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Abstract

Teleoperation systems with haptic feedback allow a human user to immerse into a distant or

inaccessible environment to perform complex tasks while simultaneously perceiving the inter-

action. The communication of haptic information imposes strong demands on the communi-

cation network, as it closes a global control loop between the operator and the teleoperator.

High packet rate and system stability in the presence of communication delay are the two

main challenges for haptic communication in time-delayed teleoperation systems. Teleoper-

ation across communication networks, hence, requires a tight integration of communication

and control with the involved robotic systems at the operator and the remote side. So far, the

communication and control aspects have been studied mainly independently and by neglecting

essential properties of a real communication network.

This thesis focuses on the joint consideration of haptic data communication and stability-

ensuring control for time-delayed teleoperation over packet-switched networks. This is to

realize a stable system design and an efficient data communication. Two joint solutions are

presented: 1) the perceptual deadband-based (PD) haptic data reduction method is combined

with the time domain passivity approach. In this context, a novel energy prediction scheme is

developed to improve the system transparency of the resulting controller. 2) A modified PD

haptic data reduction method is combined with an extended model-mediated teleoperation

approach, which is able to deal with environments containing complex geometry and physical

properties. The performance of both joint solutions is comprehensively evaluated both objec-

tively and through subjective user studies. These evaluations show that the proposed joint

solutions are able to guarantee stable teleoperation while achieving a good trade-off between

the teleoperation quality and the packet rate.

Furthermore, this thesis first steps towards an adaptive teleoperation system that can cope

with varying network conditions, while still guaranteeing the best possible performance. The

proposed approach relies on the systematic comparison of the system performance for different

joint communication/control solutions. The experimental results verify that an adaptive use

of different communication and control schemes is able to mitigate the drawbacks of each

individual method and thus improve the overall system performance in the presence of varying

communication delays.

v





Kurzfassung

Teleoperationsysteme mit haptischer Rückkopplung ermöglichen das Eintauchen eines mensch-

lichen Benutzers in eine entfernte oder schwer zugängliche Umgebung, um sowohl komplexe

Aufgaben durchführen zu können, als auch die Interaktion spürbar zu machen. Durch den ge-

schlossenen globalen Regelkreis zwischen Operator und Teleoperator ist die Kommunikation

von haptischen Informationen über ein Kommunikationsnetz ausbruchsvoll und mit hohem

Regelungsaufwand verbunden. Die Erfordernis von hohen Paketraten sowie die kritische Sys-

temstabilität in Gegenwart von Kommunikationsverzögerungen sind die beiden wichtigsten

Herausforderungen für die haptische Kommunikation in zeitverzögerten Teleoperationssyste-

men. Daher erfordert die Teleoperation über Kommunikationsnetz eine enge Kopplung von

Kommunikation und Regelung der Robotiksysteme auf der Operator- und der Teleopera-

torseite. Bisher wurden die beiden Aspekte der Kommunikation und Regelung weitgehend

unabhängig voneinander untersucht, wodurch ein realistisches Szenario eines Kommunikati-

onsnetz nicht gegeben war.

Diese Arbeit konzentriert sich bewusst auf die gemeinsame Betrachtung von haptischer Da-

tenkommunikation und Regelung für zeitverzögerte Teleoperationen über ein auf paketvermit-

telndes Kommunikationsnetz. Dies erfordert einen stabilitätsgarantierenden Systementwurf

sowie eine effiziente Strategie für die Datenkommunikation. Hierfür werden zwei gemeinsame

Lösungsansätze vorgestellt: 1) Zum einen wird Wahrnehmungsmodell-basierte Methode zur

haptischen Datenreduktion mit einem Passivitätsansatz im Zeitbereich kombiniert. Hierfür

wurde ein neuartiger Ansatz zur Energieprädiktion entwickelt, um die Systemtransparenz des

resultierenden Controllers zu verbessern. 2) Zum anderen wird eine modifizierte Methode zur

haptischen Datenreduktion in Verbindung mit einem erweiterten modellbasierten Teleopera-

tionsansatz untersucht, welches die Berücksichtigung von Umgebungen mit komplexer Geo-

metrie und anspruchsvollen physikalischen Eigenschaften ermöglicht. Die Leistungsfähigkeit

von beiden kombinierten Lösungen wird umfassend objektiv sowie subjektiv durch Nutzerstu-

dien evaluiert. Die Ergebnisse bestätigen, dass die vorgeschlagene kombinierte Lösung stabile

Teleoperationen ermöglicht und gleichzeitig einen hervorragenden Kompromiss zwischen der

Qualität der Teleoperation und der Höhe der Paketrate auch in schwierigen realen Szenarien

gewährleistet.
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Zusätzlich befasst sich diese Arbeit mit der gemeinsamen Optimierung der Kommunikati-

on und der Regelung für Teleoperationen mit zeitvarianter Verzögung. Das übergreifende Ziel

ist es, ein adaptives Teleoperationssystem zu realisieren, das mit dynamisch veränderbaren

Netzwerkbedingungen umgehen kann, ohne dabei auf die bestmögliche Leistungsfähigkeit

zu verzichten. Die Resultate verifizieren, dass die adaptive Verwendung von verschiedenen

Kommunikations- und Regelungsschemata in der Lage ist, die Nachteile der einzelnen Me-

thoden zu reduzieren und somit die übergreifende Systemperformance trotz der Präsenz von

verschiedenen Kommunikationsverzögerungen zu verbessern.
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Chapter 1

Introduction

Remote interaction solutions such as voice or video conferencing have reached a high level of

sophistication and widespread use. While the feeling of being present in a remote environment

is clearly available with these systems, a complete immersion cannot be realized without the

possibility of physical interaction with the remote environment. To this end, bilateral haptic

teleoperation systems have been developed. These systems supply the user with multimodal

sensor information concerning the remote environment while commanding a robotic system

in the remote space. Haptics, as an extension of visual and auditory modalities, refer to both

kinesthetic and tactile information and include position, velocity, force, torque, vibration, etc.

In this thesis, we use the word haptic to refer to kinesthetic components such as force and

motion.

Using a teleoperation system with haptic feedback, the users can thus truly immerse

themselves into a distant environment, i.e., modify it, and execute tasks without physically

being present but with the feeling of being there. A typical teleoperation system with hap-

tic feedback (referred to as a teleoperation system) comprises three main parts: the human

operator (OP)/master system, the teleoperator (TOP)/slave system, and the communication

link/network in between [43]. During teleoperation, the slave and master devices exchange

multimodal sensor information over the communication link. As illustrated in Fig. 1.1, the

slave robot equipped with multimodal sensors follows the received position or velocity com-

mands sent by the master. The haptic, visual, and audio signals captured by the sensors

on the slave side are sent back to the master and displayed to the OP. The communication

network realizes the exchange of the command and sensor signals between the master and the

slave.

Use of haptic feedback, in addition to visual and audio information, increases the sense

of being present in the remote environment. Consequently, teleoperation systems are already

established in many fields of application allowing an OP to perform dangerous tasks at a safe

distance and to execute complex tasks in reduced time with lower costs and improved preci-

sion/performance [26]. This applies to hazardous environments such as the handling of nu-
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pos./vel.

force
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video/audio
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Figure 1.1: Overview of a bilateral teleoperation system with haptic feedback (adapted from
[43]).

clear/toxic/explosive materials [86] or the exploration of space and underwater [70, 113, 128].

Further interest can be found in the medical field, where telesurgery systems follow surgeons

for applying remote treatment on patients [54]. In 2001, the first completely remote surgery on

a human patient was performed over a distance of 7000 km between Strasbourg (France) and

New York (USA) with a latency of 135 ms [100]. Moreover, using tele-teaching/tele-training

systems, a full skill transfer can be achieved without the experts being present [24, 39, 40, 57,

121].

Communication of haptic information between the master and slave plays a key role in

teleoperation systems. For geographically distributed teleoperation systems, communication

over the Internet (a typical packet-switched network) is the most attractive medium as it pro-

vides low cost, easy access, worldwide coverage and high flexibility. However, the high packet

rate required for exchanging haptic information leads to high communication load and results

in potential network congestion. Furthermore, time delay, delay variation, and packet loss,

which are introduced by the Internet, distort the communication of haptic information. This

jeopardizes the stability of teleoperation systems and degrades user performance. The main

challenges faced by the communication of haptic information in time-delayed teleoperation

systems are summarized in the following.

1.1 Challenges

For teleoperation in remote environments, the communication of haptic information imposes

strong demands on a communication network. This presents the following challenges for the

design of a reliable teleoperation system.

Haptic data reduction

During teleoperation, haptic signals are typically sampled at a rate of 1 kHz or even higher

[19, 31, 87]. The samples are packetized and transmitted immediately once available. In this

way, an additional processing delay, which is crucial for system stability and transparency [31,
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90, 136], is avoided. Teleoperation systems, hence, transmit 1000 or more haptic data packets

per second bidirectionally over the network. The resulting high packet load on the network

leads to substantial data overhead due to the transmission of packet header information.

At a packet rate of 1 kHz, this can become a critical factor and the overhead can even

dominate the actual payload data [65, 108]. In addition, haptic signals usually need to provide

to the user visual and audio feedback from the slave subsystem. A high packet rate of

haptic communication consequently makes the management and synchronization of these data

streams very challenging [29]. Hence, it is desirable to develop approaches that reduce the

amount of haptic packets to be exchanged between the master and slave.

Stability-ensuring control schemes

The communication between geographically distributed master and slave systems is typically

afflicted by time delay, delay variation, and packet loss. This is particularly the case if packet-

switched networking, e.g., on the Internet, or even wireless communication hops are involved.

Studies have shown that even small delays or packet loss rate jeopardize system stability and

transparency [16, 90, 105]. Transparency, in this context, is defined as the ability to present

the undistorted impedance of the remote environment to the human operator [90]. To realize

a stable and transparent (high-quality) teleoperation, stability-ensuring control schemes are

required in the presence of communication delay.

Joint solutions

So far, the haptic data reduction or stability-ensuring control schemes have been studied

mainly independently and by abstracting or neglecting important properties (e.g. channel

resources, communication delays, and delay jitters) of the communication network. More

specifically, for the state-of-the-art haptic data reduction approaches [61, 65], communication

delay, which is the main source for the stability issues in teleoperation systems, has been

neglected completely. For the conventional stability-ensuring control schemes [16, 18, 105,

119], the challenge resulting from the required high packet rates has been ignored.

For real networked teleoperation in remote environments, communication delays as an

important network characteristic cannot be neglected. The haptic data reduction approaches

and the stability-ensuring control schemes need to be jointly considered to realize a stable

system design and an efficient data communication. The control and haptic data reduction

approaches introduce different types of artifacts/distortions into the system, their performance

varies between tasks, and they also differ in their robustness towards different network param-

eters. The artifacts introduced by the control schemes can aggravate the distortion introduced

by the data reduction approach, and vice versa. One of the major questions relates to the

extent to which the packet rate can be reduced such that the system still preserves stability

and high teleoperation quality in the presence of communication delay.
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Earlier studies combined the state-of-the-art haptic data reduction methods [65] with

the wave-variable transformation scheme [105] to address the aforementioned challenge. The

authors of [68] applied the haptic data reduction approach directly on the wave variables

and found the subjectively best deadband parameter for an interaction with a rigid wall in

the presence of a 100 ms round-trip communication delay. In contrast, the authors of [145]

proposed a method that enables the use of the haptic data reduction approach in the time

domain (i.e., on the force and velocity signals). Both methods, however, are applicable only

for constant delays without packet loss.

1.2 Major contributions and thesis organization

This thesis focuses on the kinesthetic components of haptic data. The aim is to develop

efficient haptic (kinesthetic information) communication approaches for time-delayed teleop-

eration over packet-switched networks. Kinesthetic haptic data reduction approaches and

control schemes are jointly considered to achieve a stable teleoperation and a good trade-off

between teleoperation quality and the consumed network resources. To this end, this thesis

proposes two solutions:

1. a combination of the state-of-the-art haptic data reduction approaches with the conven-

tional stability-ensuring (passivity-based) control schemes. Both schemes are modified

to adapt to each other.

2. an extension of the model-mediated teleoperation (MMT) for dealing with complex en-

vironments (e.g. deformable objects or objects with complex surface geometry) with the

help of 3D sensors (named the point cloud-based model-mediated teleoperation). The

main challenges for designing a reliable MMT system, such as precise environment mod-

eling, efficient data transmission, and stable haptic rendering during model mismatches,

are addressed for the investigated scenarios.

A comparison between these two solutions is also presented in this thesis. It aims to

jointly optimize control and communication for various network characteristics. The main

contributions of this work together with an outline are presented in the following.

Haptic data reduction using the time domain passivity approach (Chapter 3)

Haptic data reduction for time-delayed teleoperation can be achieved by combining existing

haptic data reduction methods with the conventional stability-ensuring control schemes (e.g.

passivity-based control methods). Early attempts such as [68, 145] combined the wave-variable

(WV) transformation scheme [105] with the perceptual deadband-based haptic data reduction

approach (PD approach) [65]. These methods, denoted as PD+WV, however, are applicable
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only for constant delays. For teleoperation over real communication networks, delay variation

is a non-negligible characteristic.

Chapter 3 presents a joint solution which combines the PD scheme with the time domain

passivity approach (TDPA) [120]. The goal is to reduce the packet rate over the communica-

tion network while preserving system stability in the presence of time-varying and unknown

delays. This solution is first studied based on a simple combination, denoted as PD+TDPA.

Theoretical and numerical analysis as well as subjective tests show that the PD+TDPA

method improves subjective quality and user preference compared to the PD+WV method,

while achieving a comparable data reduction in the presence of time-varying communication

delays.

Chapter 3 provides furthermore an extension of the PD+TDPA method. The PD ap-

proach leads to irregular updates between the master and slave, resulting in degraded system

transparency and reduced teleoperation quality (e.g., due to strong force jumps) when the

PD approach is combined with the TDPA. Chapter 3 proposes a novel energy prediction

(EP) scheme that adaptively predicts system energy during communication interruptions and

allows for larger energy output. This achieves less conservative control and improves teleoper-

ation quality. Evaluation of objective and subjective quality shows that the PD+TDPA+EP

method achieves the best system transparency, when compared with the PD+TDPA method

and other related approaches from literature. According to a subjective user study, the

PD+TDPA+EP method, compared with the PD+TDPA and other related approaches from

literature, allows for a higher packet rate reduction without noticeably affecting interaction

quality.

