22: Controlled cooperative manipulation of the shared virtual cube, rendered
via the Reference Control Architecture 3. T; = 50 ms.
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Figure 5.23: Controlled cooperative manipulation of the shared virtual cube, rendered
via the Proposed Control Architecture 2. T; = 50 ms.
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Figure 5.24: Position coherency in cooperative manipulation controlled force ren-
dered (1) via the Reference Control Architecture 3 and (2) via the Proposed Control
Architecture 2

with virtual coupling control. The parabolic user trajectories demonstrate that users
perceive a predominantly inertial virtual environment when their networked haptic
cooperation is rendered using wave-based coordination. As the shared virtual object
and the two peer users in the experiments in this chapter are designed to be pure
masses in free space. It follows that wave-based coordination of networked haptic
cooperation renders the dynamics of the virtual environment more realistically than
virtual coupling coordination.

Figure 5.27 shows the mass rendered during cooperative manipulation (1) via the
Reference Control Architecture 3 and (2) via the Proposed Control Architecture 2.
In this experiment, Peer 1 pushes a mass of 0.45 kg (labeled as ”Expectance” in
Figure 5.27) in free space, i.e. the sum of the mass of the shared virtual cube and the
mass of Peer 2. Both control architectures with wave-based coordination render mass
that varies with the network delay. However, the mass perceived via the Proposed
Control Architecture 2 varies less with the network delay and deviates less from the

theoretical expectance.
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Figure 5.25: Controlled cooperative manipulation of the shared virtual cube, rendered
via the Reference Control Architecture 3. T; = 400 ms.
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Figure 5.26: Controlled cooperative manipulation of the shared virtual cube, rendered
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Figure 5.28: Position coherency in cooperative manipulation of the shared virtual
cube by human users rendered (1) via the Reference Control Architecture 3 and (2)
via the Proposed Control Architecture 2.

5.4.2 Experiment II - Cooperative Manipulation of the Shared
Virtual Cube by Human Users

Section 5.4.2 contrasts the Proposed Control Architecture 2 to the Reference Con-
trol Architecture 3 in cooperative manipulation experiments with human users. Fig-
ure 5.28 illustrates the performance of the Proposed Control Architecture 2 and of
the Reference Control Architecture 3 during cooperative manipulation of the shared
virtual cube by two human users. This figure confirms that the the remote dynamic
proxies help the Proposed Control Architecture 2 to improve the position coherency
of the distributed cube copies. Note that both control architectures with wave-based
controllers can render stable cooperative manipulation in the presence of long network
delay (7 = 400 ms).
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5.4.3 Experiment III - Controlled Direct User-to-User Inter-

action

Figure 5.29 illustrates that controlled direct user-to-user interaction can be rendered
via the Proposed Control Architecture 2 in the presence of constant network delays
up to Ty = 400 ms. The Reference Control Architecture 3 cannot be used to render

direct user-to-user interaction.
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Figure 5.29: Controlled direct user-to-user interaction rendered via the Proposed
Control Architecture 2. T; = 400 ms.

5.4.4 Experiment IV - Direct Interaction between Human

Users

Figure 5.30 validates that the Proposed Control Architecture 2 can render direct

interaction between human users for constant network delays up to Ty = 400 ms.
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Figure 5.30: Direct interaction between human users, rendered via the Proposed
Control Architecture 2, Ty = 400 ms.

5.5 Experimental Comparison between the Two
Proposed Control Architectures with Remote

Dynamic Proxies

This section compares the two distributed control architectures that integrate the
remote dynamic proxies with the two different coordination controllers. The two
architectures demonstrate their performance in cooperative manipulation as well as in
the direct user-to-user interaction via the experimental networked haptic cooperation
system shown in Figure 5.5.

In Experiment I (Section 5.5.1) and Experiment II (5.5.2), cooperative manipu-
lation and direct user-to-user contact is implemented via the two distributed control
architectures for different constant network delays. The performance of the two archi-
tectures is evaluated and compared from the perspective of: (1) maintaining position
coherency among the distributed copies of the shared virtual object, and (2) realistic
rendering of the dynamic properties of the shared virtual object in the presence of
different constant network delays. In the cooperative manipulation experiments, Ex-
periment I (Section 5.5.1) employs controlled forces and Experiment II (Section 5.5.2)

involves human users. In addition, Experiment III (Section 5.5.3) shows that the Pro-
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posed Control Architecture 2 maintains the interaction stable in the presence of longer

constant network delay.

5.5.1 Experiment I - Experiments with Controlled Forces

This section demonstrates the haptic rendering of cooperative manipulation and of
direct user-to-user interaction via the proposed control architectures in the presence
of two constant network delays, T; = 50 ms and T; = 100 ms, respectively.

Figure 5.31 illustrates the position coherency performance for controlled cooper-
ative manipulation of the shared virtual cube shown in Figure 5.6. As Figure 5.31

illustrates, both architectures achieve comparable position coherency performance.
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Figure 5.31: Position coherency in cooperative manipulation with controlled force
rendered via the proposed control architectures with remote dynamic proxies governed
(1) by the virtual coupling controller and (2) by wave-based controller.

Figure 5.32 and Figure 5.33 show the position and the force feedback during
controlled cooperative manipulation of the shared virtual cube rendered via the Pro-
posed Control Architecture 1 and the Proposed Control Architecture 2, respectively,
in the presence of a constant network delay of 50 ms. Note that the architecture
with virtual coupling leads to longer task completion time. This is because virtual
couplers implemented over communication channels with delay add viscous damping
to the simulated elements that they connect [2]. Meanwhile, the Proposed Control

Architecture 2 renders the dynamic properties more realistically.
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Figure 5.32: Controlled cooperative manipulation of the shared virtual cube, rendered
via the Proposed Control Architecture 1. T; = 50ms.
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Figure 5.33: Controlled cooperative manipulation of the shared virtual cube, rendered
via the Proposed Control Architecture 2. Ty = 50ms.
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Figure 5.34: Controlled user-to-user interaction, rendered via the Proposed Control

Architecture 1. T; = 50ms.

Controlled direct user-to-user interactions via the two proposed architectures are
depicted in Figure 5.34 and Figure 5.35. As the remote dynamic proxies representing

the distant users have only pure mass, these experiments confirm that the Proposed

Control Architecture 2 (that integrates the remote dynamic proxies with wave-based

coordination) renders direct user-to-user interaction more realistically than the Pro-

posed Control Architecture 1 (that integrates the remote dynamic proxies with the

virtual coupling controllers).
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Figure 5.35: Controlled user-to-user interaction, rendered via the Proposed Control
Architecture 2. T; = 50ms.
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Figure 5.36: Cooperative manipulation of the shared virtual cube by two human
users, rendered via the Proposed Control Architecture 1. T; = 50ms.

5.5.2 Experiment II - Experiments with Human Users

This section illustrates the cooperative manipulation of the shared virtual cube by
two human users via the two proposed architectures. Figure 5.36 and Figure 5.37
illustrate the position and the force feedback during cooperative manipulation, while
Figure 5.38 and Figure 5.39 illustrate the position and the force feedback during direct
interaction. These experiments with human users confirm the conclusion of Experi-
ment [ (Section 5.5.1): both for cooperative manipulation and for direct user-to-user
interaction, the Proposed Control Architecture 1 with virtual coupling coordination
renders a predominantly viscous virtual environment, while the Proposed Control Ar-
chitecture 2 with wave-based coordination renders the dynamics of the shared virtual

object realistically.
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Figure 5.37: Cooperative manipulation of the shared virtual cube by two human
users, rendered via the Proposed Control Architecture 2. T; = 50ms.
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Figure 5.38: Direct interaction between two human users, rendered via the Proposed
Control Architecture 1. T; = 50ms.
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Figure 5.39: Direct interaction between two human users, rendered via the Proposed
Control Architecture 2. Ty = 50ms.
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Figure 5.40: Cooperative manipulation of the shared virtual cube by controlled forces,
rendered via the Proposed Control Architecture 2. T; = 400ms.

5.5.3 Experiment III - Experiments for Long Network Delay

This section experimentally demonstrates that the Proposed Control Architecture 2
with wave-based coordination can maintain the networked haptic cooperation stable
in the presence of longer network delay than the Proposed Control Architecture 1 with
virtual coupling coordination, which becomes unstable for T; = 200ms. Specifically,
the Proposed Control Architecture 2 with wave-based coordination renders stable
cooperative manipulation (Figure 5.40 and Figure 5.41) and stable direct user-to-

user interaction (Figure 5.42 and Figure 5.43) for T; = 400ms.
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Figure 5.41: Cooperative manipulation of the shared virtual cube by two human
users, rendered via the Proposed Control Architecture 2. T; = 400ms.
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Figure 5.42: Controlled direct user-to-user interaction, rendered via the Proposed
Control Architecture 2. T; = 400ms.

5.6 Summary

This chapter has compared through experiments the two proposed control archi-
tectures with remote dynamic proxies to the recently designed distributed control
architectures [20], [1] and [2].

The Proposed Control Architecture 1 (the Proposed Distributed Control Archi-
tecture with Remote Dynamic Proxies and Virtual Coupling Coordination) has been
contrasted to the Reference Control Architecture 1 (the Peer-to-peer Scheme with
Virtual Coupling Controller in [20]) and to the Reference Control Architecture 2 (the
Distributed Control Architecture in [2]) via cooperative manipulation of a shared vir-
tual object and direct user-to-user interaction experiments. The experimental com-
parison has validated that the Proposed Control Architecture 1: (1) can render stable
direct user-to-user interaction in the presence of much higher contact stiffness; (2) co-
ordinates the distributed copies of the shared virtual object better than the Reference
Control Architecture 1 and comparably to the Reference Control Architecture 2; and
(3)renders smooth user motion to their distant peers, leading to continuous visual
display and to smooth interaction forces. However, the virtual couplers crossing the
communication channel with delay add significant viscous damping to the simulated

shared virtual objects. Therefore, similarly to the two prior control architectures with
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Figure 5.43: Direct interaction between two human users, rendered via the Proposed

Control Architecture 2. T; = 400ms.
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virtual coupling coordination, the Proposed Control Architecture 1 does not render
the motion of an inertial shared virtual object realistically. Furthermore, the Pro-
posed Control Architecture 1 adds more damping to the shared virtual object than
the two prior architectures because it includes the largest number of coordinating
virtual couplers.

The Proposed Control Architecture 2 (the Distributed Control Architecture with
Remote Dynamic Proxies and Wave-based Coordination) has been compared to the
Reference Control Architecture 3 (the Peer-to-Peer Scheme with Wave Variable Delay
Compensation in [1]) and to the Reference Control Architecture 3 (the Peer-to-Peer
Scheme with Wave Variable Delay Compensation in [1]) via cooperative manipulation
of a shared virtual object and direct user-to-user interaction experiments similar to
those employed in the analysis of the architectures with virtual coupling coordina-
tion. These experiments have demonstrated: (1) all architectures with wave-based
coordination render the inertia of the shared virtual object and of the haptic device
of the remote peer more realistic than the architectures with virtual coupling coordi-
nation; (2) the Proposed Architecture 2 renders this inertia most faithfully and leads
to its smallest variation as the delay in the communication channel increases; and (3)
the Proposed Architecture 2 achieves similar coordination performance to the control
architectures with virtual coupling coordination.

In conclusion, the remote dynamic proxies enable two networked users to perceive
high contact stiffness and smooth motion of the distant peer both during cooperative
manipulation a shared virtual object and during direct interaction with each other
regardless whether a virtual coupling controller or a wave-based controller connects
the networked users. Furthermore, the remote dynamic proxies lead to a wave-based
controller with performance in coordinating the distributed copies of the shared vir-
tual object similar to the performance of the virtual coupling controller. However,
the remote dynamic proxies mitigate: neither (1) the significant damping added to
the shared virtual object by the virtual coupling controller; nor (2) the inability of
virtual coupling control to maintain the networked cooperation stable for large de-
lays. Therefore, the Proposed Control Architecture 2 (with remote dynamic proxies
and wave-based control) renders the inertia of the virtual objects more realistically
and maintains the networked cooperation stable for larger constant network delays
than the Proposed Control Architecture 1 (with remote dynamic proxies and virtual

coupling control).
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Chapter 6

Conclusions and Future Work

6.1 Conclusion

This dissertation has set out to enable direct haptic interaction between distant peer
users in addition to allowing the peers to cooperatively manipulate a shared virtual
object. Direct user-to-user haptic interaction over a network is expected to benefit
applications like tele-rehabilitation and on-line multi-user computer games. To allow

direct networked haptic interaction, this work has:

e proposed to distribute the peer users across the network via avatars with second

order dynamics called remote dynamic proxies.

e integrated the remote dynamic proxies into two distributed haptic control archi-
tectures, one using virtual coupling and one using wave-based communications

between the networked sites.

e analyzed the stability of networked haptic cooperation rendered via remote
dynamic proxies with virtual coupling coordination using the state space rep-
resentation of the two-users multi-rate haptic system. For direct user-to-user
interaction, the analysis has predicted that the remote dynamic proxies can
render much stiffer contact and can maintain the interaction stable for longer
constant network delays than prior architectures. Furthermore, these improve-
ments are achieved without sacrificing performance as measured via position

coherency.

e experimentally validated the advantages and the limitations of networked haptic

cooperation rendered via the two proposed distributed architectures with remote
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dynamic proxies. The validation has contrasted the architectures with remote
dynamic proxies to three existing architectures that employ similar time delay
compensation techniques. The comparison has shown that both architectures
enable users to feel and see their peers moving smoothly in the presence of
limited network update rates and constant network delays. Compared to prior

architectures:

— the architecture with remote dynamic proxies and virtual coupling coordi-
nation allows the peers to perceive much stiffer direct contact and to touch
each other under longer constant network delays. However, the remote dy-
namic proxies do not lessen users’ perception of a predominantly viscous

virtual environment in the presence of network delay.

— the architecture with remote dynamic proxies and wave-based coordina-
tion mitigates the poor position coherency typical to wave-based control.
Furthermore, it renders the inertia of the virtual objects more realistically

regardless of the network delay.

In conclusion, this dissertation has proposed remote dynamic proxies to allow peer
networked users both to interact with each other directly and to cooperatively ma-
nipulated a shared virtual object. It has also shown that the remote dynamic proxies
improve networked haptic cooperation in both distributed architectures in which they
have been integrated although they cannot overcome all limitations specific to those
architectures. In particular, networked haptic cooperation feels as if happening in a
predominantly viscous virtual environment and is stable for much shorter network
delay when rendered via remote dynamic proxies with virtual coupling coordination.
Therefore, future work should investigate alternative coordination strategies in order
to further increase the stability and improve the performance of networked haptic

cooperation rendered via remote dynamic proxies.

6.2 Future Work

The current framework for enabling remote users to touch and feel each other both
directly and through a shared virtual object that they cooperatively manipulate can

be broadened in several ways:

e The stability analysis for networked haptic cooperation with remote dynamic
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proxies and wave-based control should be developed in order to provide useful
design guidelines to application developers using wave domain communications

between remote users.

e The stability analysis presented in Chapter 4 addresses only the case of two users
connected via an Ethernet-based Local Area Network (LAN) or a Metropolitan
Area Network (MAN), i.e., a network with fixed and relatively small delay. To
enable Internet-based haptic cooperation, future work should investigate the
stability of networked haptics with remote dynamic proxies over networks with

variable communication delay and packet loss.

e The integration of the remote dynamic proxies into other distributed archi-
tectures presents another avenue for extending this work. Architectures that
employ passivity-based methods to compensate the network effects are of special

interest.

e remote dynamic proxies with geometric attributes in addition to dynamic prop-
erties could be developed in order to allow 6DOF body interaction between
peer users. Such remote dynamic proxies are expected to increase the complex-
ity both of collision detection and of collision response algorithms in the virtual

environment.

e Haptic cooperation among multiple users could be pursued from the control,
the network, and the synchronization perspectives. For example, methods for
guaranteeing the equivalent control gain can be developed to ensure stability in-
dependent of the (possibly varying) number of cooperating users. Buffering can
be implemented to smooth network delay jitter. Advanced protocols can be em-
ployed to synchronize a large number of users and to expand their connectivity

gracefully.

Our hope is that the broader framework will transform haptic devices into computer

interfaces that people use every time they connect to other people over the Internet.
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Appendix A
Appendix

This appendix presents the detailed procedure of deriving the stability region for the
proposed distributed control architecture with remote dynamic proxies and virtual
coupling coordination. When applied to cooperative manipulation, the control system
of the proposed control architecture is a sampled-data system because of the discrete
nature of the virtual environment simulation, as well as a system with multiple rates
because of the inherent limitations of the communication port (particularly, data from
remote peers is sampled at frequencies of 128Hz, and the local control loop runs at
1 KHz). Therefore, the continuous state space representation of the control system
presented in Chapter 4 is to be discretized with state vector that expanded according
to the multiple sampling rates. Furthermore, the computational delay and network
delay will be augmented to the discrete state space representation of the control
system, which renders the stability region of the control system in the presence of
different delay step.

Furthermore, this appendix will provide detailed procedure of setting up WANem
for network condition emulation. This detailed procedure consists: (1) configuring
WANem on a PC for network emulation, (2) setting up routing between connected
users, and (3) adjusting emulated network condition via web-based interface.

In the following sections, the following values apply both to cooperative manipu-

lation and to direct user-to-user interaction:
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p=2 number of sample times in the system (7, and T,, in this
case)
T. = w05 control sampling rate
T, = % network sampling rate
Ty = 718 smallest sampling rate integer multiple of all sampling
rates in the system
1
N, = % = % =38 number of control sampling periods in T
N, = % =18 =1 number of network sampling periods in T
128
N=N.+N,=84+1=9 sum of all N-s
To = W124 base sampling rate, i.e., largest sampling rate that fits
an integer number of times in all system sampling rates
1
le.= % =1 =] number of fundamental sampling periods in 7,
10%4
l, = % = % =8 number of fundamental sampling periods in T;,
No =28 the least common multiple of N. and N,,

A.1 Cooperative Manipulation

For cooperative manipulation, the dimensions of the state, the input, and the output

vectors are as follows:



n, = 12
Ney =

Niew = 4
Nocy = 4
Ny, = 4
Niny = 2
Nopy = 2

Ny = Ney + N, = 12

Ney = 12
Nicy = 6
Nocy = 6
Npy = 8
Niny = 4
Nony = 4

number of states of continuous-time system

number of fast inputs (updated at the control rate) of
continuous-time system

number of fast inputs (updated at the control rate) of
continuous-time system at the Peer 1 side

number of fast inputs (updated at the control rate) of
continuous-time system at the Peer 2 side

number of slow inputs (updated at the network rate) of
continuous-time system

number of slow inputs (updated at the network rate) of
continuous-time system at the Peer 1 side

number of slow inputs (updated at the network rate) of
continuous-time system at the Peer 2 side

number of inputs of continuous-time system

number of fast outputs (updated at the control rate) of
continuous-time system

number of fast outputs (updated at the control rate) of
continuous-time system at the Peer 1 side

number of fast outputs (updated at the control rate) of
continuous-time system at the Peer 2 side

number of slow outputs (updated at the network rate)
of continuous-time system

number of slow outputs (updated at the network rate)
of continuous-time system at the Peer 1 side

number of slow outputs (updated at the network rate)
of continuous-time system at the Peer 2 side

number of outputs of continuous-time system
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A.1.1 Discretization of the Continuous State Space Repre-

sentation

With the multiple sampling rates existing in the control system, the state vector for

the discrete-time system is expanded as:

XDNO~nm><1 [k] = XDgin [k] = XDggy1 [k]

S (k= 1) Ty + 7o) X, ((k=1)Ty+ 7o)

wora (B =1) Ty + 270) x,  ((k—1)Ty +2m)

x o, ((k=1)To+ (No — 1) 7o) x,, ., (k= 1) Ty + 7m)

ng X1 <kT0) X12><1 (kTO)
s (BTo = (No = 1) 79) X, (kKTy — 7))
x . (KTo — (No = 2) 1) x,, ., (KTp — 679)
ng X1 (kTO - TO) X12><1 (kTO - TO)
ng X1 (kTO) X12><1 (kT())

(A1)

The output vector is expanded as:

yDCNC-nC x1 [k]
yD(Nonchan-nny)xl [k] - yD(8»12+1-8)><1 [k] - yD104><1 [k] = <yD ! [k?]
"Nn»nnyxl

= <YD08~12X1 [k}) _ (}’chGXI [k’])
YDngx1 [k} YDug..y [k’]



YDns sy F]

YDeg.1251 [k} = YDegox1 [k]

Ype,,, . (KT0)

yDCncyxl (l{T() + TC)

Ybe,,

YD1, i (KT0)
YDse,,. i (KT0)
YDicn,,, x1 (KT +To)
YD2en, i (KTy + T¢)
YD, ., (KTo +TT.)
YD, ., KTy +TT.)