Point cloud-based model-mediated teleoperation (Chapter 4)

Conventional teleoperation control schemes, such as the passivity-based control schemes, re-

quire the exchange of motion (position/velocity) and force signals between the master and

slave. Model-mediated teleoperation (MMT) is an alternative control scheme that does not

require the transmission of force signals. MMT systems generate non-delayed force feedback

based on a local model on the master side. The model parameters describing the slave en-

vironment are continuously estimated in real time and transmitted back to the master. For

static or slow-varying environments, the transmission/update of the model parameters is not

necessary to be 1 kHz; hence the packet rate in the backward channel is reduced.

MMT was first proposed by Hannaford in [58], and later extended by Niemeyer et al. in

[103, 148]. Compared to the passivity-based control schemes, MMT technique is relatively

young and not comprehensively investigated. Challenges such as dealing with complex envi-

ronments and achieving efficient data communication are still not intensively studied.

Chapter 4 extends the state-of-the-art MMT technique for dealing with complex environ-
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ments. Particularly, the following contributions are presented to address the main challenges

facing the design of a reliable MMT system.

� Environment modeling for complex geometry and deformable objects

The most important challenge of MMT is the environment modeling. A precise and

quickly converging model estimation algorithm is the key for designing an efficient MMT

system. Sec. 4.1 presents an overview of the proposed point cloud-based model-mediated

teleoperation (pcbMMT) approach, which allows for handling of complex object geome-

try. Sec. 4.2 proposes an online environment modeling methods for deformable objects.

External 3-dimensional (3D) sensors are employed to improve modeling accuracy.

� Efficient data transmission

In the backward channel of MMT systems, the transmitted data are the model parame-

ters. To avoid excessive and unnecessary model updates, transmission of the estimated

model parameters can be reduced in the following ways: 1) reduction of the estimation

rate. This is to increase the time period of the estimation process on the slave side. 2)

selected transmission. This is to selectively send the relevant model parameters. In Sec.

4.3, these two methods are discussed and evaluated in a MMT system.

� Stable local haptic rendering

This is to ensure stability of the local haptic loop on the master side during the period

when the local model is in mismatch with the remote environment. If model mismatch

is detected, a model update on the master side is required. Ideally, the parameters of

the local model need to be updated to the correct ones as quickly as possible. However,

improper update schemes, e.g., a sudden change in stiffness or model position, result in

a suddenly changed force that is displayed to the human user. This is called the model-

jump effect. Sec. 4.4 presents a passivity-based model update schemes, which can avoid

model-jump effects while guaranteeing system stability and allowing sufficiently quick

model update.

Toward Joint Optimization of Control and Communication for Networked Teleop-

eration (Chapter 5)

Chapter 5 presents an experimental case study toward joint optimization of control and com-

munication for networked teleoperation systems. It aims to verify that an adaptive teleop-

eration system can cope with varying network conditions, while still guaranteeing the best

possible performance. This requires an adaptive switch between different control and haptic

communication schemes for various quality of service (QoS) offered by the network. Sec-

tion 5.1 evaluates the two joint solution methods that are introduced in Chapter 3 and 4, and

presents the first result of the joint optimization work. The experimental results show that
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an adaptive teleoperation system is able to mitigate the drawbacks of each individual con-

trol scheme and subjectively improve system performance for different communication delays.

Section 5.2 discusses the factors that affect system performance (both objective and subjec-

tive) and outlines further research directions toward a comprehensive joint optimization work.

The thesis is concluded in Chapter 6 with a summary and an outlook of future research

directions.

Parts of the work presented in this thesis have been published in various international peer-

reviewed scientific journals [1–3] and conferences [4–10].





Chapter 2

Background and Related Work

Bilateral haptic teleoperation systems, also known as telehaptic systems [126] (referred to as

teleoperation systems in the following of this thesis), usually consist of one human opera-

tor using a haptic interface (master device) on one end, one teleoperator (slave actuator) on

the other end, and a communication channel between them (Fig. 1.1). For short distance

applications the communication channel can be a single wired or wireless point-to-point com-

munication. Long distance applications benefit from packet-switched network infrastructures,

such as the Internet. The goal of teleoperation systems, as implied by their name, is to pro-

vide the human users with the feeling of presence and the capability to operate in the remote

environment.

This chapter introduces the general architecture and important design objectives of tele-

operation systems. Haptic data communication and stability-ensuring control schemes are re-

viewed with the focus on reducing the haptic packet rate and stabilizing teleoperation systems

over packet-switched networks. Furthermore, relevant measures for evaluating teleoperation

quality are discussed.

2.1 Bilateral Haptic Teleoperation Systems

A typical teleoperation system includes a human user, a master and a slave device, a com-

munication network between the master and slave, local control loops, and an environment

that the slave interacts with (see Fig. 2.1). The human operator interacts with the master

device (a haptic interface) which senses and transmits the motion data (position or velocity

discrete-time data) to the slave subsystem. The slave is equipped with sensors and actuators;

it is controlled by the received motion commands, senses the interaction with the remote

environment, and returns the visual, auditory, and haptic feedback to the master. These

multimodal feedbacks are displayed to the human user, allowing the human user to immerse

themselves into the distant environment. The two local control blocks on both the master

and slave side are used for ensuring system stability in the presence of communication delay

9
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and packet loss, and guaranteeing a high sampling rate of the motion/force signals that are

required for a stable and transparent global/local close-loop control.

A teleoperation structure, which sends motion (position/velocity) signals and receives force

signals, is referred to as position-force teleoperation architecture [16, 105, 120] as illustrated

in Fig. 2.1. Another widely-used teleoperation architecture is the position-position structure;

where the master sends its position/motion signals to the slave, and also receives the slaves

position/motion signals. The force feedback is then rendered based on the master and re-

ceived slave motion signals [18, 119]. This thesis focuses on the position-force teleoperation

architecture.

In the case of a user interacting with a remote surface using appropriate hardware that can

render texture information, the slave subsystem is also responsible for transmitting texture

data as well.

environm
ent

slave

m
aster

hum
an

network
(delay)

local control

local control

part 1 part 2 part 3

mx sx

mf sf

Figure 2.1: Components of a position-force teleoperation architecture.

2.1.1 Master and Slave Subsystems

Haptic devices which are used as master subsystems, also called haptic manipulators, are

comprised of actuators and sensors which form the kinesthetic and tactile device subsystems.

Master subsystems are able to reproduce and process kinesthetic or tactile, or both types

of haptic data. Table 2.1 shows a selection of the most popular haptic devices providing

kinesthetic feedback, which are applied for research or commercial use. Many haptic interfaces,

such as the CyberGrasp [13] (an exoskeleton device), can also be entirely wearable or have

wearable components in order to provide tactile feedback more effectively. It is possible to use

more than one actuator for each finger. A recent product applies the tactile display techniques

to the screen of mobile phones, called TPad [151], providing tactile feedback to the fingers.

The slave subsystem can be either a physical device which interacts with a physical remote

environment or a virtual device of any form (e.g. a virtual hand) that operates in a virtual

environment. A key difference between them is that the effect of the slave impedance and the

control of the slave actuator can be neglected in virtual environments, which simplifies the

whole teleoperation systems. Virtual environments, even though it is not feasible to perfectly

replicate a physical environment, have the advantage of allowing for safer simulation in differ-
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Degrees of
Freedom

Maximum
Force (N)

Maximum
Stiffness
(N/mm)

Geomagic Touch
(formerly Sens-
able Phantom
Omni)

up to 6 3.3 X-axis:1.26
Y-axis:2.31
Z-axis:1.02

Force Dimension
Omega 3 / Omega
6 / Omega 7

3 / 6 / 7 12 / 12 /
12 and ±8
(grasping)

14.5

Novint Falcon 3 8.9 14.5

MPB Freedom 6S
/ 7S

6 / 7 2.5 2

Table 2.1: Overview of popular commercial kinesthetic haptic devices.

ent situations, faster tele-training for various environments, and easier setup for interaction

among multiple users in remote locations [121].

2.1.2 Haptic Communication over Packet-switched Networks

The bidirectionally exchanged motion/haptic signals in a teleoperation system close a global

control loop between the master and the slave. Accordingly, even a small communication

delay in the haptic communication channel jeopardizes system stability and degrades teleop-

eration quality [90]. In order to keep the communication delay of the real-time transmission

of haptic signals as small as possible, haptic sensor readings are packetized and transmitted

once available. Typically, haptic signals are sampled at a rate of 1 kHz or even higher [19,

31, 87]. This sampling rate has been widely used in many teleoperation applications. Rig-

orously, 1 kHz sampling rate is not a strict requirement for teleoperation systems. However,

according to the stability analysis in [11, 32, 38, 99], the sampling rate is lower bounded

by the maximum displayable stiffness and the system damping for ensuring system stability.

Teleoperation systems can be stable for sampling rates lower than 1 kHz (e.g. 100 Hz). In

this case, however, the maximum displayable stiffness is quite smaller than that for higher

sampling rate (e.g. 1 kHz). Meanwhile, the system requires large damping for stabilizing a

hard contact when the sampling rate is small. Therefore, 1 kHz is a good choice for many

teleoperation applications, and it leads to 1000 or more haptic data packets per second to be

transmitted between the master and the slave. For Internet-based communication, such high

packet rates are hard to maintain [48, 61, 65].

In addition, for teleoperation in remote environments over Internet or mobile networks,

communication delay and delay variation are inevitable. Communication delay normally

ranges from a few milliseconds up to several hundred milliseconds, depending on distance

and the communication infrastructure. The delay can even increase to several seconds in
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space applications. Even for sufficiently high packet rate in the haptic channel, communica-

tion delay destabilizes teleoperation systems [16, 90].

Approaches that reduce the amount of haptic packets over the network and control schemes

that guarantee system stability in the presence of communication delay, are hence the key

objectives of communicating haptic data in time-delayed teleoperation systems.

2.2 Haptic Data Reduction for the Position-Force Teleoperation

Control Architecture

For conventional position-force teleoperation control architectures, to tackle the challenges of

haptic communication over packet-switched networks, simply improving the communication

channel infrastructure to provide higher quality of service is not enough. Improvements have

been proposed in the literature by means of signal processing and control methods which guar-

antee efficient use of channel resources and system stability. Such techniques to address the

aforementioned challenges, either individually or jointly, are discussed further in the following

subsections.

2.2.1 Real-time Haptic Data Reduction Approaches

Haptic data reduction can be achieved by reducing either the packet size or packet rate or

both. For communication of haptic data at a packet rate of 1 kHz or higher, reduction of

packet rate is the more important task. To improve haptic immersion and manipulative

flexibility for extensive haptic interaction, position tracking and force feedback display (e.g.

more joints), the integration of more degrees of freedom (DoF) in haptic multimedia systems

is clearly a recent trend. For instance, Immersions CyberGrasp/CyberGlove HSI device [13]

integrates 22 DoF to enable the haptic modality for a human hand. As each DoF needs to be

continuously sampled and controlled, the amount of sensor/actuator data quickly increases.

In this case, both haptic packet rate and packet size need to be reduced.

Haptic data reduction techniques, according to the human haptic perception system, can

be classified either as kinesthetic data reduction or tactile data reduction. These techniques

can be considered as lossy data reduction/compression schemes as full recovery of the original

raw data is not possible. Since this thesis focuses on kinesthetic haptic data, in the following

subsections, the state-of-the-art kinesthetic haptic data reduction schemes are introduced.

2.2.1.1 Human Haptic Perception System

Human haptic perception describes the human sense of feeling and the sense of touch. The

human body, when in motion or in contact with other objects, detects and transmits the
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sensed information through the human haptic system to the brain. The human haptic system,

referring to both kinesthetic and tactile perception, is briefly discussed in the following.

� The kinesthetic sense: The kinesthetic perception refers to the sense of the position

of limb joints, limb movements, and the perception of forces and torques acting on

the body. In addition, stimuli such as velocity, acceleration, force changes, etc. can

be also perceived through the kinesthetic perception system. The kinesthetic sensory

information is captured by mechanoreceptors in muscles and tendons. The kinesthetic

sense enables the human to identify physical properties such as mass/inertia, stiffness,

and viscosity of currently touched objects. A comprehensive overview of the human

kinesthetic perception system is presented in [84].

� The tactile sense: The tactile perception refers to the sense of touch on the skin. Tactile

sensory information is captured by different types of mechanoreceptors in the skin. This

enables the human to perceive tactile information such as temperature, roughness, ge-

ometry/shape of touched objects. Additionally, vibrations (repetitive pressure stimuli)

can be also detection through the tactile perception system within the frequency range

of 3-500 Hz [51]. A detailed discussion on human tactile perception can be found in

[123].

Both kinesthetic and tactile subsystems, responsible for the modalities of proprioception

and touch. Through haptic perception system, the human is thus able to sense the physical

properties and surface information of interacted objects.

2.2.1.2 Lossy Compression of Kinesthetic Signal

Early attempts exploit the statistical properties of the kinesthetic signals to compress the

packet size. To this end, predictive models are employed to reduce the data redundancy.

Quantization techniques (e.g., Adaptive DPCM) for kinesthetic data reduction were presented

in [125]. In [156], kinesthetic data was represented with 32-bit IEEE floating-point values.

After the master and slave device have exchanged enough raw data, a simple position pre-

diction method was used. Compression was achieved by performing an exclusive-or operation

between the predicted and the previously predicted value and the result being reduced to the

eight most important bits.

Apart from prediction, lossy kinesthetic data compression and decompression has also

been achieved by using discrete cosine transform (DCT) [137], similarly to the JPEG codec,

in a teleoperation system with force feedback with a compression ratio near 20%. Moreover,

a Wavelet Packet Transform (WPT)-based compression method has been tested on 1-DoF

haptic data [88].
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2.2.1.3 Perceptual Deadband-based Approaches for Kinesthetic Packet Rate Reduction

The first proposal that targets packet rate reduction for networked control systems can be

found in [108]. If the difference between the most recently sent update and the current input

value exceeds a fixed threshold, signal updates are triggered. The receiver reacts to a missing

sample by holding the value of the most recently received sample. The approach in [108],

however, is conservative for the studied teleoperation systems, as it ignores that the human

operator comes with strong limitations in terms of perceivable signal changes.