(kT ; (N.—1)T)

YDn, g51 k] = YDng, k]

Yu,, i (KT0)

yDnnnyXl (kTO + Tn)

YDicy,, (KT0)
YDoey,., (KT0)
YDicgyy (KTo + T¢)
YDoeo,, (KTo +1¢)

YDis,, (KTo + TT)
YDacy (kTO + 7TC)

Yo, o (KTo + (N = 1) T3)

YD, (FT0)
YDon,, (KTp)

You, o KT+ T,)
yDQ"nQnyxl (kTO + Tn)

yDl”mnyxl (KTo + (N, — 1) T,,
yDanQnyxl (k’TO + (Nn - 1) Tn

)
)
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yDClel (kTO)
yDC12x1 (kTO + TC)

y€12><

|

(KTy+ 7T

= [}’Dn8X1 (kTo)}

Yingos (kTO)
y2”4><1 (kTO)
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The input vector is expanded as:

UD(Nc'ncu+Nn'nnu)><1[ ] o uD(8-8+1<4)><1[ ] o uD68><1[ ]
:<WMWMW):<W%AM
uD”Nn~nnu><1 [k:] 11D"1~4><1 [k]

[k] depends on positions & velocities measured locally at the control

) _ (uDCGMI[k])
up, ., [K]

(A.5)

where up,
c'n

cu X1

sampling rate T:

uDCNC~ncu><1[ ] = uDC8»8><1[ ] = uDC()'4><1 [k] =
ucncuxl <kTO> uCle (kTO)
“neux1 <kT0 T (NC o 1) TC) Weg 1 (kTO + 7Tc>
lcnlcuX1 (kTCl) ulc4><1 (k;TO)
2c"2¢:u><1 (kTO) 2¢4x1 (kTO)
o BTy + (No = 1) Ty) w,,, . (KTy+7T)
2090y X1 (kTO + (NC - 1) TC) l12C4><1 (kTO + 7TC)

(A.6)

and up, .~ [k] depends on positions & velocities received from the remote peer
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at the network sampling rate 7},:

up, .k = wap, [k]=up, [k]=
o r (KT0)

= : = (unm (k’To))
(To+ (N, — 1) T,,)

lnnlnuX1 (kTO)
u 1 (k?T())

_ (.., (KTy)
B ' \u,,  (KTy)
u (T(] + (Nn — 1) ) *

Mnpu X1

+
Z
=
=5

(A.7)
Hence, the discrete-time state-space representation of the open-loop system is:

XD [k‘ + 1] = AD XD [k’] + BD up [k’]
YD [k] = CD (U1 XD [l’f + 1] + U2 XD [k’])
(A.8)

The computation of all matrices in Equation (A.8) is detailed in the following.

ADNO-nxxNO-nx - AD8-12><8-12 - AD96><96 -
0 0 Ap,
12x12 12x12 12x12
0 0 Ap,
12x12 12x12 12x12
012><12 012><12 D315x12
— 012><12 012><12 Dajzy12
012><12 012><12 Ds1oy12
012><12 012><12 D61ay 12
012><12 012><12 D7yox12
0 ... 0 Ds
[ T12x12 12x12 12x12 Jd 96%x96

(A.9)
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in which:
A drmo A JoL o o
Diyy1s = e 12x12 = g 12x12 ~ 1024 l_17... 7]\/'0_17... 78
(A.10)
BDNO'”ZX(Nc'ncu+Nn‘"nu) - L DCNO‘”ZXNC"’IC'U, D7LNO'"Z><Nn‘”nU:|
BD8»12><(8»8+1~4) - _BDCS<12><8<8 BD"8-12><1-4:|
BDgexes - _BD096x64 BD"%xJ <A'11>
with the Bp, ~ and Bp, ~ matrices detailed in the following. Specifically, the
€96 x 64 n96 x4 ’

BD096X64 matrix is an Ng X N, = 8 x 8 block matrix:

BDCNO‘”ZXNc'ncu - |:bDC»l“nz chu:| - |:<bch’l“"z XNy bDQC’l“an"26u>i|
Il = 1,....,Ny; u=0,...,N.— 1

<~
BDC%XG4 - |:ch%“12><8:| - [(bchvlmzxzx’bD?chzm)]
I = 1,....8, u=0,...,7
(A.12)



with the [ block computed via:

;

ng XN

bp f,ichom ¢Pnoxns (179 — 7)B dr

'chli"nxxnic ng Xne

f(.u'+1)'lc'7'0 eAnxan (l  To — T)B

L JuleTo CngXng.
(i=1,2)
<~
p
12x4
l-1o A
= 12x12 ([ . —
Dic,ipgoxa ful-roe <l 70 T)B1€12x4d7—
(p+1)1-19 A
12x12 ([ . —
\ f,wl-m € ) (l o 7—)B1¢12><4d7—
p
12x4
l-1o A
= 12x12 ([ . _
Dac,ipgoxs fu~1-roe <l 70 T)B2612x4d7—
(p+1)-1-19 A
12x12 ([ . —
\ f/,},-l-Tg € ) (l 70 7—)]32012><4d7—
Hence:
ch,1012x8 12x8
ch,2012x8 ch72112x8
bDC3012><8 bDC3112><8
D — bDCa4012><8 bDC»4112><8
CNg-ng X Ne-ney=8-12x8-8=96x 64
ch,5012x8 ch75112><8
bDC»6012xs bDC»6112xs
ch,7012x8 bDCv7112><8
_bDC,8012><8 bDC78112><8
bD&O%xs De,1gg s
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Lop<l<l-(u+1)

dr I (p+1) <1

Lop<I<1l-(p+1)

L-(p+1) <l

12x8

12x8

12x8

12x8

o O O o o

12x8

12x8

bp

bD078612><8

¢,7612x8

(A.13)

12x8
12x8
12x8
12x8

12x8

o O © © o ©

12x8

12x8

De,8715x5

bDC’Gge x8 bDC’296 x8 ]

(A.14)
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Where:

bp =

Slbng xney Dic hng XN ey chxl“nzxnzcu )

Il = 1,....Noyp=0,...,N,— 1
1,.

bchlH96x4’ D20#96x4>
g Sy pu=0,...,7

DCH“96><8

] =
(A.15)

The BDn96X4 matrix is an Ny X N, = 8 x 1 block matrix:

DnNO»anNn-nnu o [ Dn7l”nz><nnui| - [( Dl":lﬂnzxnlnu D2Cal#nz><n2nu>i|

Il = 1,...,Ny; u=0,...,N, —1
—
BD"96><4 - [bDn’lmsz - [(bDln»lmzxz’bD2mlu12><2>}
[ = 1,....8, u=0
(A.16)



with the [ block computed via:

(
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naxn, b<ln-p
Bt = fim et (11 — 7B, . dr - <1<ly-(u+1)

uA1)ln T
f/j P O ngcxnx ( cT0 — T)Bi"annin dr ln . (I[L + 1) < {
(1=1,2)
<
( J—
12x2 [<8-u=0
l-10 A o o
D = iR etma(lm — B, dr 8 p=0<I<8-(ut1)=8
1)
fﬂ%to B0 eBiaan (] 1 — 7B, ,.dr 8- (p+1)=8<I
<
l-10 A
Diniigzis = /8 eheaz(l o —1)B,, 0<1<38
H-5-70
( JR—
12x2 [<8- =
o l-10 A _ _
Dontnrgny = f#-s-m etax(lorg—7)B,, 8- u=0<1<8 - (p+1)=8
1)-8 A
| JUTE Az (17 — 7)B,, , dr 8- (n+1) =8 <
<
l-1o A
bDy s = / e taxaz ([ — 7')B2n12X2 0<1<8
w870
(A.17)
Hence:
bDn 1012x4 Din,101552 D2n,1015x2
bD” 2012x4 bD1n72012><2 D2n,201559
D"Nom,z><Nn<nnu:8~12><1~4:96><4 = =
bDn,7012X4 Dln,7012><2 D2n,7012><2
_bD”78012><4_ _bD1n78012><2 bD2"78012><2_

[bDn,OgexJ - [bDl’%Ongz bDQ"*OQGXQ]

(A.18)
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C — CDCNcmcnyO-nz

(Nc-ncy+Nn-nny)><N0»nz CDn
L Nn'”nyXNo'nz

<~ CD — DCS»12><8»12
(8-12+1-8)x8-12
L Dnl'8><8»12
C
< CD1 X 96 — DC96><96
04x96 CDn
L 8%x96
(A.19)
with the CDC%X% and CDn8X96 matrices detailed in the following. Specifically, the
Degg o6 matrix is an N, X Ny = 8 x 8 block matrix:

CDlC,Vl

C _ _ ”1cy Xng
D¢ - CDc vl -
Neney xNg-ng iney Xng CD
2¢c,vl

Wingey Xna
v = 0,...,.N.—1;l=1,..., Ny
<~

C o c o chc,Vl6 x12
Deggros Deviiogia| = cp
2¢c,vlgy12

v = 0,...,7;0=1,...,8
(A.20)
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with the vl block computed via:

v=0,l=Ny or l.-v=I

iCpy .
Njcy XN

Xng
0 otherwise
nicyxnz
<
(i=1,2)
.
C v=0I0=8 or 1-v=1
1lc bl
6x12
ch,VZGX12 = 9
(O otherwise
6x12
(
C v=0,1=8 or 1-v=1I
2c6x12 )
CDQC’VZ6><12 -
L otherwise
6x12

(A.21)

Hence:

Dep, ‘ney X Ng-ng=8-12x8-12=96 X 96

0 0 0 0 C
12x12 12x12 12x12 12x12 12x12 12x12 12x12 €12x12

. 0 0 0 0 0
12x12 12x12 12x12 12x12 12x12 12x12 12x12 12x12

0 C 0 0 0 0 0 0
12x12 €12x12 12x12 12x12 12x12 12x12 12x12 12x12

0 0 C 0 0 0 0 0
— 12x12 12x12 C12x12 12x12 12x12 12x12 12x12 12x12

0 0 0 C 0 0 0 0
12x12 12x12 12x12 €12x12 12x12 12x12 12x12 12x12

0 0 0 0 C 0 0 0
12x12 12x12 12x12 12x12 €12x12 12x12 12x12 12x12

0 0 0 0 0 C 0 0
12x12 12x12 12x12 12x12 12x12 €12x12 12x12 12x12

0 0 0 0 0 0 C 0

L 12x12 12x12 12x12 12x12 12x12 12x12 €12x12 12x12 |

(A.22)

Where

Ccl2>< 12 (Cl%x 12 CZCexm >

(A.23)

The CDn8X96 matrix is a N,, X Ng = 1 x 8 block matrix:
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Cp
CD = Cp = Invling g xng
"N nnyXNg-ng "’Vlnny Xng

CD2n,uln2n XN
v = O, .,Nn ]_,l y -,NO
<
_ CDlnvvl4x12
Drgyo6 Dnviggia | —
CD?nyvl4x12

(A.24)
with the vl block computed via:
My Xna V= O7l - NO or ln v=1
CDin,lu8X12 = ('L — 1, 2)
0 otherwise
8x12
<
4
gy, YV =0,0=8 or 8-v=I
CDln,lu4X12 = <
\ otherwise
4x12
.
onagyy, V=0,0=8 or 8-v=I
CDQn,lV4X12 =
\ otherwise
4x12
(A.25)
Hence:
CD"Nn-nnyxNo-nz:1»8><8»12:8><96 = |: 8x12 8x12 8x12 8x12 8x12 8x12 8x12 ngx12
(A.26)
Where

C — Cl”4><12
n8gx12 an4><12

(A.27)
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Lastly, U, and U, are Nop x Ng = 8
No-ng x Ng-ngp=812x8-12=96 X 96 No-ng X Ng-ngp=812x8-12=96 X 96

blocks diagonal matrices having the following n, x n, = 12 x 12 blocks on their

diagonals:

lNo»nz X No-ng

2N0-nx><N0~nx

—

U,
8-12x8-12

U,
8-12x8-12

Therefore,

A~

CD104><96 o
~

DD104>< 68

= blockdiag (1

= blockdiag(O  ,....,0 I
- U196><96 - blOdeiag Illez’ e ’Illez’ 012><12)
- U296><96 - blockdz’ag 012><12’ e ’012x12’112x12>
(A.28)
CD104><96 ‘U196><96 " A Dgg 06 + CD104><96 ‘U296><96
CD104><96 .U196><96 " PDgg s
(A.29)