State-of-the-art methods have shown that it is possible to exploit the limitations of human

haptic perception towards achieving lossy data reduction. It is known from psychophysics that

the human haptic perception system is limited, and it is often described using Weber’s law [49,

147]. This law states that the perceivable difference between two stimuli, the just noticeable

difference (JND), is proportional to the initial stimulus itself:

∆I = k · I (2.1)

where k is a constant and I and ∆I denote the initial stimulus and the JND, respectively.

The constant k, also called the Weber fraction, depends on the investigated stimulus, e.g.

force, stiffness or velocity. A brief summary of the Weber fraction k of human perceptual

discrimination for haptic signals is shown in Table 2.2.

Physical property k Experimental conditions

Force ca. 10% arm/forearm

Movement 8%± 4% arm/forearm

Stiffness 23%± 3% arm/forearm

Viscosity 34%± 5% arm/forearm

Inertia 21%± 3.5% pinch-fingers, at 12 kg

Table 2.2: Weber fraction of human perceptual discrimination for haptic signals [66].

The perceptual deadband-based (PD) approach is a lossy haptic packet rate reduction

scheme that employs a mathematical model of human haptic perception to keep the signal

distortion below human perception thresholds [61, 65, 69, 134, 135]. The PD approach ex-

ploits this limitation to reduce the number of force and velocity signal packets in teleoperation

systems. For a given force signal I, the deadband parameter (DBP) p defines a deadband

zone (DBZ) 2pI (see Fig. 2.2). Samples that lie in the DBZ are dropped. When the difference

between the most recently sent sample and the current signal violates the DBZ, the current

signal is transmitted. At the receiver side, an upsampling method is used to interpolate the

irregularly received signal samples to a high sampling rate, which is required for the local

control loop. Figure 2.2 illustrates the 1-DoF PD approach. The input signal in Fig. 2.2(a)
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is irregularly downsampled and only the values represented with black-filled circles are trans-

mitted. In Fig. 2.2(b), the output signal is interpolated back to the original sampling rate

(e.g. 1 kHz) using the zero-order hold strategy. With a proper choice of p (e.g. p < k), the

input data can be strongly reduced without significantly distorting the interaction quality.

I

(a) t

I

(b) t

Figure 2.2: Illustration of the 1-DoF perceptual deadband approach. (a) The input signal,
i.e., the sensor readings at the sender. (b) The reconstructed signal at the receiver.

For multi-dimensional haptic signals, the DBZ defined by the DBP becomes a sphere or

a cone [64, 134]. Considering the direction masking effect of human haptic perception [134],

more than one DBP are necessary to define the DBZ in high dimensional space.

2.2.1.4 Perceptual Deadband Approaches with Predictive Coding

Haptic signal predictors can be used to estimate future haptic samples from previous data.

By this, a further reduction of the haptic packet rate is achievable [62, 135]. As illustrated

in Fig. 2.3, the same predictors run in parallel at both the sender and receiver sides. On the

sender side, the predictor generates the predicted haptic signal at every sample instant. If the

prediction error is smaller than the corresponding JND, no update is triggered. Otherwise, the

input sample is transmitted to the other side and the transmitted sample is used for updating

the predictor. On the receiver side, if a packet is received, it is directly applied as the output

and the received haptic signal is used for updating the predictor. Otherwise, the predictor

generates the predicted haptic signal as the current output.

+ 
- 

prediction 

model 

JND 

verifier 

input 

sample network 

output 

sample 

model update 

model 

update 

prediction 

model 

Figure 2.3: Structure of the perceptual haptic data reduction scheme with predictive coding
(adapted from [135]).
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Different kinds of predictors, for example a linear first order or higher order predictors,

can be used to estimate the future haptic samples. The original PD approached introduced

in Section 2.2.1.3 can be considered to use a zero-order hold (ZOH) predictor.

A first-order linear predictor as presented in [61, 62] can be expressed as

Ii = Ii−1 +
Inew−1 − Inew−2

tnew−1 − tnew−2
(ti − ti−1) (2.2)

where {Ii, Ii−1, Ii−2, ... } are the predicted signals given by the predictor and {ti, ti−1, ti−2, ...}
are the corresponding time instances. {Inew, Inew−1, Inew−2, ... } and {tnew, tnew−1, tnew−2, ...}
are the last transmitted/received signals and the corresponding time instances, respectively.

According to (2.2), the predicted signal value lies on a straight line determined by the last two

received signal values. Once the difference between the predicted value and the actual value

is larger than the JND, a new value Inew is transmitted and the parameters of the predictor

are updated accordingly. Figure 2.4 illustrates the input, predicted, and output signals using

the linear predictor.

�

�

�

��������	�
�� ���������	�
��

�

�

�������
���������

�����
���������

Figure 2.4: Principle of linear prediction. The red values are transmitted and used to predict
the current haptic value. If the predicted value differs by more than the JND from the actual
value, a new value is transmitted and the predictor is updated.

Compared to the ZOH method, this linear predictor can lead to a lower packet rate

with comparable subjective quality. The velocity signal approximation used in the prediction

model, however, is very sensitive to noise. For real teleoperation systems, position updates

are more critical than the force as the slave is controlled by the motion signals. Noised motion

signals can quickly lead to noticeable position drift as well as artifacts, limiting the usefulness

of predictive coding on real teleoperation systems. Therefore, haptic samples need to be

filtered such as using a scalar Kalman filter on the input signals [63]. An augmented version

of the linear prediction method, which is more robust against noise, was introduced in [23] by

employing the linear regression analysis. The transmitted data are the slopes and offsets of

the predicted lines.
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Typical higher order prediction approaches, such as the third-order autoregressive model

and the quadratic curve-based prediction, can be found in [52, 53, 122]. After an initialization

and training process, the coefficients are computed so that the predicted values are produced.

Instead of sending haptic signals directly, the coefficients of the prediction model calculated

in real time are transmitted.

2.2.1.5 Passivity of the PD Approaches

The PD approaches irregularly downsample the signals at the senders and interpolate the

received signal samples to a high sampling rate that is required for the local control loop.

Note that if the signals are reconstructed by a simple ZOH strategy, the PD approach is not

passive in general [67]. The authors of [65, 145] proposed a passive PD approach by modifying

the reconstructed signal to guarantee system passivity when using the ZOH reconstruction

strategy.

Figure 2.5 illustrates the PD approach with the passive ZOH reconstruction strategy.

Assuming that from the time t∗ to t there is no packet arrived due to the deadband data

reduction, the reconstructed force and velocity signals on the master and slave sides are

fm(t) = f recvm (t∗) + sign(vm)∆v

vs(t) = vrecvs (t∗)− sign(fs)∆f

(2.3)

where ∆v and ∆f represent the deadband zone with regard to the current velocity and force

signals. This method reconstructs the velocity and force values either at the lower or the

upper bound of the deadband zone such that passivity is preserved. It can also be used for

ensuring the passivity of the PD approaches with predictive coding.

passive
ZOH

deadband
control

vm

recv
mff m

passive
ZOH

deadband
control f s

recv
sv v s

Figure 2.5: PD approach with passive ZOH reconstruction strategy (adapted from [65]).

2.2.2 Passivity-based Control Schemes

Passivity is a powerful and widely used tool for the analysis of system stability for teleoperation

systems [16, 105, 120]. It provides a sufficient condition for the input/output stability. A

teleoperation system can be represented by a cascade of two one-port subsystems (human
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operator and environment, part 1 and part 3 in Fig. 2.1) and one two-port subsystem (data

communication over the network, part 2 in Fig. 2.1). A one-port system has only one pair

of terminal with an input and an output, while a two-port system has two pairs of terminals

with an input port and an output port to connect to external systems (see Fig. 2.6).

Network

+ +

--

input
port

output
portNetwork

+

-

Figure 2.6: Illustration of a one-port system (left) and a two-port system (right).

System passivity characterizes the energy exchange in and between these subsystems.

The human and the environment are considered to always behave in a passive manner. Thus,

passivity-based control schemes need to guarantee the passivity of the two-port subsystem for

haptic data communication.

2.2.2.1 Passivity of the Two-port System

Intuitively, a system is passive if it absorbs more energy than it produces. The communication

network can be considered as an equivalent two-port system. The master and slave velocity

vector u = (ẋm,−ẋs) are the inputs, and the master and slave force vector y = (ḟm, ḟs)

are the outputs. Passivity condition requires a non-negative net energy balance at any time

instant (assuming zero initial energy). For continuous-time systems at time instant t, the

passivity condition is

E(t) =

∫ t

0
uT (τ) · y(τ)dτ ≥ 0 (2.4)

For discrete-time systems at the nth sampling instant t = nT , the passivity condition is

E(n) =
n∑
k=0

uT (k) · y(k) ≥ 0 (2.5)

Note that a positive energy balance indicates that the two-port system, which either stores

or dissipates energy, is passive. A negative energy balance, in turn, indicates an active system

which can general energy.

2.2.2.2 Wave-variable Transformation

The wave-variable (WV) transformation [105], also referred to as the scattering transforma-

tion [16], guarantees passivity of the global haptic control loop of a teleoperation system
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under the assumption of arbitrarily large, but constant time delay (can be unknown) in the

communication channel. The wave variable control architecture is illustrated in Fig. 2.7. The

wave variables ul, ur, vl and vr are linear combinations of the force and velocity signals:

ul = 1√
2b

(fm + bẋm), ur = 1√
2b

(fs + bẋs),

vl = 1√
2b

(fm − bẋm), vr = 1√
2b

(fs − bẋs),
(2.6)

where b is a scalar constant denoting the wave impedance. It describes the damping character

of the transmitted wave variables. A larger value of b enables a higher interaction stiffness

during contact. However, it adds an additional inertia in free space motion. A smaller value of

b, in turn, enables a free space motion with lower inertia, while the contact stiffness becomes

also lower [66].

Instead of the power variables (velocity and forces), the wave variables ul (forward path)

and ur (backward path) are transmitted over the two-port network. They arrive at the

corresponding receiver (vr and vl) with time delays T1 and T2.

slave

m
aster

network
(delay)

mx sx

mf sf

w
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Figure 2.7: Overview of the wave-variable transformation for time-delayed teleoperation.

Assuming zero initial energy storage E(0) = 0, the net energy balance in the wave domain

can be computed as [105]

Ewv(t) =

∫ t

0
(ẋmfm−ẋsfs)dτ =

1

2

∫ t

0
(u2
l −u2

r)+(v2
r−v2

l )dτ =
1

2

∫ t

t−T1
u2
l dτ+

1

2

∫ t

t−T2
v2
rdτ ≥ 0

(2.7)

Hence, the communication of the haptic information including the wave variables transforma-

tion over the network is passive.

The WV method has been extended also for time-varying delay [98], in which case, how-

ever, the knowledge of the change rate of the delay is required.

The WV transformation control scheme is a conservative control design and leads to

distortions in the displayed environment properties. Hard objects are displayed softer as they

actually are and an increased inertia is displayed during free-space motion [66]. Comprehensive

surveys of the WV transformation control schemes can be found in [73].
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2.2.2.3 Time-domain Passivity Approach

The time-domain passivity approach (TDPA) is another passivity-based control architecture.

Stability of TDPA-based teleoperation systems is guaranteed in the presence of arbitrary com-

munication delays with the help of passivity observers (PO) and passivity controllers (PC).

The concept of TDPA was first presented in [59] for haptic interaction with virtual environ-

ments. It was later extended for teleoperation systems using the position-position architecture

[18, 119] and the position-force architecture [120]. The TDPA is able to deal with time-varying

delays and packet loss without explicit knowledge about the network characteristics.

The structure of the original TDPA [120] can be observed in Fig. 2.8. The POs compute

the current system energy. The PCs adaptively adjust the damping α and β to dissipate

energy and thus guarantee the net energy balance to be non-negative.
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Figure 2.8: A time-delayed teleoperation system with the TDPA and the virtual mass-spring
filter (adopted from [120]).

The TDPA separates the net energy balance into the input energy Ein and the output

energy Eout. The passivity condition requires Ein(k) ≥ Eout(k) at any sampling instant k

(system initial energy is assumed to be zero). With the assumption that the sampling rate on

the velocity and force signal is substantially faster than the dynamics of the system, input and

output energy flows on both the master and slave sides are further divided into the master-side

energy Emin(k) and Emout(k), and the slave-side energy Esin(k) and Esout(k). The computation

of all the energy flows presented in [120] proceeds as follows:

Emin(k) =

E
m
in(k − 1) + ∆Em(k), if ∆Em(k) > 0

Emin(k − 1), else
(2.8)

Emout(k) =

E
m
out(k − 1)−∆Em(k), if ∆Em(k) < 0

Emout(k − 1), else
(2.9)
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Esin(k) =

E
s
in(k − 1) + ∆Es(k), if ∆Es(k) > 0

Esin(k − 1), else
(2.10)

Esout(k) =

E
s
out(k − 1)−∆Es(k), if ∆Es(k) < 0

Esout(k − 1), else
(2.11)

where ∆Em(k) = vm(k)fm(k)∆T and ∆Em(k) = vs(k)fs(k)∆T are the energy changes on

the master and slave sides during the kth sampling period. ∆T is the sampling time. fm and

vm denote the force and velocity signal on the master side, and fs and vs are the force and

velocity signal on the slave side.

All four energy values computed with (2.8)-(2.11) are positive and monotonically increas-

ing. The passivity condition

Ein = Emin(k) + Esin(k) ≥ Emout(k) + Esout(k) = Eout (2.12)

can be guaranteed by satisfying a sufficient and more conservative condition [120]:

Emin(k) ≥ Esout(k), and Esin(k) ≥ Emout(k) (2.13)

Note that Emin(k) and Emout(k) are computed on the master side, and Esin(k) and Esout are

computed on the slave side. In order to examine the system passivity according to (2.13),

Emin(k) must be sent to the slave side, and Esin(k) must be sent to the master side. Due to the

communication delay, the received Emin on the slave side and the received Esin on the master

side at the sampling instant k are Emin(k − T1(k)) and Esin(k − T2(k)), where T1(k) and T2(k)

denote the forward and backward communication delays at sampling instant k. Thanks to

the monotonic increase of the input/output energy, it is sufficient to satisfy (2.14) in order to

satisfy (2.13):

Emin(k) ≥ Emin(k − T1(k)) = Esrecv(k) ≥ Esout(k)

Esin(k) ≥ Esin(k − T2(k)) = Emrecv(k) ≥ Emout(k)
(2.14)

where Emrecv(k) and Esrecv(k) are the currently received input energies on the master and slave

sides, respectively. According to (2.13) and (2.14), the system is passive if E
m/s
recv(k) ≥ Em/sout (k).

If the passivity condition is satisfied, the received velocity or force signal is directly applied.

If not, the PC is activated and the adaptive dampers α and β are computed to dissipate output

energy:

α(k) =

 0, if Emrecv(k) ≥ Emout(k)

Em
out(k)−Em

recv(k)
∆Tv2m(k)

, eles, if|vm(k)| > 0
(2.15)

β(k) =

 0, if Esrecv(k) ≥ Esout(k)

Es
out(k)−Es

recv(k)
∆Tf2s (k)

, eles, if|fs(k)| > 0
(2.16)
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Note that the dissipated energy should be deducted from the corresponding E
m/s
out , if the PC

is activated.

Similar to the WV approach, the TDPA also distorts the displayed environment impedance.

Compared to the WV approach, the TDPA does not introduce additional inertia into the sys-

tem for free space motion. On the other hand, it can lead to sudden force changes when the

PCs are activated to dissipate the system output energy. This effect becomes stronger with

increasing communication delays [120].

2.2.3 Joint Data Reduction and Control Solutions

The haptic data reduction approaches and control schemes mentioned in Sec. 2.2.1 and

Sec. 2.2.2 have been initially developed independently to address the two challenges of haptic

communication for teleoperation systems (reduction of haptic packet rate and ensuring sys-

tem stability). Considering realistic network conditions, the haptic data reduction approaches

have to be combined with stability-ensuring control schemes.

The first joint solution combined the WV control scheme with the PD approach [68]. This

method applied the PD approach directly on the wave variables after the WV transformation.

The transmission of the wave variables depended on their absolute and relative changes.

For an interaction with a rigid wall in the presence of a 100 ms round-trip communication

delay, the authors experimentally found that the absolute PD approach led to an average

data reduction of 97%, while the relative PD approach led to an average data reduction of

93%. Since researches on human perception for the wave variables were not available from

the literature, further analysis on the experimental results was left for future work.

The combination of the WV scheme and the PD approach was later extended in [145]. The

PD approach was applied directly in the time domain (i.e., on the force and velocity signals,

namely power variables). If the communication delay is known and constant, the transmission

of the wave variables becomes equivalent to the transmission of the power variables with the

help of communication buffers. In addition, the haptic data reduction and reconstruction

scheme was extended in a passivity-guaranteed procedure. Compared to the method presented

in [68], the extended method proposed in [145] achieved improved system transparency and

more efficient haptic data reduction.

The above mentioned joint solutions are applicable only for constant delays. This is their

main drawback, since delay variation is a non-negligible characteristic for realistic networks

such as the Internet. Combining the PD approach with the extended WV architecture [98]

which is able to deal with time-varying delays can be a potential solution. However, the

change rate of the delay must be known, as it is one of the parameters for computing the

passivity condition. This requires online parameter estimation on the communication net-

work. Considering potential packet loss in the network and the irregular packet transmission
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obtained when using the PD approach for data reduction, a precise online estimation becomes

challenging. For these reasons, a simpler and more flexible system structure for haptic data

reduction in delayed teleoperation systems is required.

To overcome the limitations mentioned above, the combination of the PD approach and

the TDPA is presented and analyzed in Chapter 3 of this thesis. This method achieves

comparable data reduction compared to the methods presented in [68, 145], while robustly

dealing with time-varying delays without explicitly knowing the network characteristics. It

also achieves less conservative control and improves teleoperation quality. Table 2.3 compares

the method proposed in Chapter 3 with the methods from literature.

Network characteristic Passivity Data reduction

[68] (PD+WV) unknown constant delay Yes wave variables

[145] (PD+WV) known and constant delay Yes power variables

Chapter 3 time-varying delay, Yes (less conservative) power variables

(PD+TDPA) packet loss

Table 2.3: A comparison of the existing haptic data reduction approaches for time-delayed
teleoperation with the presented approaches in this thesis.

2.3 Model-mediated teleoperation

The conventional teleoperation architectures, which exchange velocity and force signals over

the network, have very strong restrictions on the communication delay of the sampled data,

resulting in high packet rates and necessitating the use of stability-ensuring control schemes

(e.g. the passivity-based control schemes). One of the main issues of the passivity-based

control schemes developed for conventional teleoperation architectures is that system passivity

and transparency are conflicting objectives [90]. This means that the system gains stability at

the cost of degraded transparency [16, 34, 66, 78, 105]. For example, hard objects are displayed

softer as they actually are, and this effect becomes stronger with increased communication

delay [66]. This leads to a degradation of the teleoperation quality. Thus, to develop new

teleoperation architectures which simultaneously guarantee system stability and achieve high

system transparency is imperative.

Model-mediated teleoperation (MMT) has been proposed to address both stability and

transparency issues in the presence of communication delays [58, 103, 148] and packet loss [44].

In the MMT approach, a local object model is employed on the master side to approximate

the slave environment. The model parameters describing the object in the slave environment

are continuously estimated in real time and transmitted back to the master whenever the slave

obtains a new model. On the master side, the local model is reconstructed or updated on
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Figure 2.9: (a) Passivity-based teleoperation using the wave-variable transformation. (b)
Passivity-based teleoperation using the time-domain passivity approach. For (a) and (b), the
velocity and force signals are modified to guarantee system passivity. (c) A state-of-the-art
model-mediated teleoperation architecture. The use of the local model enables non-delayed
haptic rendering thus guaranteeing system stability.

the basis of the received model parameters, and the haptic feedback is computed on the basis

of the local model without noticeable delay (see Fig. 2.9(c)). If the estimated model is an

accurate approximation of the remote environment, both stable and transparent teleoperation

can be achieved [103, 111, 112].

Figure 2.9(c) shows a comparison between the conventional passivity-based teleoperation

architectures (the WV method and the TDPA, Fig. 2.9(a) and 2.9(b)) and the MMT archi-

tecture (Fig. 2.9(c)). In the passivity-based architectures, the control blocks (wave-variable

transformation or passivity observer) ensure system passivity by dissipating system output

energy by modifying the corresponding velocity and force signals. Additionally, in the TDPA

architecture, the computed system energy needs to be exchanged between the master and

slave. Compared to the passivity-based architectures, the MMT approach requires neither

a modification of the velocity and force signals nor the exchange of information about the

system energy. MMT systems do not send the delayed force signals back to the master. In-



2.3. MODEL-MEDIATED TELEOPERATION 25

stead, they generate non-delayed force feedback based on a local model on the master side

which is an approximation of the remote environment. Continuously updating the already

accurately estimated model parameters is not necessary. For static or slowly varying environ-

ments, there is also no need to update the model parameters at a high rate. Hence, MMT

systems in general do not require high packet rate in the backward channel.

The authors of [17] compared 10 different control schemes including the passivity-based

control and predictive control (an early version of MMT) in terms of their stability region,

position and force tracking performance, displayed impedance, position drift, etc. For the

passivity-based architectures, balancing system conservatism (amount of dissipated energy)

and system passivity is one of the main challenges for achieving high system transparency [90,

154]. For the MMT architecture, the challenges are quite different from the passivity-based

architectures. In general, an MMT system requires a fast and accurate environment modeling

method. In addition, data communication, local model updating, and stable slave controlling

are also important challenges for MMT. The number of studies on MMT and MMT-relevant

challenges has rapidly increased in recent years due to the benefits of MMT in terms of system

stability and transparency. In the following subsections, we briefly review the development of

MMT and discuss the challenges MMT-based teleoperation faces.

2.3.1 Historical Development of MMT

MMT has been studied by a great number of researchers since the late 1980s. Different names

have been suggested for the general concept of MMT. Among them, the most frequently used

ones are adaptive impedance-reflecting teleoperation [58, 97, 140–142], model-based teleoper-

ation [85, 155], model predictive/prediction-based teleoperation [30, 74, 104, 127, 131, 132],

virtual-reality-based teleoperation[106], and MMT [103, 130, 143, 148].

2.3.1.1 Origins

The key idea of MMT is to use a predicted environment model on the master side to locally

provide a stable and non-delayed force feedback. The idea of environment prediction can

be traced back to 1957, the year that the Smith Predictor was developed to eliminate the

potential instability caused by delayed feedback signals [133]. This method, named after

its inventor Otto J. M. Smith, however, was not proposed for teleoperation systems but for

stabilizing a general feedback control system in the presence of time delay.

The use of prediction of the remote environment for teleoperation systems originated in

the late 1980s. At that time, the so-called predictive display approach was developed to

visually compensate for the communication delay [20, 21]. In [21], a computer graphics model

of the slave arm was overlayed on real video images. This allowed the OP to locally view the

motion of the slave robot before it actually moved and, hence, to avoid possible collisions.
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An extension of this idea in [25] additionally provides the user with a photorealistic view

on the remote slave using three-dimensional (3D) environment reconstruction in combination

with texture-mapping. A predictive display with force feedback for teleoperation systems

was presented in [85] by Kotoku. The force signals were generated based on a predefined

spring-damper model.
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Figure 2.10: First prototype of the MMT control architecture. The exchanged parameters θ̂1,2

contain the effort (force/torque) and impedance on both the master and slave sides (adapted
from [58]).

In 1989, Hannaford [58] proposed an online environment estimation scheme for teleoper-

ation systems, called bilateral impedance control. This concept of using an online estimated

environment model to provide non-delayed force feedback signals is very similar to the state-

of-the-art MMT approach. Hence, we consider the structure proposed in [58] to be the first

prototype of MMT. The online estimation algorithm focused on estimating the impedance of

the OP and the environment (H-matrix). As illustrated in Fig. 2.10, the estimator calculates

the applied force/torque and the equivalent impedance at the OP port and the environment

port and transmits the estimates θ̂1,2 to the other side for position/force tracking. It was

proved that if the estimates of the environment model approach their actual quantities, and

if the actuator is able to represent a large impedance, then the teleoperation system can be

fully transparent in the presence of communication delay.

2.3.1.2 Smith Predictor-based predictive control

From the early 2000s, predictive control was studied for stabilizing teleoperation systems with

time delays [14, 15, 47, 74, 127, 131, 132], wherein the most typical system structure was based

on the Smith Predictor.

The Smith Predictor [133] was originally designed to stabilize a linear time-invariant (LTI)

system in the presence of time delays. As illustrated in Fig. 2.11(a), the transfer function of

the example system is

Y

X
=

G1G2e
−sT

1 +G1G2e−2sT
(2.17)
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The delay term e−2sT in the denominator indicates potential instability. The use of the

Smith Predictor in Fig. 2.11(b) leads to a modified transfer function:

Y

X
=

ĜG2e
−sT

1 + ĜG2e−2sT
(2.18)

where Ĝ = G1

1+G1Ĝ2(1−e2sT )
. If Ĝ2 is an accurate prediction of G2 (Ĝ2 = G2), the transfer

function of Fig. 2.11(b) becomes

Y

X
=
G1G2e

−sT

1 +G1G2
(2.19)

which ensures a stable system if G1 and G2 are stable. Obviously, the Smith Predictor can

eliminate the potential instability caused by the delayed feedback signal.
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Figure 2.11: (a) An example system block diagram with delays. (b) The use of the Smith
predictor to compensate for the delays (adapted from [133]).

Based on the Smith Predictor, Huang and Lewis proposed a recurrent neural network

(RNN)-based predictive control scheme for a position-position teleoperation architecture [74].

The authors employed a predefined linear time-invariant (LTI) model to approximate the

non-linear behavior of the slave-environment system. A linear system/model in this context

means that a linear relationship exists between the inputs and outputs. A widely-used linear

model is the Kelvin-Voigt model [42, 56].

The assumption of an invariant linear part in the slave-environment non-linear behavior

limits the system capacity for dealing with time-varying slave-environment behavior, since

the linear predictor on the master side is predefined and not updated in real time. However,

for teleoperation with rich knowledge about the remote environments (e.g., pre-scanning and

available history data for the current environment), a precisely predefined environment model

can also provide stable haptic interaction without the need for parameter estimation. The

idea of using predefined models has been adopted for many applications, such as predictive aid

in teleoperation systems [27, 85], in-orbit space robot teleoperation [155], and MMT systems

with a pre-scan process [157]. The use of predefined models in MMT systems shows some

level of improved stability in the presence of communication delay, and also robustness against

small modeling errors [155].
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A consequence of using a predefined model is obviously the potential modeling error.

This error originates from the difficulty of modeling complex environments and the limited

resolution of the sensor measurements. In practice, there are situations in which we have

limited knowledge about the remote environment, especially when the slave enters a new

environment or interacts with dynamic (movable or deformable) objects. Therefore, online

environment modeling and model updating are inevitable. This requires the slave system

to be able to extract the environment geometry and impedance in real time. The geometry

represents the position and shape of the object model, while the impedance describes the

physical properties of the environment model, including mass/inertia, stiffness/compliance,

damping, friction, etc.

The authors of [14, 15] discussed Smith predictor-based predictive control structures which

allowed for an online environment modeling method. Fite et al. proposed a model-based

prediction approach in [47] to enable a teleoperation system to deal with a time-varying envi-

ronment. The environment is assumed to be a linear spring model, and the model parameter

(stiffness) is continuously estimated and updated online on both the master and slave sides.

In [131, 132], a neural network (NN)-based prediction scheme for dealing with both non-linear

and time-varying environments has been developed. As illustrated in Fig. 2.12(a), the NN

estimator is trained online to model the environment input-output dynamics. The trained

weights of the NN estimator Wji are transmitted back to the master to update the local

NN model. If the estimation is accurate, the estimated force f̂e on the master side with the

delay term e−s(Tf+Tb) is able to cancel the received (and delayed) slave contact force fe. Note

that although the transmitted weights are delayed, they converge to stable values and have

minimal changes after the initial learning period is passed.