The closed-loop dynamics can be obtained from the open-loop discrete-time dif-

ference equations using the feedback law:

up =

(Neneu+Nn npu)x1

up =

68x1

F

D(8-8+144)><(8-12+1-8) yD(8-12+1-8)><1

Yo
(NC'7Lcu+Nn'nnu)X(NC'ncy+Nn'nny) (Nc‘ncy‘FNn'nny)Xl

- Fp

68x104 yD104><1

(A.30)
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According to Equation 4.33, given

1 0
— — Cnlcuxnlcy NlcuXM2cy — 1C4><6 4x6
€ENe-neu X Ne-ney €C8.8x8-12
0 2% 0 2%
N2cy XNcy Ny XN2cy 4x6 4% 6
— — NlcuXNlny NlcuX"2ny — 4x4 4x4
M Ne-neu X Np-nny cng.gx1-8 0
n2cu><"1ny N2y XN2ny L 4x4 4x4 ]
F — — NinuXNlcy NinuXN2cy — 2X6 2X6
MCNy npy X Ne-ney ncy.4x8.12
Nonu XMNlcy N2pu XN2cy L 2X6 2x6 |
1 F
F — — "nlnuXNiny NlnuXM2ny — 1”2><4 2x4
”"annuanmny nn1.4x1-8 0 9 0 F2
N2y XN1ny "nony XN2ny 2x4 n2x4

(A.31)

The discrete-time feedback matrix Fp
(Neneu+Nn nnu) X (Neney+Np nny )=(8-8+1-4) x (8:12+1-8) =68 x 104

is:
F — DCCNC-ncuXNC-nCy DC"NC-ncuXNn-nny
(Nc'ncu+Nn‘nnu)‘X(Nc'ncy“an"ﬂny)
FDnan‘nnuXNc"ﬂcy DnnNn"ﬂnuXNn‘nny
<~
D — FDCCG4><96 FDC"64><8 — FDCCG4><96 64x8
(64+4) % (96+8)
D"C4><96 FD“"4><8 4x96 FD"”4><8
(A.32)
and the Fp_, and Fp matrices are block matrices
““Neneu X Neney=64X96 nnNn“n,'n/L,,><Nn»nny:4><8

computed as detailed next. In particular, FDCCN N has N, x N, = 8 x 8 blocks
c'Neu X Neney
of dimension ng, X ng =8 x 12:

= |:ch0,an Xn :| ILL:O7"'7NC_]‘;V:OJ"'7NC_1

Fp
CCNeney X Nc-ney

—

FDCCS-8x8~12:64><96 - [chctusmz} = O’ T 7’ v= O’ T 7

(A.33)
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with the pur block computed via:

vie<ple < (v+1)1,

Cncy Xney

D ey
otherwise.

ncu XNcy

—

v<u<(v+1)

cegx12
Dcc,p.uncancy -
otherwise.
8x12
(A.34)
Hence:
F,. 0 0 0 0 0 0 0
8x12 8x12 8x12 8x12 8x12 8x12 8x12 8x12
0 F 0 0 0 0 0 0
8x12 CC8x 12 8x12 8x12 8x12 8x12 8x12 8x12
0 0 F 0 0 0 0 0
8x12 8x12 CC8x 12 8x12 8x12 8x12 8x12 8x12
0 0 0 F 0 0 0 0
D — 8x12 8x12 8x12 CC8x 12 8x12 8x12 8x12 8x12
€C64x 96
08><12 08>< 12 08><12 08>< 12 F558><12 08><12 08>< 12 08><12
0 0 0 0 0 F 0 0
8x12 8x12 8x12 8x12 8x12 cC8x 12 8x12 8x12
0 0 0 0 0 0 F 0
8x12 8x12 8x12 8x12 8x12 8x12 ce8x12 8x12
0 0 0 0 0 0 0 F
L 8x12 8x12 8x12 8x12 8x12 8x12 8x12 cc8x12 |
(A.35)

The FDMN N has N,, x N,, = 1 x 1 blocks of dimension 7, X n,, =4 x 8:
nnnuXNn-nny

FD""Nn‘nnuXNn-nny - [fDnn’””nnanny} H= O’ T ’Nn - 1’ V= 07 ce 7Nn —1
<~
FD”"1-4><1-8:4><8 = [fDnn,uw;xg] lu = 07 V= O

(A.36)



with the pr-th block computed via:

Dnn”“”"«cu Xncy

—

Dnnpvyng

Hence:

;

v, < pl, < (v+1)1,

MMnpu Xnny

otherwise.
\ Nnu XNeny
.
F e 8V <8u<8(r+1)
. 0 otherwise.
4x8
D""4><8 - NNYx8

A.1.2 Delay Augmentation
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(A.37)

(A.38)

The network and computational delay can be integrated into the discrete-time dy-

namics of the system using the method in Appendix B of [2]. For the general case

of a computational delay Ty g = n, 7T, (i.e., an integer multiple of the control sam-

pling rate) and a network delay Tp = n, 7T, (i.e., an integer multiple of the network
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sampling rate), the discrete-time system:

XD k+1] = A

X [£]
DNO»nszUnz DNO-nlxl

up, []
Ng-ng X Ne-ney
+ [BDCNO'nQCXNC'ncu BD”No-nxXNn'"nu] ( k

anNO-ngcanm,nu[ ]
yDCNC“rLc x1 [k] - pal
< y [k] B CD(NC‘"cy+Nn‘”ny)XN0'nz XDNO‘”CC x1 [k]

A ~ u k
+ (Do Dy, N—_
C(Nc‘”cy+Nn‘”ny)XNc‘ncu n(Nc‘ncy+Nn‘”ny)XNn‘nnu u [k]
DnNn'nnu x1

Npo-ngx1 [

Fil = A K+ B B UDeqq, [F]
XD96><1 [ + ] - D96><96 XD96><1 [ ] + DCQGXG4 Dn96><4 u [kz]
yDc x [k] ~ 2 = ch x [k]
<ynfif[k1) = O 0B+ [P Do (qufo 1

has the delayed feedback:

(A.39)

uDCNc'ncuxl [k] _ F yDCNonchl [k - nVETC]
[k] D(NC'ncu‘FNn‘nnu)X(Nc‘ncy+Nn'nny) yDan,nnyxl [k — nDTn]

u
DnNn'n'rLqu

<~

uDC64><1 [k] — FD yDC%xl [k o nVETC]
up,, | k] 68x104 YDeq, , [kj — nDTn]

(A.40)
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In this case, the state vector is augmented with the delayed inputs:

XDNO<nz><1[ ]
Tengeyx1 (kTO B nVETC)
_ XDN(ynle [k] ] u2cn2cux1 (kTO o nVETC)
Cneu X1 <kTO - nVETC>
Leny gy x1 <kT0 N Tc)
iD [k] - u, (l{?To — TC) == u,,. (k?TO — Tc)
(NO'"I+”VE'ncu+TLD<nnu)><]_ ney X1 ngcy X1
(KT =, T,) v KTy =, T,)
u2"n2nu><1 (kTO - nDTn)
Ny, x1 (kTO - Tn) a
lnnlnuXI (kTO - Tn)
L 2""2nu><1 (kTO - Tn) i
<~
XD96><1 [k}
i . u KTy —n, .1
Xy, (K] e (KT0 =y, Te)
96x 1 U_QC4><1 (kTo — nVETC)
Weg 1 (KTo — nVETC) )
' u, (kTy —T.
- u,_ (KTp — T.) ey (KT )
XD(QG 8 4 ) 1[k] - u BX(lkT n.T ) = u2c4x1(kTO - Tc)
+8n +4-n X _ n
VE D ngx1 0 D u1n2><1 (kTO . nDTn)
. 2ng51 (kTO - nDTn)
un4><1 (kTO — Tn) :
u, . (kKTy — T,) '
) - ulnle (kTO - Tn)
L u2n2><1 (k:TO - Tn)

(A.41)
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and the transition matrices are modified as follows:

_ T

Ap
(N0~nm+nVE ‘”cu+"D nnu) X Ng-ng

AD == bDCaug<

Ny- . . « .
(NO‘nm_._nVEAncu_._nDAnml)X<N0Anm+nVEAncu+nDAnnu) 0'nz+ny g ncutnp nnu) ny g Meu

bDnau
g
(NO‘"ZJF'”VE '7lcu+’fLD 'nnu> Xnp nnu

(A.42)

Ap = Ap
(NO'"1+"VE'"cu+"D'Tbnu>><N()"ﬂm (8-12+nVE-8+nD-4)><8-12
Ap ‘A ]
Ng-ng XNg-n
0@ 20w Dg.12x8.12
Meu X Nona 4x812
nocy X No-nz 4x8-12
n1cu X Nonz 4x8-12
- noeu X No na - 4x8:12
n1nu X Ngna 2x8-12
nomu X No-na 2x8-12
2x8-12
ninuXNonz
L 2x8-12
nonu X No-nz i

(A.43)



bDCaug

NlcuXMlcuy

N2cu XMcuy

NlcuXNlcu
NlcuXM1cu

NinuXMlcu

© O o ©

M2nu XN 1cu

NlnuXNlcu
L N2nu XN1cuy

Dic,15.1954

0

4x4

0

4x4

4x4
4x4

2x4

o O O O

2x4

= bDCaug
(NO'nI+nVE'nCU+"D‘”nu)X'"’VE'”C“
bp,, Do
16’1N0»ng;><nlcu 2"71N0-nz><n26u Ng-ng Xnieqy
Nlcu XN2cy NlcuXMlcu
N2cu XN2cy n2cuXN1cu

NlcuXN2cu NlcuXNlcu

NlcuXN1cu

NlcuXN2cu

NinuXM2cu NinuXM1lcu

© O o ©
© O o ©

N2ny XN2cy M2y XN1cy
NinuXN2cu NinuXMlcu
N2nu XN2cy N2nu XN 1cu
Dac,1g.12x4 8-12x4 8-12x4
4x4 4x4 4x4
4x4 4x4 4x4

4x4 4x4 4x4

4x4 4x4 4x4

2x4 2x4 2x4

©c O O O
o O O O
o O O O

2x4 2x4 2x4

2x4 2x4 2x4

2x4 2x4 2x4

(8-12+nVE »8+nD »4) XnVE -8

Ng-ng Xnieqy

Nlcu XN2cy

N2cu XN2cuy

© O o ©

NlcuXN2cu

NlcuXN2cu

Ninu XM2cu

N2ny XN2cy

Ninu XM2cu

N2nu XN2cy

8-12x4

0

4x4

0

4x4

-

4x4

4x4

2x4

o o O

2x4

2x4

2x4

8-12x4

0

4x4

0

4x4

4x4

_- O

4x4

2x4

o O

2x4

2x4

2x4

Ng-ngXnicy

Nlcy XM1cu

Nn2cuXN1cu

e

NlcuXNlcu

NlcuXN1cu

NinuXMlcu

© o o

n2nyu XNlcu

NinuXMlcu

N2nuXNlcu
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Ng-ng Xngey,
Nlcu XM2cu