This scheme retains the original structure of the Smith Predictor. The communication

delay, however, must be known to eliminate the effect of the delayed force signal on the master

side. In addition, imprecise modeling of the environment leads to incomplete cancellation of

the contact force from the slave side, and results in potential contact oscillation and control

difficulties. Alfi et al. proposed a modified structure in [15] to improve system robustness

against uncertainties of time delay and model parameters. In the presence of measurement

errors in time delay and model parameters, simulation results showed good performance of

their method in motion and force tracking. To completely avoid these issues, the authors

of [131, 132] presented a zero-feedback NN-based predictive control scheme, where the slave

force is no longer sent back to the master (Fig. 2.12(b)). The force signal on the master side is

only computed based on the local NN-model. Thus, knowing the communication delay is not

required. Improvements on system performance while using the zero-feedback structure are

shown in [131, 132]. However, the system stability of this control architecture highly depends

on the accuracy of the environment model and the employed schemes for model update on
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Figure 2.12: (a) Predictive control architecture using a Smith Predictor for a position-force
teleoperation system with the force feedback term. (b) Predictive control architecture using
a Smith Predictor for a position-force teleoperation system without force feedback term.

the master side.

The capability of dealing with nonlinear and varying environments in the presence of

unknown communication delay enables the zero-feedback predictive control scheme to serve

as a benchmark for studies of the MMT approach. In fact, the general structure in Fig. 2.12(b)

is conceptually identical to the state-of-the-art MMT architecture illustrated in Fig. 2.9(c).

We use the architecture illustrated in Fig. 2.9(c) to represent an MMT system in this thesis,

if no further specification is made.

2.3.1.3 MMT in complex environments

The Smith Predictor-based studies on MMT introduced in Sec. 2.3.1.2 mainly focus on 1D

environments without modeling the environment geometry. From the year 2000 onward,

studies on MMT have turned to the matter of efficiently modeling complex environments,

including their impedance and geometry in 3D space, and how to stably update the local

model on the master side and stably control the slave system when the local model and the

environment do not match. In fact, model mismatch can lead to a mismatch in position

tracking on the slave side, resulting in dangerous slave behavior such as undesirably deep

penetration into an object or improperly large forces acting on the environment.

Mitra and Niemeyer were the first to use the name MMT in [103] to indicate an alternative

type of information exchange between the master and slave. Different from the conventional

teleoperation architecture wherein the force signals are transmitted in the backward channel,
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MMT systems send the estimated model parameters back to the master. The authors also

presented a qualitative analysis of the trade-off between the level of communication delay

and the level of abstraction in control schemes. They suggested that the abstraction for

control schemes should adapt to the communication delay in order to maintain successful

teleoperation. As illustrated in Fig. 2.13, the MMT approach, according to this analysis, is

able to deal with relatively larger communication delays. The relatively lower update rate

of MMT implies that the MMT approach is unsuitable for quickly changing environments,

since frequent updating of the model parameters could lead to stability issues. In [103], a

constrained model update scheme on the master side and a position-force-switching control

scheme on the slave side are proposed to avoid instability when the slave is first establishing an

environment model or a model update is needed. A general discussion of the system stability

of MMT can be found in [149].

For MMT with an unknown environment geometry, Tzafestas et al. in [141], Verscheure

et al. in [144], and Xu et al. in [7] proposed online estimation algorithms for 1D, 2D, and 3D

environment models, respectively. These algorithms use the position and force signals mea-

sured on the slave side to estimate the environment geometry and impedance. The geometry

and impedance parameters, however, can be estimated only after the slave’s first contact with

the environment.

Using additional sensors, e.g., a laser range finder for a 1D environment [104], a stereo

camera for a 2D environment [148], or a time-of-flight camera for a 3D environment [1, 6],

the environment geometry can be estimated even prior to contact. Prior knowledge of the

environment geometry minimizes the modeling error at the time of the slave’s first contact

with the environment, and improves system stability when the slave establishes a hard contact

with rigid objects.
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Figure 2.13: The level of abstraction and data complexity with update rates and robustness
to delays (adapted from [103]).
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2.3.2 Challenges of MMT

After more than 25 years of development from the first MMT prototype to present, some chal-

lenges of MMT have already been intensively studied, while others are still lacking solutions.

The main challenges facing MMT techniques are summarized in the following.

2.3.2.1 Environment Modeling

Environment modeling is the foremost challenge in MMT, since a perfect match between

the local model and the environment enables stable teleoperation in the presence of arbitrary

communication delays. If the models of the master and the slave environment are mismatched

(which happens normally due to environment changes, improper model approximation, or

inefficient parameter estimation methods), a model update on the master side is required.

According to whether the local model matches the remote environment, the following two

states for MMT are defined:

� Steady state: The estimated model parameters have converged to the actual quantities,

and the local model on the master side matches the environment. Model updates in this

state are not required. For an efficient MMT system, the teleoperation system should

be in steady state as often and as long as possible.

� Transition state: Due to environment changes or inaccurate environment estimation,

a model mismatch between the local model and the actual environment can occur. In

this case, the local model needs to be updated as quickly as possible. Transition states

occur irregularly during teleoperation.

Modeling methods

The task of environment modeling is to identify the input-output response of the slave-

environment system. Depending on whether environment models are known or not, the iden-

tification can be divided into parametric and non-parametric methods, respectively.

In parametric methods, an environment model is assumed based on certain pre-knowledge

or previously available information. The identification involves the estimation of the model

parameters including the geometry and the physical properties in real time. This is referred to

as online parameter estimation or online contact dynamics identification. Studies focused on

modeling objects with known geometry [37, 55, 97] and with unknown geometry but simple

(e.g. planar surface) environment [92, 144, 7]. Studies also focus on modeling soft/deformable

objects without surface friction [12] (no tangential motion on the object surface) .

For non-parametric methods, no assumption is made for the environment models, and the

aim of the identification is to directly estimate a linear or non-linear input-output mapping for

the slave-environment system. To this end, online neural network approaches [74, 131, 132]
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have been proposed for modeling simple environments. The main challenges of using the NN-

based estimation method are the reciprocal relationships among the computational complexity,

estimation accuracy, and convergence rate. Online NN-based estimation works only for a

limited number of hidden layers and neurons. This limitation degrades the estimation accuracy

for complex environments.

The point cloud-based MMT (pcbMMT) system presented in Sec. 4.1 of this thesis extends

the MMT approach to deal with arbitrarily complex and unknown 3D environment geometries.

In addition, the radial function-based deformation (RFBD) method presented in Sec. 4.2 of

this thesis enables an online modeling of 3D deformation objects with frictional contact on

the object surface. Please refer to Table 2.4 for a comparison of the related literature and this

work.

[148] [7] [12] Sec. 4.1 and 4.2

Geometry 2D plane 3D plane/sphere - 3D point cloud

Dynamics rigid rigid 3D deformable 3D deformable

(no friction) (frictional contact)

Table 2.4: A comparison of the state-of-the-art environment modeling methods for MMT with
the extensions presented in this thesis.

2.3.2.2 Efficient Data Communication

Attention must be also paid to data transmission over the communication network. First,

network resources and transmission conditions limit the update rate of the model parameters.

Second, the potential loss of the packets that contain environment parameter updates can

introduce additional model mismatch. Both these increase the time period of the transition

state and can lead to aggravated stability issues. Thus, it is necessary to design an efficient

and reliable communication protocol for transmitting model parameters to achieve a stable

MMT system.

Although the packet rate in the backward channel is not necessarily to be 1 kHz, excessive

updating of model parameters also leads to high packet rate and increases communication load.

Thus, packet rate reduction for MMT is also required. For the standard MMT structure as

illustrated in Fig. 2.9(c), data transmission in the forward channel is the same as that for the

conventional teleoperation structure. Thus, the packet rate in the forward channel can be

reduced using the state-of-the-art PD approach. In the feedback channel, the transmission of

the estimated model parameters can be reduced in the following two ways:

1. Reduction of the estimation rate: Model parameters are estimated only when

necessary. For a slowly varying environment, there is no need to estimate the model
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parameters at a high rate. For example, if we estimate the environment parameters

every 100 ms, the packet rate is maximally 10 packets/s. However, a too low estimation

rate slows down the estimation convergence and is not able to follow the change of the

environment, even though the change is not frequent.

2. Selected transmission: This is to apply the PD approach to the estimated model

parameters: not every estimate is transmitted, but only those for which the difference

between the current estimate and the most recently sent estimate leads to a perceptual

change at the OP larger than the JND given by Tab. 2.2. This scheme, in addition to

the estimation rate reduction, can further reduce the packet rate in the network.

For the reduction of the estimation rate, a very simple way is to use a time-triggered ap-

proach. The model estimator is activated every T seconds, where T is a pre-defined estimation

period. The maximum update rate (packet rate) is then 1
T packets/s. This method, however,

has some drawbacks in following environment changes (e.g., stiffness change). In addition, a

too large estimation period slows down the estimation convergence when the slave encounters

a new environment. For the case when the slave is in contact with a static environment but

stops moving, signals such as the position, velocity, and force are constant. These constant

signals cannot provide persistent excitation for the parameter estimation, resulting in invalid

estimates.

To overcome the drawbacks of the time-triggered estimation, Verscheure et al. proposed

an event-triggered estimation approach in [144]. The activation of the model estimator is

not based on time but is in accordance with the slave behavior and the measured data. For

example, the estimation is activated only if the robot is moved, either in normal or tangential

direction, beyond a threshold while remaining in contact. Robustness of the estimation can

be increased by using the event-triggered estimation approach, since the persistent excitation

condition can be fulfilled. In addition, the estimation algorithm will not be triggered with

singular measurements such as zero velocity, thus avoiding meaningless estimation results.

The above two methods focus on the reduction of the estimation rate. On the other hand,

the work presented in Sec. 4.3 of this thesis focuses on the second data reduction method:

selected transmission. It adaptively selects and transmits the estimated model parameters

which are sufficiently important for human perception. Thus, unnecessary transmission is

avoided, and the packet rate reduction can be better achieved in the backward communication

channel in the presence of noise and measurement errors. Table 2.5 summarizes the difference

between the methods proposed in Chapter 4 and in [144].



34 CHAPTER 2. BACKGROUND AND RELATED WORK

Reduction of the estimation rate selected transmission

Event-triggered method [144] yes no

Sec. 4.3 yes yes (perception-based)

Table 2.5: A comparison of the data reduction schemes for MMT.

2.3.2.3 Stability in the Transition State

Beside online model estimation and efficient data transmission, handling the stability issues

in the transition state is another important challenge for MMT. An analysis of the MMT

control block helps us to understand the concrete issues related to this challenge. First, the

MMT structure that is illustrated in Fig. 2.9(c) is modified to the control block diagram in

Fig. 2.14. The estimated environment parameters are denoted as θ̂.

Unlike the conventional teleoperation architecture, the MMT approach opens the control

loop between the master and slave and leads to two decoupled control loops, one on the master

and one on the slave side as illustrated in Fig. 2.14. The stability of the MMT system can be

determined using the stability of the human-master local model closed loop (loop 1) and the

slave-environment closed loop (loop 2), which has been discussed in [12, 111, 112]. During the

transition state, the geometry and impedance of the local model could dramatically change,

resulting in unstable haptic rendering in loop 1. Meanwhile, due to the model mismatch in

the transition state, the master could use an improperly large force signal to command the

slave or could command the slave to access an unreachable position, e.g., deep penetration of

a rigid object. This could lead to the damage of both the slave robot and the objects in the

remote environment. Thus, a stable haptic rendering (model updating) approach and a stable

slave control scheme in the transition state are required. These are also important challenges

for MMT.

Stable model update for the master loop

As discussed above, the local model on the master side needs to be updated if the slave

detects a new model, or if there is a significant model mismatch between the local model

environm
ent

slavemodel
estimator

m
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hum
an
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model

netw
ork

sensor
data

① ②

mm xx / d
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d
s xx /
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Figure 2.14: Overview of an MMT control architecture without force transmission in the
backward channel.
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Figure 2.15: Two methods for updating object position. Left: direct updating leads to
suddenly increased penetration and thus injects energy into the system. Right: gradual
updating without injecting energy into the system. Adapted from [103].

and the environment. In this case, the slave triggers an update. The parameters of the local

model are updated according to the received data. Improper update schemes, e.g., a sudden

change in stiffness or model position, result in a suddenly changed force that is displayed to

the human user. This is called the model-jump effect [149]. If the users cannot adjust their

arm impedance quickly enough to follow (stabilize) this force change, an unexpected motion

occurs, causing dangerous slave behavior. Therefore, smooth and stable model updating is

required. Using the concept of passivity, stability during model updating can be ensured. The

key point is to avoid energy injection into the system, or to ensure that the injected energy

can be dissipated by system damping or friction.

Mitra and Niemeyer have proposed a constraint-based scheme for updating model position

in 1D environment to avoid energy injection [103] (referred to as zero energy injection method).

For this approach, any position updating that introduces energy injection will be delayed,

unless the user’s motion allows for a position update that will not introduce energy injection.

As illustrated in Fig. 2.15, the master is in contact with the current local model (a 1D

floor), while a new floor position xest is detected and transmitted to the master. If the

position of the floor on the master side is immediately updated to the actual position xest,

the penetration is increased and energy is injected into the system. This leads to a suddenly

increased contact force being displayed to the user.

The solution proposed in [103] is to constrain the master floor position xfm to be below

the master position xm:

xfm = min{xest, xm} (2.20)

This means that if the master proxy moves upward, the master floor moves accordingly, but

always below the proxy position. If the master moves downward, the master floor keeps still

to provide a rigid contact (Fig. 2.15). Until the master floor reaches its actual position (the

estimated position), the system switches to the steady state.

Without actively injecting energy during model update on the master side, system passiv-

ity can be guaranteed. This approach, however, is designed only for position updating rather
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than for impedance updating. Meanwhile, the updating period can be very long, since the

updating process depends on the master’s motion. Only when the master reaches the actual

floor position can the entire update period be completed. Mitra et al. found that compared

with some non-passive update approaches, e.g., gradually moving the master floor from the

old location to the actual position at a fixed velocity, the user does not haptically prefer

this passive updating scheme [102]. Therefore, further studies on the passivity-based model

updating scheme are required.