Nn2cu XN2cy

o

Nlcu XN2cu

NlcuXN2cu

NlnuXM2cu

S O -

N2ny XN2cu

NinuXM2cu

N2nyu XN2cy =

(A.44)



bDnaug

Nlcu XN 1nu

N2cu XN 1ny

NlcuXN1ny
NlcuXN1ny

NnuXN1ny

© O o ©

M2y XNiny

NinuXMiny

D2’n’lNO‘"Z XN iny

M2nu XNiny

(No»nz+nVE »ncu+nD 'nnu) XN nnu

Nlcu XN2ny

N2cu XN2ny

NlcuXN"2ny

NlcuXN"2nu

NinuXM"2ny

© O o ©

N2nu XN2ny

Nlnu XN2ny

N2nu XN2ny

D27L,1N0 “Ng XNona

Dan,1g.10x2

0

4x2

0

4x2

o O O O

2X2

2X2

Bp

Dan,1g.12x2

0

4x2

0

4x2

8-12x2

0

4x2

0

4x2

0 0
4x2 4x2
0 0
4x2 4x2
0 I
2X2 2X2
0 0
2X2 2X2
2X2 2X2
2X2 2X2

- bDnaug

Ng-ngXninpy

Nlcu XN lny

N2cu XN 1nu

NlcuXN1nu

o o

NlcuXN1nu

NlnuXMlny

S -

M2y XN 1ny

NinyXMiny

N2nu XN 1ny

8-12x2

0

4x2

0

4x2

4x2
4x2

2X2

- o O O

2X2

2X2

2X2

(NO'nCC+nVE 'ncu+7lD 'nnu> X (Ne-neu+Nn-nnu)

_ |bp

c
(No-nx+nVE '”cu+”D "flnu) XNeneu

bp,

(8412+nVE -8+nD -4) ><nD -4

No-ngXnipy,

Nlcu XN2ny

N2cu XN2ny

NlcuXN"2nu

NlcuXN"2ny

NinuXN"2ny

- O O O

N2ny XN2ny

Ninu XN"2nu

N2nu XN2ny

No-ngXnipqy

Nlcu XM ny

N2cu XN lny

Nlcu XN lnu

NlcuXN1nu

Ninu XM 1ny

© O o ©

M2nu XN 1ny

NnuXN1inuy

M2nu XN 1ny

8-12x2 8-12x2

0 0
4x2 4x2

0 0
4x2 4x2

0 0
4x2 4x2
0 0
4x2 4x2
0 0
2X2 2X2
0 0
2X2 2X2
2X2 2X2
2X2 2X2

(N()-n;c+TLVE '”cu+"D "flnu) X Nn -nnu

155

No-ngXnon,,
Nlcu XM2ny

N2cu XN2ny

Nlcu XNM2ny
NlcuX"2ny

NinuXN"2nuy

© O o o©

N2nyu XN2ny

NlnuXN2ny

N2y XN2ny =

(A.45)

(A.46)



bp.

(N0~nz+nVE ‘meutnp nnu) X Neney

ch’2NO‘”ﬂc XN]cy

Nlcy XM1cu

Nn2cuXN1cu

NlcuXNlcu

Nn2cuXN1cu

NinuXMlcu

©c o o ©

N2nyu XNlcu

NinyXNlcu

N2nuXNlcu

Die,2g.19x4

0

4x4

0

4x4

4x4
4x4

2x4

o O O O

2x4

2x4

2x4

N ng Xnqcq

NlcuXMlcu

N2cy XMNlcu

-

NlcuXMlcu

Nn2cuXN1cu

NinuXNlcu

o o O

N2nu XMcy

NinuXMlcu

N2nyu XNlcu

Nlcu XM2cuy

N2cu XN2cu

NleuXNM2cu

N2cu XN2cu

NlnuXM2cu

© o o ©

N2ny XN2cu

NinuXN2cu

N2nu XN2cu

Die,2g.19%4

2x4
2x4
N ng Xn9eq,
Nlcu XM2cu

N2cy XN2cy

o

Nlcy XN2cu

N2cu XN2cy

NinuXN2cu

S O -

N2nu XM2cy

NinuXM2cu

N2ny XN2cy -

ch’QNO‘"Z XM2cu

D10788-12><4

bp

c
(8»12+nVE »8+nD 44) x8-8

0

4x4

0

4x4

4x4
4x4

2x4

o O O O

2xX4

2x4

2xX4

0

8-12x4

0

4x4

0

4x4

e

4x4

4x4

2x4

o O O

2x4

2x4

2x4

bp bp,,
IC’NCNO‘"ZX”ICAL 2L’NCNO‘”4E><"20u

NlcuXMlcu

N2cuXM1cu

NlecuXMlcu

N2cuXM1cu

NinuXMlcu

©c o o o

N2y XNlcu

NinuXNlcu

N2nuXNlcu

0

4x4

0

4x4

4x4
4x4

2x4

o O O O

2x4

2x4

2xX4

8-12x4

- O

4x4

o O
»
X
'

2x4

2x4

2x4 4

Dac,85.12%4
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— |:BD61 BDCQ]

Nlcu XN2cy

N2cu XN2cy

NlcuXN2cu

N2cu XN2cu

NinuXN2cu

© O o ©

N2nyu XMN2cu

NlnuXN2cu

N2nyu XN2cu

(A.47)



bp,

(NO'"I+"VE '”cu+nD ""«nu) X Np nny

(NC'ncy+Nn'nny)>< (NO'TL:‘H_"VE ‘Neutnp nnu)

Dln'ZNO‘nZ XNinuy

NlcuXMny

N2cu XM 1ny

NlcuXMlnu

N2cu XM 1ny

NinuXMlny

© O o ©

N2nyu XNiny

Nlnu XN 1ny

M2nu XN 1ny

NoneXniny

NlcuXN1nu

N2cu XN 1ny

-

Nlcu XN 1nu

M2cu XM nu

NinuXMiny

© o o

N2nu XN1ny

NnuXN1ny

N2nu XN1ny

D
(Nc-ncy+Nn»nny) XNg-ng

Dl”’2N0»nz Xnopna

Nlcu XM2ny

N2cu XM2ny

Nlcu XM2ny

N2cu XM2ny

Nlnu XM2ny

© ©O o o

N2nu XN2ny

NnuXN2ny

N2nu XN2nuy

NonaXnany

NlcuXN2ny

N2cu XN2ny

o

NlcuXN2nu

N2cu XM2ny

NinuXM2ny

S O -

N2nyu XN2ny

NinuXN2ny

N2nyu XN2ny

DCaug(

n
(8‘12+TLVE -8+nD -4) x1-4

8-12x2

4x2

4x2

e

4x2

4x2

2X2

o o O

2X2

2X2

2X2

Nc'ncy+Nn'nny) XNy, pneu

Nlcy XN1ny

N2cuXN1iny

NlcuXN1nu

N2cu XM nu

NinuXMlny

o o o o

N2y XN1iny

NnuXN1iny

N2nu XN1ny

8-12x2

4x2

4x2

4x2

_ O

4x2

2X2

o O

2X2

2X2

2X2 .

anaug

© O o ©
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= [Bo., B,

Dln’N"’NO'”IX"Inu D2n’NnN0‘"Z><”2nu

Nlcu XN2ny

N2cu XN2ny

NlcuXN"2nu

N2cu XN2ny

Ninu XM"2ny

N2y XN2ny

NlnuXN2ny

N2nu XN2ny

(A.48)

(Nc"ﬂcy+Nn"ﬂny) XN pNnu

(A.49)




(Nc-ncy+Nn-nny) XNg-ng

Dca:
aug(Nc'"cy+Nn'nny)><nVE ‘Mecu

- C :[C

D(8<12+1-8)><8»12

A

DCau9(8<12+1»8)><nv 8

B
— A

Dic1
dD2c,1

0

(NC'"Cy+N"'"ny)X"1cu

0

(Nc'”cy+Nn'nny)><"2cu

(Neney+Nn-nny)xniey

(Neney+Nn-nny)Xngey

(Neney+Nn-nny)xXngey

- (NC'"Cy+N"'n"y)Xn2cu

d

Dnau9(8»12+1~8)><nD 4
len,l
(NC'"C’U+N7V""7«ZJ) XNy
dDQn,l

(NC'"C’Q+N”‘""7«?J) XN2nq

(Neney+Nn-nny) Xnin,

0

(Nc'"cy+Nn'"ny)><n2nu

(Nc'"cy+Nn'nny)Xn1nu

CD(8-12+1-8)><8-12i| - |:CD104X96]

L (Nc‘”cy+Nn‘”ny)><”2nu -

A~

Dln’1(8-12+1-8)><2

~
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D
(Nc~ncy+Nn~nny)><N0~ngc

(A.50)

~ 9T

ch*1(8»12+1-8)><4
D2c’1(8»12+1-8)><4
(8-124+1-8) x4

(8-12+1-8) x4

(8-12+1-8) x4

(8-12+1-8) x4

(A.51)

D2na1(s~12+1-s)x2
(8-124+1-8)x2

(8:12+41-8) x2

(8-1241-8) x2

(8:1241-8)x2

(A.52)
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— A T T
lec,Q

dD2c,2

(Nc4ncy+Nn-nny)><”1cu

(Nc,ncy+Nn-nny)><"2cu

-~

D .
1c,N(,(NC,nCy+Nn»nny) XN]cy

-~
D . n
2c,N(,(NC-ncy+Nn-nny)>< 2cu

0

(Nc-ncy-«—Nn‘nny)X"lcu

0

D I I

D n + u
(Ncwmy Nnp,- ’ﬂ’y)X(Nc"ﬂcu Nnnnu) le 2 4
+ m (Nc“ﬂcy N’n,‘"’ﬂy)x in

dD2n,2
(Nc<ncy+Nn‘"’ﬂy) XM2nu

~
dp
1n,Nn(NC.ncy+Nn<nny)annu

dDQn,Nn

0

(Nc»ncy+Nn‘nny)Xn2nu

(Nc-ncy+Nn'”"y) XM inu

L (Newney+Nn nny ) Xnany -

- A -T

Dic2104%4
~

Da2¢,2104x4

A

Di1c,8104x4

D1o4x68 D2c¢,8104%4

104 x4

104x4

0

104x2

0

L 104 x2 =

(A.53)



A.2 Direct User-to-User Contact
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For direct user-to-user contact, the dimensions of the state, the input, and the output

vectors are as follows:
Ny =8

Ney = 4
Nicy = 2
Nocuy = 2
Ny = 2
Nipy = 1
Nopy = 1

nu:ncu+nnu:6

Ney = 8
Niey = 4
Nocy = 4
Npy = 4
Niny = 2
Nony = 2

Ny = Ney + Ny = 12

number of states of continuous-time system

number of fast inputs (updated at the control rate) of
continuous-time system

number of fast inputs (updated at the control rate) of
continuous-time system at the Peer 1 side

number of fast inputs (updated at the control rate) of
continuous-time system at the Peer 2 side

number of slow inputs (updated at the network rate) of
continuous-time system

number of slow inputs (updated at the network rate) of
continuous-time system at the Peer 1 side

number of slow inputs (updated at the network rate) of
continuous-time system at the Peer 2 side

number of inputs of continuous-time system

number of fast outputs (updated at the control rate) of
continuous-time system

number of fast outputs (updated at the control rate) of
continuous-time system at the Peer 1 side

number of fast outputs (updated at the control rate) of
continuous-time system at the Peer 2 side

number of slow outputs (updated at the network rate)
of continuous-time system

number of slow outputs (updated at the network rate)
of continuous-time system at the Peer 1 side

number of slow outputs (updated at the network rate)
of continuous-time system at the Peer 2 side

number of outputs of continuous-time system
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A.2.1 Discretization of the Continuous State Space Repre-

sentation

With the multiple sampling rates existing in the control system, the state vector for

the discrete-time system is expanded as:

XDNO<nm><1 [k] = XD8~8><1 [k] = XD64><1 [k]
s (= 1)To + 70) x, . ((k—1)Ty+ )
a1 ((k’— 1) T0—|—27'0) Xeo1 ((k’— 1) T0+27'0)
x . ((k=1)To+ (No — 1) 7o) x, . ((k—1)Ty+ 7o)
ng X1 (kT()) X8><1 (kTO)

ngx1 (KTo — (No — 1) 70) X, , (KTo — )

Xax1 (kTO - (NO o 2) TO) Xex1 (kTO - 67—0)

ng X1 (kTO - TO) X8><1 (kTO - TO)

ng X1 (kTO) X8><1 (kTO)

(A.54)

The output vector is expanded as:

yDcNC-nC x1 [k]
YD(NMCWNMW)“W = YDgiranr (F] = YDy, (K] = <YD ! ]
"Nn»nnyxl

= (yDCS-le [k]> — <YDCG4><1 [k])
YDniax1 [] YDu, ., (k]

(A.55)



YDn sy F]

= yDQnHQnyxl (kTO + Tn)
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YDeyr, (K] = ¥Doy,,, [K]

Yo, (KTo)

YD.,., (K1)
yDcs><1 (kTO + TC)

ncyxl

L (]{?TO -+ (NC — 1) Tc) ychl (kTo + 7Tc)

yDCnch
kT
YD1cn «1 ( 0) ych4Xl (kTo)
YDy, .. (KTo) Yo, (KT0)
Ychn x1 (k:TO + Tc) yD164><1 (kTO + TC)
Vou, (Kb +T) | = | yon, (6To +T0)

YDu.,,, (KTo + TT¢)
YD, (KTo +TT)

(A.56)

= YDuu [Fl = ¥Dn,, [F]

YDu,, w1 (KT0)
yDnnr y X1 (kTO + Tn)
ny ) = |:yDn4><1 (kT()):|
Yoy, o (KTo+ (N = 1) T3)

YD, (FT0)
YDan,, . o (FT0)

Yun,,, . KTy +T)
_ ly (kTp)

y2”2><1 (kTO)

yDl”MnyXl (kTO + (Nn - 1) Tn)
YDz, o (K10 + (No = 1) 1)

(A.57)
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The input vector is expanded as:

UD(NC'ncu+Nn'nnu)X1[ ] - uD(8-4+1<2)><1 [k] o uD34x1 [k]
— chNc‘ncuXI [k] — uDC8-4><1 [k]
uD”Nn~nnu><1 [k:] 11D"1~2><1 [k]

where up,  [k] depends on positions and velocities measured locally at the con-

) _ (unm[k]>
up,, ., [K]

(A.58)

trol sampling rate T:

uDCNC~ncu><1[ ] = uDC8»4><1[ ] = uD032><1 [k]
.u.c"cuxl <kTO> llC4><1 (kTO)

Cney X1 <kT0 _'_ (NC o 1) TC) UC4X1 (kTO + 7TC>
16"10u><1 (kTC') u162><1 (k:TO)
2c"2¢:u><1 (kTO) 2cox1 (kTO)

T (kTo+ (N.— 1) T,) u,, (kTo + 7T)

20ng0y X1 (kTO + (NC - 1) TC) Wachis (kTo + 7TC)

(A.59)

[k] depends on positions and velocities received from the remote peer

and up,
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at the network sampling rate 7},:

up, .k = wap,, [k =up, [K]

o r (KT0)

= : = (unm (k’To))
(To+ (N, — 1) T,,)

lnnlnuX1 (kTO)
u 1 (k?T())

_ (.., (KTy)
B ' \u,, | (KTy)
u (T(] + (Nn — 1) ) x

Mnpu X1

+
Z
=
=5

(A.60)
Hence, the discrete-time state-space representation of the open-loop system is:

XD [k‘ + 1] = AD XD [k’] + BD up [k’]
YD [k] = CD (U1 XD [l’f + 1] + U2 XD [k’])
(A.61)

The computation of all matrices in Equation (A.61) is detailed in the following.

ADNO-ng;xNO-ngc - Dgiaxsiz AD96><96

08><8 08><8 Digys
O8><8 O8><8 Dag g
Osxs Osxs Dsgys

— Osxs 08><8 Dagyg
08><8 08><8 Dsgys
Osxs Osxs Dégy s
08><8 ngs Drgys
_08><8 T 08><8 Dsgy s | 64 %64

(A.62)
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in which:
170 Jy -
Dig,q — ¢ 8x8 — e '8x8 1024 | = ]_7 . 7N0 = ]_’ 78
(A.63)
DNO'"IX(Nc'ncu+Nn'nnu) - L DcNO'"z XNc¢neu DnNo‘anNn"ﬂnu]
e
B =
D8<8X(8-4+1<2) L DC8'8><8<4 BD"‘S-SXl-Q
<~
BD64><34 = _BDC64><32 BD”64X2]
(A.64)

with the Bp,, . and Bp,  matrices detailed in the following. Specifically, the

32
matrix is an Ny x N, = 8 x 8 block matrix:

DCG4><32
BDCNO<nz><NC»ncu - |:bDC7lan chu:| - |:<bchvll‘nz XN ey bD2C’l“an"20u>i|
Il = 1,...,No; u=0,...,N.— 1
<
BDCG4><32 - |:bDC,lus><4:| - [(bDlC,lusxz ’ bDQCJ#8><2>:|
I = 1,....8u=0,...,7

(A.65)
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with the [ block computed via:

;

o, P lepp
B = flj;;jm eMnaxna (119 — 7B, . dr le-p<l<l.-(u+1)

f(uﬂ)-lc-fo eMnoxna (170 — 7)B dr l.-(p+1) <l

\ Jwleo “CngXng,
(1=1,2)
<~
p
0, N
l-1o A
Dicingry = f;t'l-To etsxs(l-mg—7)B,,  dT Lop<i<1l-(p+1)
p+1)lmo A
\ f:.l'm) Yetsxs (T — 7B, . dr 1-(p+1) <l
p
12x2 <1 H
l-1o A
bo, ey = fu~1-ro evsxs (Lo —7)B,, dr Lop<l<1-(p+1)
p+1)lmo A
\ f,u(-l-ro) Cetea(lomg—T)B,, dr 1-(p+1) <l
(A.66)
Hence:
bDCa108><4 08><4 08><4 08><4
bDC 208 x4 bDC 21lgx4 08><4 08><4
bDC 308x4 bDC 31gx4 08><4 08><4
D — bDC 4084 bDf‘ 41gx4q 08><4 08><4
CNQ-ng X Ne-ney=8-8x8-4=64x 32 .

’ bDC 508 x 4 chl518><4 08><4 08><4
bDC 608 x4 bDC7618><4 T O8><4 08><4
bDCa708><4 bDCa718><4 T bDCv768><4 08><4
_bDCa808><4 bDC’818><4 T bD07868><4 bD07878><4_

- [chv064><4 bDUv164><4 ch;654x4 bD01264><4

(A.67)
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Where:

bp =

Slbng xney Dic hng XN ey chxl“nzxnzcu >

Il = 1,....Noyp=0,...,N,— 1
1

De,pgaxa Dic,ingaxs’ D2c uo4x2>

I = 1,....8 u=0,...,7

(A.68)

The BDn64X2 matrix is an Ny X N, = 8 x 1 block matrix:

DnNO»anNn-nnu o |: Dn7l“nz><nnui| - [( Dl’”:lﬂnzxnlnu D2Cal#nz><n2nu>i|

Il = 1,...,No; u=0,...,N, — 1

—

BD"64><2 - [bDn’lusw} - [(bDln,lugm’bD?n,lu8x1>]

(A.69)



with the [ block computed via:

(

168

(p+1)

8-u=0<1<8 - (pu+1)=38

1) =8

(A.70)

NN
l-10 A
bDi”vl#nxXnm = fu-ln~7'0 e nzxng (l - To — T)Bi"nzxnin dr ln < ) S ln
(M“Fl ln TO
A Argna (1 70 — B, AT L (1) <
(1=1,2)
<~
( J—
0., [ <8 =0
l-1o A
bDln,lugxl = f,u.g.TO € 8x8 (l ’ 7—0 - T)BlngxldT
(p+1)-810 A —
f,u87'0 etaz(l-rg—7)B,  dr 8-(p+1)=8<I
<~
l-10 A
bDln,luSXl = /LST e sxs ([ -1y — T)BlanXQdT 0<I<8
870
( JR—
08><1 [ S 8- on = 0
. l-10 A _
bD, ey = f#,s_m eexs ([ -7 — T)B%ledT 8- u=0<1<8 (p+
(u+1)-810 A _
( Jisr € sl —T)B,,  dr 8- (u+1)=8<I
<~
l-1o A
bpy ey = /8 ess (-1 —7)B,,  dr 0<1<8
11-8-7o
Hence:
bDn 10g%2 bDln,lOSXl bD2n,108X1
bDn 208 % 2 bDln,208><1 bD2n,208><1
DNy g x Npnnu=8-8x1.2=64x2 -
bDn 7082 bDln,708X1 bD2n,708X1
_bDn 8052 _bDln,SOSXl bD2n,808><1_

- bDn,04 2 = bD1”7064><1 bD?n’064><1
64 %

(A.71)
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CD _ DCNOnCyXNO-nz
(Nc-ncy+Nn-nny)><N0»nz CD
L nNn-nnnyo-nz
<~
CD — DCS<8><8<8
(8-8+1-4)x8-8
D”1-4><8»8
<~
C — D064><64
D68><64
D”4><64

(A.72)

with the Cp,, . and Cp,, . matrices detailed in the following. Specifically, the

CD664><64 matrix is an N, X Ny = 8 x 8 block matrix:

C
C . c . ch,ulnlean
DCNC<nCy><N0~n;C - Dcv”lncyxnz - c
DQC,I/ln2CanI
v o= 0,... No—1;1=1,...,N,

—

CD SVi4x1
CDCG4><64 = [CDc,vlsxs] - [(CDl ! 8)]
2c,vlg«8
v = 0,...,7;0=1,...,8
(A.73)



with the vl block computed via:

| v=0,0=N
chicyx’ﬂz
CDic,ylnicyxnz =
0
nicyxnz
(1=1,2)
<~
i
legxs
ch,ul4><8 -
\ O4><8
(
2eq4x8
cD2c,Vl4><8 =
\ 04x8
Hence:
CDCNC“!LCyXNO"VL;E:S'8><8<8:64X64
0 0 0 0
8% 8 8x8 8x8 8x8 8x8
C. 0 0 0 0
8% 8 8x8 8x8 8x8 8x8
0 C 0 0 0
8x8 €8x 8 8x8 8x8 8x8
0 0 C 0 0
— 8x8 8x8 c8x8 8x8 8x8
0 0 0 C 0
8x8 8x8 8x8 €8x 8 8x8
0 0 0 0 C
8x8 8x8 8x8 8x8 €8x 8
0 0 0 0 0
8x8 8x8 8x8 8x8 8x8
0 0 0 0 0
L 8x8 8x8 8x8 8x8 8x8
Where

C..-(C..C...)

otherwise

otherwise

€8x 8

o QO o oo oo o

170

or l.-v=I1

otherwise

v=0,01=8 or 1-v=1I

v=0,0=8 or 1-v=1I

(A.74)
0 C._ |
8x8 €8x 8
0 0
8x8 8x8
0 0
8x8 8x8
0 0
8x8 8x8
0 0
8x8 8x8
0 0
8x8 8x8
0 0
8x8 8% 8
C 0
€8x 8 8x8
(A.75)
(A.76)

The CD“4><64 matrix is a V,, X Ng = 1 x 8 block matrix:



C CDln,l/l
—_= C —_=
D'"‘Nn»nny X Ng-ng D"’Vlnny Xng

Ny

chn vl

— — VE2x8

Conies = [CD"’”’M] - [(CD
2n,vlgwg

with the vl block computed via:

i”ninyxnz v= 07l - NO
CDin v =
V22X 8
0 otherwise
2X8
(1=1,2)
<~
.
tngy V=0,0=8 or 8-v=I
chn,ZUQXg =
\ otherwise
2%X4
(
ongys V=0,0=8 or 8-v=I
cDQn,lugxs =
(0 otherwise
2X8

Hence:

D'"‘Nnm,ny><N0~nx=1-4><8-8=4><64

or l,-v=1

Nlny XNz

171

(A.77)

(A.78)
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Where
C — (Cln2><8>
M4x8
02"2x8
(A.80)
Lastly, U, and U, are Ng X Ny = 8 blocks
Ng-ng X Ngng=8-8x8-8=64x64 NongxNg-ng=8-8x8-8=64x64
diagonal matrices having the following n, x n, = 8 x 8 blocks on their diagonals:
U1N0~n¢,;><NO»nz = blockdlag Ing;X x [ nzxn;p’ ng an>
U2N0-nm><NO»nI = blOde?/a/g Onzx x 1ttt ng Xng ) ng Xng
<~
U, — U,  =blockdiag (I .....T .0 )
8-8x8-8 64X 64 8x8 8% 8 8x8
U28-8><8-8 - U264><64 - blOdeiag 08x8’ T 08x8’18><8)
(A.81)
Therefore,
D68><64 = CD68><64 ’ U164><64 ) AD64><64 + CD68><64 ) 264><64
D68><34 = CD68><64 164><64 ) BD64><34
(A.82)

The closed-loop dynamics can be obtained from the open-loop discrete-time dif-

ference equations using the feedback law:

D = Fp ¥yD —
(Ne-neu+Nn -npy)x1 (Nc-ncu+Nn»nnu)X(Nc»ncy+Nn»nny) (Nc<ncy+Nn<nny)><l
uD68><1 - F yD = FD

D(8<4+1<2)><(8<8+1<4) (8-8+1-4)x1 saxos? Desx1

(A.83)



According to Equation 4.33, given

€ENe-neu X Ne-ney €CR.8x8-12

M Ne-neu X Np-nny - €Nng.8x1-8 -
F"CNnmnuXNc"rmy - nC1.4x8-12 -
F”"Nn%nuXNn‘"ny = nnil.4x1-8 -

1
Cnlcuxnlcy

0

N2cy XMNlcy

NlcuXNlny

N2cu XMNiny

NinuXNlcy

N2nu XMNlcy

1
"nlnuXNiny

N2nu XN1iny

The discrete-time feedback matrix Fp

is:
F =
(Neneu+Np-npu) X (Nc'nchan»nny)
g
D — DCC32><64 Dcn32><4
(3242) X (64-+4)
D”C2><64 D“"2><4
and the

Dchc-ncu X Nc¢ney=32X64

NlcuXM2cy

“ngcu XN2cy

NlcuX"2ny

N2cu XN2ny

NinuXN2cy

N2nu XN2cy

NlnuXM2ny

"Mopy X n2ny

F152><4
0

2x4

0
2X2 2X2

0
2X2 2x2 |
1x4 1x4
1x4 1x4 |
— F1”1><2

0

1x2
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0

2x4

262><4

1x2

F2"1><2
(A.84)

(Ne'neu+Nnnnu) X (Ne-ney+Nn nny)=(8-4+1-2) X (8:8+1-4)=34x 68

DCCNC-ncu X Ne-ney

Dnan"ﬂnu X Nc'ncy

D‘3‘332 X 64

2Xx64

DC"NC-ncu X N, -npy

DnnNn ‘Npu X Nn ‘nny

32x4

D"n2><4

(A.85)

and Fp, matrices are block matrices
Nn npyuXNn nny=2X4

computed as detailed next. In particular, FDCCN N has N, x N, = 8 x 8 blocks
cneu XNeney

of dimension ng, X ng =4 x 8:

DCCNC-ncu X Ne-ney

—

DCC8<4><8<8:32 X 64

|:fDCC!‘“’4><8i| ILL

0,...

[fDCWn B ] W=0,... . N.—1:v=0,... . N.—1

(A.86)
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with the pur block computed via:

(
B vie<ple < (v+1)1,
Necu XNey
fDCCﬂHVncu Xncy = 9
otherwise.
\ Ney XNey
<~
(
s VSR<(v+1)
Decouvmoyxney
. 0 otherwise.
4x8
(A.87)
Hence:
F 0 0 0 0 0 0 0
€4 x8 4x8 4x8 4x8 4x8 4x8 4x8 4x8
0 F 0 0 0 0 0 0
4x8 €C4x8 4x8 4x8 4x8 4x8 4x8 4x8
0 0 F 0 0 0 0 0
4x8 4x8 €4 x8 4x8 4x8 4x8 4x8 4x8
0 0 0 F 0 0 0 0
Dec. — 4x8 4x8 4x8 €C4x8 4x8 4x8 4x8 4x8
3264 0 0 0 0 F_ 0 0 0
4x8 4x8 4x8 4x8 €C4x8 4x8 4x8 4x8
0 0 0 0 0 F_ 0 0
4x8 4x8 4x8 4x8 4x8 €4 x8 4x8 4x8
0 0 0 0 0 0 F 0
4x8 4x8 4x8 4x8 4x8 4x8 cCqax8 4x8
0 0 0 0 0 0 0 F
L 4x8 4x8 4x8 4x8 4x8 4x8 4x8 cc4x8 |
(A.88)

The FDnnN N has N, x N, = 1 x 1 blocks of dimension n,,, x n,, =4 x8:
nNnuXNn-nny

- [fD} p=0. . N,—1.:v=0,.. N, —1

D””Nn ‘npy X Nn -nny

—

FD”"1~2><1~4=2><4 - |:fDnn,,u,u2><4:| p=0v=0

(A.89)
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with the pur block computed via:

;

. v, < pl, < (v+1)1,
Nnu XNny
fD"”aHVncu Xney =
otherwise.
\ Nnu XNeny
<
(F,.., 8v<8u<8(r+1)
Dnn,uu2><4 =
. 0 otherwise.
2X4
(A.90)
Hence:
D"”2><4 - nn2 x4
(A.91)

A.2.2 Delay Augmentation

Similarly, the network and computational delay can be integrated into the discrete-
time dynamics of the system using the method in Appendix B of [2]. For the general
case of a computational delay Ty g = n,,T. (i.e., an integer multiple of the control
sampling rate) and a network delay Tp = n,T, (i.e., an integer multiple of the

network sampling rate), the discrete-time system:

up,, .,k
XD64><1 [kj + 1} - ADG4X64XD64X1 [k] + |:BDCG4><32 BDn64X2} (uD o k])
NnEe4x2

YDegyrs [k] a B B UDe3p, 4 [k]
(yDzil [k‘] > = CD68><64 XDggx1 [k} t [DDCGSXSZ DD%SXJ (uD 5 k:]

noxl [

(A.92)

has the delayed feedback:

uDC32x1 [k] — FD yDCG4><1 [k - nVETC]
an2x1 [k] e yDC4><1 [k B nDTn]

(A.93)
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In this case, the state vector is augmented with the delayed inputs:

XD64><1 [k]
- . [k] A u162><1 (kTO — TLVETC)
ot Uy, s (kTO - nVETC)
u,. . (kTO - nVETC) ) .
' u k1o —T.
. | w (B =T | o (0 = 72)
>(D(64 4 5 ) 1 k] - u (kT n T ) - u2c2xl(kT0 - TC)
+4-n +2:n X — n
e a0 =m ) | gy — 0, T
’ lln1 l(k?TO—TL Tn)
u”2><1 (kTO - Tn) e . 7
lln2 L (kTO — Tn) ‘
L X - ul"lxl (kTO - Tn)
L u2n1><1 (kTO - Tn) i
(A.94)
and the transition matrices are modified as follows:
_ T
Ap

No-ng+n ‘Meu+npy nnu ) X Ngng
VE D

AD - DCaug
(NO‘"CCJ""VE ‘neutnp, nnu) x (No‘"w+nVE ‘neutnp Ann“) (No-anrnVE ‘neutnp -nnu) XNy, g New

bDnau
g
(N04nz+nVE 'ncu+"D 'nnu) XN nnu

(A.95)
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(N0~n;c+nVE ~ncu+nD nnu) X Ng-ng

Ap

<8~12+nVE -8+nD -4) xX8-12

chaug = bDCaug
(No»nz+nVE-ncu+nD-nnu)XnVE~ncu
bD1C118»8><2 D2c,15.8x2 8-8x2 8-8x2
0 0 I 0
2X2 2X2 2X2 2X2
0 0 0 1
2x2 2x2 2x2 2x2
0 0 0 0
2X2 2X2 2X2 2X2
= 0 0 0 0
2x2 2x2 2x2 2x2
0 0 0 0
1x2 1x2 1x2 1x2
0 0 0 0
1x2 1x2 1x2 1x2
1x2 1x2 1x2 1x2
L 1x2 1x2 1x2 1x2

2x8-8

2x8-8

1x8-8

o O O O

1x8-8

1x8-8

L 1x8-8 d

(8~12+nVE-8+nD -4)><nVE-8
0
8-8x2 8-8x2
0 0
2X2 2X2
0 0
2x2 2x2
1 0
2X2 2X2
0 I
2x2 2X2
0 0
1x2 1x2
0 0
1x2 1x2
1x2 1x2
1x2 1x2 4
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(A.96)