In Sec. 4.4 of this thesis, a non-zero energy injection model updating scheme is presented.

This approach allows for the updating of both impedance and geometry parameters in 3D

environments, and can update the local model in a quicker and user-preferred way. Table 2.6

shows the main points of difference between these two approaches.

[102, 149] [103] Sec. 4.4

Feature gradual update zero energy injecting non-zero energy injecting

(non-passive) (passive) (passive, less conservative)

Table 2.6: A comparison of the state-of-the-art model update methods for MMT with the
approach presented in this thesis.

Stable motion control for the slave loop

Model mismatch can lead to a mismatch in position tracking on the slave side, resulting in

dangerous slave behavior such as undesirably deep penetration into an object or improperly

large force acting on the environment. The state-of-the-art transition-state slave control

approaches for dealing with such issues are the switching position control/force control method

[103, 148] and the relative tracking method [150]. Both methods guarantee stable and safe

interaction between the slave and environment in the transition state.

2.3.2.4 Summary

According to the discussion above, the main challenges of MMT are summarized as follows.

1. A stable and quickly convergent parameter estimation method for a model that approx-

imates the environment on the slave side, discussed in Sec. 2.3.2.1.

2. An efficient and reliable data transmission for model parameters over the network, dis-

cussed in Sec. 2.3.2.2.

3. A stable haptic rendering algorithm with changing model parameters on the master side

and a stable slave control scheme during the period of model mismatch, discussed in

Sec. 2.3.2.3.
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All these challenges directly deal with the issues in transition states. However, this does

not mean that the MMT system is absolutely stable in steady state without any constraints.

In fact, the haptic rendering (loop 1 in Fig. 2.14) suffers from various stability issues in the

steady state. For instance, stability of haptic rendering in the steady state is influenced by

environment stiffness, damping, and sampling period [11, 32, 38, 99]. In addition, the slave-

environment interaction (loop 2 in Fig. 2.14) in the steady state can also be unstable, especially

when the slave establishes a hard contact [72, 96]. However, these stability problems in the

steady state are not particular issues for MMT but general issues for teleoperation systems.

As there have already been intensive studies on these issues for general teleoperation systems,

most MMT-relevant researches only focus on the aforementioned three challenges particular

to MMT systems. A summary of relevant studies on MMT is shown in the Appendix A.

Chapter 4 of this thesis presents a series of approaches to address the aforementioned

challenges. These approaches extend MMT systems to deal with complex environment geom-

etry and to interact with deformable objects including frictional contact. The work presented

in Chapter 4 also provides an efficient data transmission method and a better solution to

guarantee system stability during model update in the transition states.

2.4 Evaluation Methods

Methods for evaluating teleoperation quality are instrumental for the design of teleoperation

systems. In the following, methods for evaluating the objective and subjective quality are

briefly discussed.

2.4.1 Objective Quality

Objective quality typically focuses on the transparency of teleoperation systems. System

transparency describes the accuracy with which a teleoperation system can display a remote

environment to the human user. In the traditional sense, a teleoperation system is called

transparent if the master and the slave position/force signals are perfectly matched [154], or

if the environment impedance on the slave side and the displayed impedance on the master

side are identical [90]. For the former definition, the slave behaves identical as the master.

For the latter one, dynamics of the remote environment are exactly represented on the master

side during teleoperation.

Ideal transparency is normally not achievable due to several factors, such as the influence

of system dynamics, a limited amount of degrees of freedom, communication delay, insufficient

sensor resolution, etc. Lawrence [90] has proposed a definition of impedance error Zerror to

describe the difference between the displayed impedance Zh and the environment impedance
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Ze over a certain frequency range:

Zerror =
1

ωmax − ωmin

∫ ωmax

ωmin

|Zdiff (jω)|dω (2.21)

with

Zdiff (jω) = |logZh(jω)| − |logZe(jω)| (2.22)

The lower the value of Zerror, the higher is the degree of transparency.

2.4.2 Subjective Quality

By considering human factors, subjective quality reflects a subjective impression on the per-

ceived teleoperation quality. A teleoperation system is called subjectively transparent if the

user cannot distinguish the perceptions between a tele-interaction and a direct interaction

with the same environment.

Due to several reasons, such as system noise, communication delay, and the use of hap-

tic data reduction approaches, the displayed/perceived impedance cannot exactly match the

environment impedance. Considering the limitations of human haptic perception, one of the

major questions relates to the extent to which the displayed impedance can differ from the

actual impedance such that the human user still perceives them to be the same. The con-

cept of perceived transparency is introduced in [66] to take human perceptual limitations

into account. A teleoperation system is perceived transparent if the displayed impedance lies

within the range of the JND of the corresponding human perception:

Zh(jω) ∈ [Ze(jω)−∆Ze(jω), Ze(jω) + ∆Ze(jω)] (2.23)

The JNDs for haptic stimuli are quite different for various physical properties. For exam-

ple, the JND for forces is about 7% to 10% [81, 109], whereas the JND for stiffness is about

15% for soft contact and 23% for hard contact [82, 139]. Classical psychophysical techniques,

such as the method of constant stimuli, the method of limits, the method of adjustment, the

method of staircase, etc., are very useful to detect the JNDs of different haptic stimulus for

various tasks. These methods can determine relative and absolute thresholds according to

statistical assumptions on human behavior and based on sufficiently large amount of sample

data from subjective experiments. A review of application of psychophysical techniques to

haptic research was presented in [83].

Studies also investigate the overall subjective quality as a function of different parame-

ters, such as communication delay, packet rate over the network, etc. In this case, post-test

questionnaires containing different questions on the experienced quality of the displayed mul-

timodal information can be adopted ([124, 152]). Subjective rating is usually used to evaluate

the experienced quality. Table 2.7 illustrates the rating scheme for method of magnitude es-

timation that is used in several experiments in this thesis. It is able to evaluate the perceived
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quality in the presence of distortion introduced by different parameter settings of teleoperation

systems, comparing with the undisturbed signals.

In addition to the determination of perceptual threshold and the overall quality, statistical

analysis methods (e.g. the T-test, the ANOVA, the Friedman test, etc.) are often applied

to investigate statistical significance of the results among different experimental conditions,

different parameter settings, or different subjects. A comprehensive overview of subjective

presence measurements was presented in [76].

Table 2.7: Rating scheme for subjective evaluation.

Rating level Description

5 no difference to the undisturbed signal (perfect)

4 slightly perceptible disturbing (high quality)

3 disturbed (low quality)

2 strongly disturbed (very low quality)

1 completely distorted (unacceptable)

2.5 Chapter Summary

Reduction of haptic packet rate and guaranty of system stability are the two main challenges

for networked teleoperation systems in the presence of communication delay. This chapter

has covered the background of current researches on individual and joint solutions to the two

challenges, and outlined how the work presented in this thesis makes original contributions to

address the two challenges.

For a conventional teleoperation structure which exchanges position/velocity and force

signals over the communication channel, a combination of the PD approach and the WV

control schemes has successfully addressed these challenges under the assumption of constant

delay and no packet loss. This thesis presents a novel combination of the PD approach and the

TDPA, which allows for a comparable data reduction rate while robustly dealing with time-

varying delay and packet loss. Use of the conventional teleoperation structures, however,

cannot simultaneously guarantee system stability and transparency.

For the MMT architecture which uses a local model on the master side to approximate the

remote environment on the slave side, it guarantees both system stability and transparency

while not requiring a packet rate as high as 1 kHz. The state-of-the-art MMT techniques can

only deal with relatively simple environment geometry and dynamics, such as rigid planar ob-

jects or deformable objects without friction. Stability of MMT systems during the transition

state is still not intensively investigated. This thesis extends the current MMT techniques

to deal with arbitrary environment geometry and complex dynamics such as deformable ob-
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jects with frictional interaction. In addition, a perception-based model updating scheme is

integrated into MMT systems to additionally reduce the packet rate in the backward chan-

nel. Furthermore, a passivity-based model update scheme is presented to guarantee system

stability during model update in the transition states.



Chapter 3

Time-delayed Teleoperation: Combing

Perceptual Data Reduction with the

Time Domain Passivity Approach

Haptic communication approaches for teleoperation systems which are deployed over real-

world packet-switched networks require the joint consideration of control and communication

aspects to achieve a stable, transparent and efficient system design. The joint solutions require

the combination of control approaches with haptic data reduction schemes. In [68, 145], the

WV control scheme was combined with the PD approach. These methods, denoted as the

PD+WV scheme, efficiently reduce the haptic packet rate in the communication channel

for constant communication delays. For time-varying delays, however, no approach exists in

literature. The innovation in this chapter is the development of a joint communication/control

solution, which combines the PD approach with the TDPA to reduce the packet rate over the

network while preserving system stability in the presence of time-varying and unknown delays.

The combination, denoted as PD+TDPA, is introduced in Section 3.1, including the sta-

bility analysis, necessary modifications of the system architecture to maintain the stability

conditions, and feasibility evaluation. Furthermore, Section 3.1.3 describes the situation that

the resulting control behavior is overly conservative when the PD approach is combined with

the TDPA. The PD approach leads to irregular updates between the master and slave, which

can be considered as a special case of packet loss. As described in [120], packet loss interrupts

the communication of system energy between the master and slave and causes conservative

control. Thus, during time periods when no packets are transmitted, the system is more con-

servatively controlled due to the use of the PD approach. Although stability is ensured, the

conservative control behavior results in degraded system transparency and poor teleoperation

quality such as frequent and strong force jumps.

To address this issue, Section 3.2 proposes an energy prediction (EP) scheme that deals

with the conservative behavior of the resulting controller. The EP scheme adaptively predicts

41
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the system energy during communication interruptions and allows for larger energy output.

This achieves less conservative control and improves teleoperation quality.

Evaluations of the teleoperation quality, both objectively and subjectively, are presented

in Sec. 3.3. For the objective quality evaluation, we compare the displayed impedance for

the schemes proposed in this chapter and related approaches from literature. For subjective

quality evaluation, we experimentally find the subjectively optimal system parameters which

allow for the strongest data reduction among the tested methods without introducing percep-

tible distortion. This way, the best possible trade-off between the teleoperation quality and

the consumed network resources is achieved.

3.1 PD+TDPA

This section presents two structures of the PD+TDPA method. The original PD approach

with the zero-order-hold (ZOH) reconstruction scheme as discussed in Section 2.2.1.3 and

presented in [61, 65] is employed for data reduction and reconstruction. The employed PD

approach is a non-passive scheme. However, the TDPA [120], as discussed in Section 2.2.2.3

and illustrated in Fig. 2.8, is able to guarantee the passivity of the two-port network between

the two PCs. With a proper adaptation between the PD approach and the TDPA, system

stability is ensured.

3.1.1 System Structure

3.1.1.1 Type A

For structure A, the control blocks for data reduction are placed after the POs. As illustrated

in Fig. 3.1, the blocks Deadband Data Reduction, on both the master and slave sides, control

the transmission rate of the velocity, force, and energy signals based on the predefined dead-

band parameter. Due to the use of the PD approach, not every velocity or force sample is

transmitted. If no update is received, the block Deadband Reconstruction outputs the same

signal as the most recently received one (original ZOH reconstruction scheme). Compared

to the original TDPA architecture [120], the computation of the energy in the POs for the

proposed approach is modified. The energy changes on both the master and slave sides at

each time instant k can be described as follows:

∆Em(k) = vm(k)fm(k)∆T =

 vm(k)f recvm (k)∆T, if signal received

vm(k)f recvm (k∗)∆T, else
(3.1)

∆Es(k) = vs(k)fs(k)∆T =

 vrecvs (k)fs(k)∆T, if signal received

vrecvs (k∗)fs(k)∆T, else
(3.2)
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Figure 3.1: Combination of the PD approach with the TDPA, type A.

where k∗ < k is the time instant of the most recently received signal update, vrecvs (k∗) and

f recvm (k∗) are the most recently received velocity and force signals, respectively, and vrecvs (k)

and f recvm (k) denote the currently received velocity and force signals, respectively. Based on

the signs of the energy change, the input or output energy on both the master and slave sides

can be computed according to (2.8)-(2.11).

The exchange of energy information follows the transmission of the haptic data. This

means that the energy information on the master or slave side is transmitted only when there

is a corresponding velocity or force value transmission. Since the energy information is not

transmitted at every time instant, the most recently received energy value is used for passivity

observation, if there is no update

Esobs(k) =

 Esrecv(k) = Emin(k − T1(k)), received

Esrecv(k
∗) = Emin(k∗ − T1(k∗)), not received

(3.3)

Emobs(k) =

 Emrecv(k) = Esin(k − T2(k)), received

Emrecv(k
∗) = Esin(k∗ − T2(k∗)), not received

(3.4)

Assuming the received haptic packets are in order, due to the monotonic increase of the

computed input/output energy (discussed in 2.2.2.3), it is always true that

Esrecv(k
∗) < Esrecv(k) = Emin(k − T1(k))

Emrecv(k
∗) < Emrecv(k) = Esin(k − T2(k))

(3.5)

Hence, the entire system remains passive, if the output energy on both the master and slave

sides (E
m/s
out ) are controlled to be no larger than the corresponding energy observation E

m/s
obs :

Esout(k) ≤ Esobs(k) ≤ Esrecv(k) = Emin(k − T1(k))

Emout(k) ≤ Emobs(k) ≤ Emrecv(k) = Esin(k − T2(k))
(3.6)
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3.1.1.2 Type B

An alternative structure for the PD+TDPA approach is to monitor the energy after the block

of perceptual deadband data reduction. As illustrated in Fig. 3.2, the transmission of the

velocity or force signals is controlled before the POs. Since the deadband data reduction

blocks are out of the control range of the two PCs and, the employed PD approach is non-

passive as discussed in Sec. 2.2.1.5, a passive PD approach that is similar to the methods

presented in [65, 68, 145] is applied to guarantee the passivity of the two-port subsystems of

the structure type B (part 1 and 3). For this passive PD approach

vm(k) =

 vmd(k), if transmit

vmd(k
∗)− sign(fmd)∆vmd

, else
(3.7)

fs(k) =

 fsd(k), if transmit

fsd(k
∗) + sign(vsd)∆fsd , else

(3.8)

where ∆ denotes the corresponding deadband zone with regard to the most recently transmit-

ted signal and is always positive. Apart from this, the computation of the energy observation

in the POs is the same as in structure A. In addition, the exchange of energy information also

follows the transmission of the haptic data.