(A.97)
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bDna“g = bDnaug
(NO'nz+nVE'ncu+nD‘nnu)X”D"ﬂnu (8»12+nVE<8+nD<4)><nD~4
bD1"v18~8><1 bD2"v18~8><1 8-8x1 8.8x1 08<8><1 8-8x1
0 0 0 0 ... 0 0
2x1 2x1 2x1 2x1 2x1 2x1
0 0 0 0 ... 0 0
2x1 2x1 2x1 2x1 2x1 2x1
0 0 0 0 0 0
2x1 2x1 2x1 2x1 2x1 2x1
0 0 0 0 0 0
2x1 2x1 2x1 2x1 2x1 2x1
0 0 I 0 0 0
1x1 1x1 1x1 1x1 1x1 1x1
0 0 0 I ... 0 0
1x1 1x1 1x1 1x1 1x1 1x1
1x1 1x1 1x1 1x1 1x1 1x1
L 1x1 1x1 1x1 1x1 1x1 1x1

(A.98)

Bp

(NO‘TLac-H’LVE ‘ncu+nD Annu) X(Nc‘ncu+N7z‘"nu)

bp, bp,

c
(NO‘”JC+”VE ‘ncu+nD nnu) XNeneu (NOAnJH—nVE ‘ncu“'nD nnu) X Nn -nnuy

(A.99)
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bp, =bp =

(NO‘”z"r”VE‘”cu“r”D‘nnu)XNc'ncu c<8»12+nVE»8+nD-4)><8<8
bDle28~8><2 bD10128-8><2 bDle88-8><2 bD20v88~8><2 8-8x2 8-8x2
0 0 0 0 0 0
2X2 2X2 2X2 2X2 2X2 2X2
0 0 0 0 0
2x2 2x2 2x2 2x2 2x2 2x2
0 0 0 0 1 0
2X2 2X2 2X2 2X2 2X2 2X2
0 0 0 0 0 I
2X2 2X2 2X2 2X2 2X2 2X2
0 0 0 0 0 0
1x2 1x2 1x2 1x2 1x2 1x2
0 0 0 0 0 0
1x2 1x2 1x2 1x2 1x2 1x2
1x2 1x2 1x2 1x2 1x2 1x2
L 1x2 1x2 1x2 1x2 1x2 1x2 .
(A.100)
8-8x1 8-8x1
0 0
2x1 2x1
0
2x1 2x1
1 0
_ _ 2x1 2x1
bp, = bp, =10 I
(N0~nx+nVE~nc“+nD ‘nnu)XNn‘nnu <8~12+77.VE-8+nD-4>><1~4 2x1 2x1
0 0
1x1 1x1
0 0
1x1 1x1
1x1 1x1
L “1x1 1x1

(A.101)
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(Nc‘nc"'/"’N"'nny)X (NO'"LU+"VE ‘neutnp nnu)

= CD dD D
[ (Neney+Nn nny)x Nona Caug(NC'nCy+Nn'"ny)XnVE'nC” naug(NC"ﬂcy+Nn‘nny)X"D nnui|

(A.102)

C = C :[CD

D D
(Ne'ney+Nnnny)xNo-ng (8:8+1-4)x8-8

- |:CD(8-8+1-4)><8-8i| - |:CD68><64i|

(Nc~ncy+Nn~nny) XNg-ng ]

(A.103)

ch = dDC
aug(NC'ncy+Nn'”ny)X"VE'”cu “19(8-12+1-8)xny, -8
o~ - T
-~ 9T
ch,l N, N
( cney+ n'nny)xnlcu ch71(8<8+1'4)><2

dch 1
’ (Nc’ncy+N7L'nn?/)X”2cu dD2571(8<8+1»4)><2
(Neney+Nnnny)Xnicy (8:84+1-4)x2
(Neney+Nn nny)Xnocy, (8-8+1-4)x2

8-84+1-4)x2
(Neney+Nn-mny ) xmicu (8:8+1:4)x

(8-8+1-4)x2

L (Nc»ncy+1\7n»nny)><n20u -

(A.104)
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~
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~ 9T

DQ”’1(8<8+1»4)><1
(8:8+1-4)x1

(8-84+1-4)x1

(8-841-4)x1

(8-84+1-4)x1
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A.3 Detailed Procedure of Setting Up WANem for

Network Condition Emulation

A.3.1 Network Emulation and WANem

By adjusting the network traffic flow with specific devices, the real network condition
can be imitated Network emulation is a technique of imitating the real network con-
dition by adjusting the network traffic flow, enabling users to experience the behavior
and test the performance of applications. The network emulation can be implemented
either via a software that generally runs on computer or a dedicated emulation device.
Via network emulation, various network attributes can be simulated, including the
network bandwidth, network delay and delay jitter, and packet loss and re-ordering.
Various softwares are available for network emulation, i.e. the Shunra VE Desktop
Standard, LANforge FIRE, etc. Research in this dissertation chooses the Wide Area
Network Emulator (WANem) from TATA Consultancy Services Ltd.

The WANem is a free software, integrated with Linux Knoppix Operating System
and distributed in the form of bootable CD. It is easy to setup on Personal Computer
and straightforward to configure. Via a Web-based interface, users can adjust the
attributes of the simulated network environment, introducing network delay, jitter,
packet loss and bandwidth. The minimum requirement for using WANem is i386
based PC with 1 CPU, 512 RAM and 1 network interface card of 100Mbps [60].

A.3.2 Configuring WANem on a PC for Network Emulation

As the detailed procedure of starting WANem on a PC is presented in [60], this section
only demonstrates an example of configuration of a WANem that is ready to use. In
this example, the “PC with WANem” has other relevant routing information as Table
A.1. These relevant routing information can be obtained from the computer manager

of the department.

Assigned TP of the PC with WANem 142.104.117.163
NetMask of the PC with WANem 255.255.224.0
Default Gateway of the PC with WANem | 142.104.127.254

Table A.1: Example of WANem configuration: relevant routing information of the
PC with WANem
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A.3.3 Setting Up Routing between Connected Peer Users

In this example, the involved PCs are two peer users and the PC with WANem, which
are IP as Table A.2 respectively.

Role of PC IP

Peer User 1 142.104.118.82
Peer User 2 142.104.118.137
PC with WANem | 142.104.117.163

Table A.2: Example of WANem configuration: IP of involved PCs

The routing between the peer users are setup via the commend “route add”.
the format of this command is "route add (destination IP) mask 255.255.255.255
WANem IP”. The detailed procedure is as below:

e run "cmd” on the PCs of the two peer users as administrator.

e in the DOS command window at Peer User 1, run “route add 142.104.118.137
mask 255.255.255.255 142.104.117.163”

e in the DOS command window at Peer User 2, run “route add 142.104.118.137
mask 255.255.255.255 142.104.117.163”

To double check whether the routing is properly setup, “ping” from one user to
the other. Give the peer-to-peer connection, the response time of ping command will

be approximately double the amount of defined constant network delay.

A.3.4 Adjusting Emulated Network Condition

With the Web-based interface provided by WANen, adjusting the emulated network
condition is quite straightforward. This Web-based interface can be started via web
browser such as Internet Explore, Firefox, etc. The address of the Web-based in-
terface is “http://IP of WANem/WANem”. In the case of this example, it is
“http://142.04.117.163/WANem”. Note that characters this address should be input
as their given cases. It is notable that the routed packages from WANem may get
blocked by some anti-virus softwares and firewalls. Before using WANem, make sure
all the PCs in communication allow the ICMP echo request packets at firewall. Also,

turn off the functions of the anti-virus software that may block the routed packages
from WANem.



Glossary

No
T
N, =D
Tt
N, =P
To
T.
Td = nDTn
T,
TVE = nVETC
N=N.+N,
jjd
z,
Ly
Xz

n

the least common multiple of N. and N,,, xviii
number of control sampling periods in Tj, xviii
number of network sampling periods in Ty,
xViii

smallest sampling rate that is an integer mul-
tiple of all sampling rates in the system, xviii
control sampling rate, xviii

communication (network) delay - considered
an integer multiple of the network sampling
rate in this dissertation, xviii

network sampling rate, xviii

computational (virtual environment) delay -
considered an integer multiple of the control
sampling rate, xviii

n X n unity matrix, xviii

sum of all N-s, xviii

velocity transmitted from the remote site via
wave variables (delayed and sub-sampled, xviii
velocity directly transmitted from the remote
site (delayed and sub-sampled), xviii

position transmitted from the remote site via
wave variables (delayed and sub-sampled, xviii
position directly transmitted from the remote

site (delayed and sub-sampled), xviii
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Glossary

To

Nicu

Nicy

Ninu

Niny

Nacy

Nocy

Nonuy

base sampling rate, i.e., largest sampling rate
that fits an integer number of times in all sys-
tem sampling rates, xviii

number of fundamental sampling periods in
T, xviii

number of fundamental sampling periods in
T,, xviii

number of inputs of the continuous-time sys-
tem, xviii

number of states of the continuous-time sys-
tem, xviii

number of outputs of the continuous-time sys-
tem, xviii

number of fast inputs (updated at the con-
trol rate) of the continuous-time system at the
Peer 1 side, xviii

number of fast outputs (updated at the con-
trol rate) of the continuous-time system at the
Peer 1 side, xviii

number of slow inputs (updated at the net-
work rate) of the continuous-time system at
the Peer 1 side, xviii

number of slow outputs (updated at the net-
work rate) of the continuous-time system at
the Peer 1 side, xviii

number of fast inputs (updated at the con-
trol rate) of the continuous-time system at the
Peer 2 side, xviii

number of fast outputs (updated at the con-
trol rate) of the continuous-time system at the
Peer 2 side, xviii

number of slow inputs (updated at the net-
work rate) of the continuous-time system at

the Peer 2 side, xviii
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n2ny

nC’lL

ACK-based
ARQ

CSHVE

FEC

HD

ICMP
IP

LAN

MAN

NACK-based

number of slow outputs (updated at the net-
work rate) of the continuous-time system at
the Peer 2 side, xviii

number of fast inputs (updated at the control
rate) of the continuous-time system, xviii
number of fast outputs (updated at the control
rate) of the continuous-time system, xviii
number of slow inputs (updated at the net-
work rate) of the continuous-time system, xviii
number of slow outputs (updated at the net-
work rate) of the continuous-time system, xviii
number of sample times in the system (7, and
T, are the two sampling rates of the haptic
cooperation system, so p = 2 in this disserta-

tion), xviii

positive acknowledgement based, xviii

Automatic Repeat Request, xviii

Cooperative Shared Haptic Virtual Environ-

ment, xviii
Forward Error Correction, xviii
Haptic Device, xviii

Internet Control Message Protocol, xviii

Internet Protocol, xviii
Local Area Network, xviii
Metropolitan Area Network, xviii

negative acknowledgement based, xviii
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PC

PCA

PD controller
POC

RCA
RDP

S-SCTP

SCTP

SVE
SVO

TCP
TCT

UDP

VC
VE

WANem

ZOH
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Personal Computer, xviii
Proposed Control Architecture, xviii
Proportional-Derivative Controller, xviii

Passivity Observer and Controller, xviii

Referenced Control Architecture, xviii

Remote Dynamic Proxy, xviii

Smoothed Synchronous Collaborative Trans-
mission Protocol, xviii

Synchronous Collaborative Transmission Pro-
tocol, xviii

Shared Virtual Environment, xviii

Shared Virtual Object, xviii

Transmission Control Protocol, xviii

Task Completion Time, xviii

User Datagram Protocol, xviii

Virtual Coupling, xviii

Virtual Environment, xviii

Wide Area Network Emulator, xviii

Zero Order Hold, xviii