For the two-port subsystems part 1 and 3 in the structure B,

P1 = vmdfmd − vmfmd = (vmd − vm)fmd = sign(fmd)∆vmd
· fmd > 0

P3 = vsdfs − vsdfsd = (fs − fsd)vsd = sign(vsd)∆fsd · vsd > 0
(3.9)

Consequently, the individual two-port subsystems are passive. Meanwhile, the two PCs guar-

antee the passivity of the two-port subsystem part 2. Hence, the cascade connection of the

three subsystems, each of them dissipating energy, leads to a stable overall system. This struc-

ture, however, cannot fully take advantage of the TDPA. The PCs dissipate output energy
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to ensure system passivity. The use of the passive deadband control before the PCs leads to

additional energy dissipation. Thus, the entire system dissipates the output energy twice on

each side, once by the PC of the TDPA and again by the passive PD approach. This results

in a more conservative control behavior.

Therefore, we adopt the structure A as described in Sec. 3.1.1.1 in the following.

3.1.2 Feasibility evaluation

This section evaluates the feasibility of the type A structure in terms of packet rate reduction

and user experience (subjective rating) for constant and time-varying communication delays.

The experiment was conducted in a virtual environment (VE) with a real haptic device (Phan-

tom Omni). The VE was developed based on the Chai3D library (www.chai3d.org). A 1-DoF

rigid wall with a stiffness of 700 N/m is placed in the middle of the VE as the object on the

slave side. A virtual slave was simulated in the VE, with a mass of 0.05 kg and a damping of

0.5 Ns/m. The slave was controlled by a proportional-derivative controller with a proportional

gain of 300 N/m and a derivative gain of 1 Ns/m. The sampling rate was 1 kHz.

3.1.2.1 Setup and procedure

The round-trip delay (RTT) of a typical Internet communication is in the range from zero to

hundreds of milliseconds depending on distance, network resources, traffic load, etc. Three

different RTTs were tested in this experiment: 1) 10 ms constant delay, 2) 100 ms constant

delay, and 3) varying delay with a mean delay of 100 ms and a Gaussian distributed delay

variation (jitter) with a standard deviation of 30 ms. The selection of these delay values was

motivated by RTT measurements from Germany to the east coast of the US where a mean

delay of 95 ms was observed. For each tested delay scenario, a series of DBP values were

tested: 0%, 2%, 5%, 8%, 10%, and 15%. A DBP of 0% corresponds to the performance of the

original TDPA architecture without haptic data reduction.

During the experiment, the DBPs were randomly arranged. The subjects were asked to

interact with the virtual wall by pressing on the surface and slowly vary the applied force with

a frequency of about 0.5 Hz. This constraint in motion corresponded to the assumption of

low frequency inputs for the passivity condition as used in the experiment in [120]. Moreover,

position drifts introduced by the TDPA ([120]) were corrected after each trial when the virtual

slave was in free space.

Note that the PD approach reduces the packet rate, leading to communication interrup-

tions during the exchange of haptic signals over the network. This can introduce unpredictable

artifacts in the haptic signals. Besides demonstrating the achievable data reduction prefer-

ence, the other main purpose of this experiment was to investigate the effect of the DBP on

the user experience compared to the case when no data reduction scheme was used. Thus,
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the subjects were asked to give a rating for each DBP by comparing the perceived similarity

of the haptic interaction between the case of using the given DBP value and the case of using

a reference. The reference, the same delay as the current experiment trial with 0% DBP

(designated level 5 according to Table 2.7), was considered as the “best” performance of the

original (uncompressed) TDPA architecture for a tested delay. The rating scheme was based

on Table 2.7 as discussed in Section 2.4.2. The reference setup could be recalled at any time

during the experiment.

Fifteen subjects participated in the experiment, ranging in age from 25-45. A headset

with active noise cancellation was worn to isolate the subjects from ambient noise.

3.1.2.2 Results

The packet rate vs. the DBP for the three tested communication delays is shown in Fig. 3.3(a).

As expected, higher DBPs lead to lower packet rates. Obviously, the DBP has a dominant

effect on the packet rate. On the other hand, the tested communication delays influence the

damping of the passivity controller, which leads to modified velocity and force values. The

modified velocity and force signals in turn affect the packet rate. Thus, the communication

delays have an indirect influence on the packet rate. However, the resulting packet rate curves

are very close to each other, which indicates that the effect of communication delay on the

packet rate is small for the tested delays.

The subjective rating vs. the DBP is shown in Fig. 3.3(b). Higher DBPs lead to lower sub-

jective ratings, since the subjects perceive stronger artifacts with increasing DBPs compared

to the reference (no data reduction).

One can ask the question why the subjective rating for 10 ms delay is quite similar to

the 100 ms delay case. Note that the ratings with the same DBP for different delays are not

directly comparable, since the experiment used different references for different delays. All

the references in each delay case are designated as rating level 5. For each delay, the subjects

need to only rate the similarity of the haptic interaction between the reference (DBP=0) and

the case with DBP>0. Thus, the subjective rating shows a relative quality with respect to

different references for the given delays.

The combined curves from Fig. 3.3(a) and Fig. 3.3(b) are shown in Fig. 3.4, which illus-

trates the relationship between the subjective rating and the packet rate. Note again that

the three curves in Fig. 3.4 are not directly comparable due to the use of different references

for different delays. If a DBP of 5% is applied, the packet rate can be reduced by up to 80%,

while the subjective rating remains sufficiently high (at about level 4). Hence, the PD+TDPA

method approach is able to achieve high packet rate reduction without significantly disturbing

the user experience compared to the original TDPA for the tested delay scenarios.
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Figure 3.3: Experimental results. (a) Packet rate vs. deadband parameters for different
delays. (b) Mean and standard deviation of the subjective ratings vs. DBP.
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3.1.3 Conservative Control Behavior during Communication Interruptions

Compared to the original TDPA [120], the use of the PD+TDPA method leads to a more

conservative control. This is due to the communication interruptions caused by the PD

approach. This section discusses and analyzes the reasons and the resulting effects. In the

following discussion, we assume that the received packets are in order.

As discussed in [120], a TDPA-based teleoperation system is controlled conservatively

during communication interruptions, for which the energy information is lost. The irregular

downsampling of the haptic data caused by the PD approach can be considered as a special

case of packet loss. Thus, the PD approach leads to communication interruptions and results in

conservative control. According to (3.3) and (3.4), the master and slave systems use the most

recently received energy for the POs, if they do not receive any update. The corresponding
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Figure 3.5: Teleoperation setup with adjustable time delay.

output energy is controlled to be below the most recently received energy value:

Esout(k) ≤ Esobs(k∗) = Emin(k∗ − T1(k∗))

Emout(k) ≤ Emobs(k∗) = Esin(k∗ − T2(k∗))
(3.10)

According to (3.5), this is more conservative compared to the original TDPA without data

reduction, which monitors the output energy below E
s/m
in (k − T2/1(k)). Since the system is

already passive if Emout(k) ≤ Esin(k− T2(k)) and Esout(k) ≤ Emin(k− T1(k)), using (3.10) as the

passivity condition leads to more conservative control, when the communication of the energy

information is interrupted.

We illustrate this issue with the help of a real teleoperation system (see Fig. 3.5*). Two

Phantom Omni devices were used as the master and slave. The slave was controlled by a

proportional-derivative controller with a proportional gain of 200 N/m and a derivative gain

of 2 Ns/m. The sampling rate was 1 kHz. According to [80], these control parameters ensure

that the slave is controlled in its stability region.

The slave was controlled to establish contact with a metal plate. The round-trip com-

munication delay was Td = T1 + T2 = 200 ms and the DBP was 0.3. The measured energy,

position, and force signals are shown in Fig. 3.6.

In Fig. 3.6(a) and 3.6(b), the green bars represent the time instants when packets are

received. The black dashed lines are the delayed input energy value of the remote side if every

packet is transmitted and received, namely E
m/s
in (k − T1/2). The actually received energy

information E
m/s
recv for passivity observation is denoted by the dash-dotted blue lines, which

are constant when no packet is received. The output energy, represented by the solid red line,

is monitored so that it stays below the received energy value. This can lead to conservative

behavior during the communication interruptions as shown in Fig. 3.6(a) and 3.6(b). Actually,

the system is still passive if the output energy is above the dash-dotted blue line and below

the dashed black line. This means that the system could be allowed for higher output energy.

*Please refer to http://www.lmt.ei.tum.de/forschung/projekte/prohaptics.html#demos/videos for more
video demos.
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Figure 3.6: Illustration of the conservative control behavior of the PD+TDPA method. Delay
200 ms, DBP 0.3, average packet rate: 179 packets/s. (a) Computed and received energy
signals at the slave side. (b) Computed and received energy signals at the master side. (c)
Position signals. (d) Force signals with the PD approach. (e) Force signal without the PD
approach.

The TDPA guarantees system passivity by damping the desired slave velocity and the

displayed master force. The main consequence of the aforementioned conservative control

issue is that the PCs are activated more frequently, and the desired slave velocity and displayed

master force are damped unnecessarily. This results in increased position drift on the slave

side if the slave output energy is monitored conservatively, and more force jumps on the

master side if the master output energy is monitored conservatively. According to Fig. 3.6(a),

the velocity values are frequently received on the slave side, leading to short communication

interruptions. Therefore, the conservative behavior due to the communication interruptions on

the slave side is quite small. Thus, the position drift observed in Fig. 3.6(c) is mainly caused

by the TDPA and less by the PD approach. However, large durations of communication

interruptions are observed in Fig. 3.6(b), which results in strong conservative behavior on

the master side. Thus, there are strong force jumps in the displayed master force signals in

Fig. 3.6(d). Figure 3.6(e) illustrates the force signals recorded for the original TDPA without

the PD approach. Obviously, the force jumps without the PD approach are significantly less

than those with the PD approach.

Note that the step effect in the force signals in Fig. 3.6(d) is due to the use of the PD

approach. For small DBPs, this effect is not necessarily perceivable by human users. However,

if the DBP is sufficiently large, the step effects (low-amplitude high-frequency vibrations)

become perceivable.
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3.2 Energy Prediction for Less Conservative Control

To compensate for the aforementioned conservative control behaviors, the input energy values

of the remote side need to be estimated/predicted during communication interruptions. A

proper energy prediction algorithm can, to a certain extent, compensate for the conservative

control behavior, while maintaining system passivity. In this section, we assume that the

communication interruptions of the haptic signals (information loss) are caused only by the

PD approach. This means that no packet is lost during transmission over the network.

The conservative control behavior is caused by the communication interruptions of the

energy information. If we can locally predict the actual input energy of the remote side during

the communication interruptions, the lost energy can be compensated for and the system can

be controlled less conservatively. In other words, we need to compute the predicted energy

for the POs (Ê
m/s
obs (k)) during the communication interruptions such that Ê

m/s
obs (k) is as close

as possible to (but no larger than) the delayed input energy of the remote side. In the best

case, the predicted energy for POs is identical to the delayed input energy of the remote side,

namely Ê
m/s
obs (k) = E

s/m
in (k − T2/1(k))

Hence, we modify (3.3) and (3.4) to be

Êsobs(k) =

E
s
recv(k) = Emin(k − T1(k)), received

Esrecv(k
∗) + Escomp(k

∗, k), else
(3.11)

Êmobs(k) =

E
m
recv(k) = Esin(k − T2(k)), received

Emrecv(k
∗) + Emcomp(k

∗, k), else
(3.12)

where Emcomp(k
∗, k) and Escomp(k

∗, k) are the locally compensated energies on the master and

slave sides, respectively, which predict the input energy of the remote side from the time

instant of the most recently received packet k∗ to the current time instant k.

3.2.1 Energy Prediction for Constant Delays

Assume that the communication delays Ti (i = 1, 2) are known and constant. If a packet is

received at time instant k∗, the delayed input energy of the master and slave ports at the

current time k can be computed as

Emin(k − T1) = Esrecv(k
∗) +

k∑
j=k∗+1

max{vm(j − T1) · fm(j − T1) ·∆T, 0} (3.13)

Esin(k − T2) = Emrecv(k
∗) +

k∑
j=k∗+1

max{vs(j − T2) · fs(j − T2) ·∆T, 0} (3.14)
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where E
m/s
recv(k∗) = E

s/m
in (k∗ − T2/1(k∗)).

Note that the sums in (3.13) and (3.14) accumulate only the positive terms (i.e., when

vm ·fm ≥ 0 or vs ·fs ≥ 0) into the input energy E
m/s
in . This follows the definition of the energy

computation in (2.8)-(2.11).

If every packet is transmitted, namely

vs(k) = vm(k − T1) and fm(k) = fs(k − T2), ∀k (3.15)

the master and slave are able to locally compute the delayed input energy of the remote side

by combining (3.13), (3.14), and (3.15),:

Emin(k − T1) = Esrecv(k
∗) +

k∑
j=k∗+1

max{vs(j) · fs(j − T1 − T2) ·∆T, 0} (3.16)

Esin(k − T2) = Emrecv(k
∗) +

k∑
j=k∗+1

max{vm(j − T1 − T2) · fm(j) ·∆T, 0} (3.17)

However, due to the use of the PD approach, not every packet is transmitted. Thus, (3.15)

is no longer available. The local prediction of the delayed input energy of the remote side needs

to be derived in another way. According to the PD approach, the non-transmitted velocity

or force signal during the communication interruptions must be within the deadband zone

defined by the most recently transmitted signal update. This means that the receiver knows

the range of the signal values on the sender side, even if it receives nothing. For example, if

the slave receives no packet update at time instant k, the non-transmitted velocity signal on

the master side can be estimated using the DBP and the most recently received velocity on

the slave side:

|vm(k − T1)| ≥ |vm(k∗ − T1)| · (1− p) = |vs(k∗)| · (1− p) (3.18)

Meanwhile, the slave can also estimate the force signals on the master side according to the

transmission buffer f̃s(k):

fm(k) = f̃s(k − T2) =

fs(k − T2), if transmitted

fs(k
′), else

(3.19)

where k′ < k−T2 is the time instant of the most recently transmitted force signal with respect

to time instant k − T2. According to (3.13), (3.18), and (3.19):

Emin(k − T1) ≥ Esrecv(k∗) + ∆T (1− p)
k∑

j=k∗+1

max{vs(k∗)f̃s(j − T1 − T2), 0}︸ ︷︷ ︸ = Êsobs

Escomp(k
∗, k) (3.20)
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Figure 3.7: Control architecture of the TDPA-based haptic data reduction approach with the
use of the energy prediction scheme.

Similarly, the non-transmitted force signal on the slave side can be locally estimated on

the master side:

|fs(k − T2)| ≥ |fs(k∗ − T2)| · (1− p) = |fm(k∗)| · (1− p) (3.21)

With the help of the transmission buffer ṽm(k)

vs(k) = ṽm(k − T1) =

vm(k − T1), if transmitted

vm(k′), else
(3.22)

(3.14) can be rewritten as

Esin(k − T2) ≥ Emrecv(k∗) + ∆T (1− p)
k∑

j=k∗+1

max{fm(k∗)ṽm(j − T1 − T2), 0}︸ ︷︷ ︸ = Êmobs

Emcomp(k
∗, k) (3.23)

Equations (3.20) and (3.23) indicate that the master and the slave can locally predict

the lower bound of the delayed input energy of the remote side during the communication

interruptions; thereby partly compensating for the conservative control issue. Similar to

(3.13) and (3.14), the sums accumulate only the positive terms. Since Êmobs ≤ Esin(k − T2)

and Êsobs ≤ Emin(k−T1) are always true according to (3.20) and (3.23), monitoring the output

energy on both the master and slave sides to be no larger than the predicted energy will not

violate the system passivity condition.

The overall structure of the PD+TDPA method with the energy prediction (EP) scheme,

denoted as PD+TDPA+EP, is illustrated in Fig. 3.7. If a packet is received, the energy

predictor outputs the received value. If nothing is received, it computes the predicted energy

according to (3.20) and (3.23) and uses it for the POs.

The performance of the proposed EP scheme is evaluated using the same teleoperation

setup and the same communication parameters as shown in Sec. 3.1.3. The measured energy,
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Figure 3.8: Measurements for the PD+TDPA+EP method. Delay 200 ms, DBP 0.3, average
packet rate: 151 packets/s. (a) Computed and received energy signals at the slave side. (b)
Computed and received energy signals at the master side. (c) Position signals. (d) Force
signals.

position, and force signals are shown in Fig. 3.8. Compared to Fig. 3.6(a) and 3.6(b), less

conservative behavior can be observed especially in Fig. 3.8(b). Due to the prediction scheme,

the output energy of the slave and master (solid red lines) are controlled to be beyond the

most recently received energy (dash-dotted blue lines) during communication interruptions,

but they are monitored to maintain them below the predicted energy (dash-dotted purple

lines). According to (3.20) and (3.23), the predicted energy is no larger than the delayed

input energy of the remote side (dashed black lines); hence, the system is passive.

The position drift shown in Fig. 3.8(c) is comparable to the drift shown in Fig. 3.6(c). As

discussed in Sec. 3.1.3, the conservative behavior of the PD+TDPA method on the slave side

is relatively small. Thus, the potential for reducing the position drift is limited. On the other

side, the conservative behavior on the master side during the communication interruptions

is compensated to a large extent as shown in Fig. 3.8(b). Therefore, the force jumps are

significantly reduced in Fig. 3.8(d) compared to those in Fig. 3.6(d). The force signals in

Fig. 3.8(d) show a very similar behavior as those in Fig. 3.6(e). This indicates that the

EP scheme can effectively compensate for the conservative behavior during communication

interruptions and thus improves force feedback quality.

Note that (3.20) and (3.23) provide a conservative prediction (lower bound of the delayed
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input energy of the remote side). Thus, there might still be gaps between the predicted energy

and the delayed input energy of the remote side. In addition, the EP scheme only compensates

for the conservative behavior during communication interruptions due to the PD approach.

If the packet rate is not strongly reduced, the duration of the communication interruptions is

relatively short and the conservative behavior is small. In this case, the improvement of using

the EP scheme is limited. This is why the position drift is not significantly compensated for

by the EP scheme in our evaluation.

3.2.2 Energy Prediction for Time-varying Delays

Section 3.2.1 presented the EP scheme for known and constant delays and communication

without packet loss. The EP scheme can estimate the value range of the signals on the remote

side, even if nothing is received. This is the key for locally predicting the input energy of the

remote side.

However, if packet loss is taken into account and the receiver receives nothing, it is chal-

lenging to distinguish between the communication interruptions caused by the use of the PD

approach and those caused by actual packet loss. In this case, the value range of the sig-

nal on the remote side cannot be correctly estimated, which leads to the violation of (3.18)

and (3.21) and results in energy overestimation, namely Ê
m/s
obs (k) > E

s/m
in (k − T2/1). Energy

overestimation can cause active behavior if Ê
m/s
obs (k) ≥ Em/sout (k) > E

s/m
in (k − T2/1).

For time-varying delays, T1 and T2 in (3.20) and (3.23) have to be replaced by T1(k)

and T2(k). This requires a precise and reliable real-time measurement of the communication

delays, which is challenging in practice and requires additional resources from the network. A

compromise is to use the expected value of the delay. This, however, can also lead to energy

overestimates if the delay is suddenly and strongly increasing.

In order to avoid the accumulation of the energy overestimation in the presence of time-

varying delay and packet loss, the activation time of the energy prediction must be limited.

Since the delay and packet loss are not deterministic, the EP scheme cannot find the critical

point when the energy prediction should be deactivated. Thus, potential energy overestima-

tion is always present. However, we can limit the bound of the active energy by introducing

the following procedure

� Set a forced regular packet transmission (e.g. 2 packets/s).

� Set a maximum activation time for the EP (e.g. 500 ms). After this time, the EP

scheme is deactivated until the next packet is received.

� Deactivate the EP scheme once a packet is received and an overestimation is detected.

Activate the EP scheme only when no overestimation is detected.
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Figure 3.9: The modified EP scheme for time-varying delay and packet loss. Average packet
rate: 137 packets/s (10% packet loss). (a) Round-trip-delay in the communication channel.
(b) Output energy at the slave side and delayed input energy at the master side. (c) Output
energy at the master side and delayed input energy at the slave side.
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Figure 3.10: The modified EP scheme for an extreme case. Average packet rate: 118 packets/s
(50% packet loss). (a) Round-trip-delay. (b) Output energy at the master side and delayed
input energy at the slave side. The system is still piece-wise passive. (c) Force signals.

The first item guarantees that a packet is transmitted every 500 ms. This forced regular

transmission does not introduce a significant communication load (only 2 packets/s). Thus,

communication interruptions larger than 500 ms are caused by the increased delay or packet

loss. For the second item, a maximum activation time of the EP scheme (500 ms) ensures

an upper-bounded energy prediction. Although the predicted energy also depends on the

operator behavior, the operator cannot output unbounded energy. For low frequency inputs,

the overestimated energy can be limited into a small range during the 500 ms prediction period.

Note that not every packet loss or delay variation causes energy overestimation. The limited

EP activation time can reduce the probability of energy overestimation and consequently

limit the active behavior. In addition, the third item avoids the accumulation of the energy

overestimation. Please note that the velocity and force are maximally damped to zero by the

damper α and β, but not to altered signs.

The same teleoperation setup was used to evaluate the modified EP scheme. The commu-

nication delay follows a Gamma-like distribution with Γα,β(20, 1) plus a deterministic delay

of 200 ms. This model is based on Internet delay measurements [22]. The packet loss rate is

10%. The DBP is 0.3.

Only very slight active behavior is observed in more than 20 teleoperation trials. Fig-
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ure 3.9 illustrates the recorded energy signals and round-trip-delay for one exemplary trial.

In Fig. 3.9(c), the active behavior is limited and the energy overestimation does not accumu-

late with time. The active behavior due to the previous energy overestimation is terminated

with the increasing system energy during teleoperation. Considering that passivity is a conser-

vative condition of system stability and that the human user also contributes to the stability

because of their own damping [50], the teleoperation system is very likely stable for the tested

teleoperation behavior and network characteristics.

The active behavior is strong but still limited for extreme cases (Fig. 3.10). The packet

loss rate in this example is 50%. In Fig. 3.10(b), strong active behavior can be observed.

However, the active energy is bounded and does not accumulate. Thus, piece-wise passive

behavior can be achieved during teleoperation. The force signals in Fig. 3.10(c) do not show

strong vibration. This implies that the system is still operable for the tested teleoperation

behavior even in this extreme case.

3.2.3 Energy Overestimation for Position Drift Compensation

Position drift is one of the main issues of TDPA. This is due to the velocity modification

(damping) by the slave PC. The authors of [28] presented a scheme to compensate the position

drift. After using the position drift compensation (PDC) scheme, the slave is able to follow

the master’s position command with only minimum drift. To take full advantage of the

EP and the PDC schemes, their integration into the PD+TDPA structure is necessary (i.e.,

PD+TDPA+EP+PDC), as illustrated in Fig. 3.11.
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Figure 3.11: Control architecture of the TDPA-based haptic data reduction ap-
proach with the use of the energy prediction and position drift compensation schemes
(PD+TDPA+EP+PDC). The velocity signal vad is used to compensate for the position drift.

However, this integration is quite challenging, even for constant delays. The reason is that

the PDC scheme compensates for the position drift by altering the received slave velocity

before the slave PC. This modification is out of the control of the PD approach and can push

the slave velocity out of the deadband zone defined by the most recently transmitted master

velocity. In some cases, even the direction of the slave velocity is modified. According to
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[28], the modification of the slave velocity depends only on the previous slave force and the

damping of the slave PC: vad(k) = −β(k−1)fs(k−1). The master cannot be informed about

the damping β and the slave force fs at every time instant due to the packet rate reduction

of the PD approach. Therefore, the master can no longer locally predict the value range of

the slave velocity. Hence, (3.23) is no longer fulfilled. Therefore, the predicted energy on the

master side (Êmobs) can be beyond the delayed input energy of the slave side, violating the

passivity condition. Note that (3.20) is still fulfilled, and the slave can correctly predict the

input energy on the master side. This is because the master does not apply any compensation

in the force signals.

Fig. 3.12 illustrates the active behavior on the master side if the EP and the PDC schemes

are used simultaneously. The time delay is 200 ms and the DBP is 0.3. Although the overall

passivity cannot be guaranteed, the active behavior is limited and does not accumulate if the

procedure introduced in 3.2.2 is used. The whole system is piece-wise passive.
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Figure 3.12: Output energy at the master side and delayed input energy at the slave side
while simultaneously using the EP scheme and the PDC scheme. Limited active behavior is
observed.

3.3 Evaluation of Teleoperation Quality

This section evaluates the teleoperation quality for the proposed combination schemes. The

evaluation was made both objectively and subjectively.

3.3.1 Objective quality evaluation

3.3.1.1 System Transparency

System transparency is a common performance metric for objective quality of teleoperation

systems. As discussed in 2.4.1, system transparency describes the accuracy with which a tele-
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operation system can display a remote environment to a human user. According to [90], if the

impedance displayed to the human (denoted as Zh) matches the real environment impedance

(denoted as Ze) the teleoperation system is transparent. A measurement of transparency is the

impedance error, which integrates the absolute difference between the displayed impedance

and the environment impedance over a certain frequency range [90]:

Zerror =
1

ωmax − ωmin

∫ ωmax

ωmin

|Zdiff (jω)|dω (3.24)

where Zdiff is the impedance difference between Zh and Ze. The lower the value of Zerror,

the higher is the degree of transparency.

The impedance error can be used as a measure of objective quality. If a valid linear

approximation exists, the mechanical impedance is given as the mapping between the velocity

V (s) and the force F (s) in the Laplace domain as Z(s) = F (s)/V (s). Although the PD

approach changes the dynamics of the system and no linear model for the displayed impedance

Zh(s) can be derived, it can be assumed that a linearization of the displayed impedance Zh(s)

around some working points exists. Hence, the standard frequency response measurement

with correlation functions as suggested in [66, 68, 77, 145] is used to measure Zh for the

tested frequency range. In addition, the impedance difference is computed relative to the

environment impedance as

Zdiff =
|Zh(jω)− Ze(jω)|

|Ze(jω)|
(3.25)

3.3.1.2 Simulation results

This section presents the simulation results for evaluating system transparency. The evalua-

tion was made for the proposed haptic data reduction scheme for time-delayed teleoperation,

and for the related approaches from literature.

Two virtual devices were simulated as the master and slave, with a mass of 0.05 kg and a

damping of 0.5 Ns/m. The master commanded the slave into contact with a rigid wall (linear

spring with stiffness of 10000 N/m). The slave was controlled by a proportional-derivative

controller with proportional gain of 300 N/m and a derivative gain of 1 Ns/m. The master

motion was a sinusoidal velocity input within a frequency window [fmin, fmax] = [10−2, 102]

Hz and an amplitude of 0.1 m/s. The sampling rate was 1 kHz.

Figure 3.13 shows the Bode plot of the displayed impedance for a round-trip delay of

Td = 100 ms, DBP=0.1, and the use of the PD+TDPA+EP scheme. The environment

impedance (the solid red line) shows a linear behavior across the tested frequency range. The

displayed impedance (dashed blue line) follows the linear behavior at low frequency inputs.

For input frequencies larger than 1 Hz, the displayed impedance shows a complex non-linear

behavior.
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The average impedance error for the tested frequency range according to (3.24) and (3.25)

is about 45%. Note that the environment impedance is the coupled impedance of the virtual

slave and the spring environment.

The tested delays (Td) are constant and range from 0 to 1000 ms. The DBP values

range from 0 to 0.3. For each tested (Td, DBP) pair, the corresponding average impedance

error and the average packet rates were recorded. Different combination schemes such as the

PD+TDPA, the PD+TDPA+EP, the PD+TDPA+PDC, and the PD+WV as presented in

[145] were evaluated. Note that the PD+TDPA+EP+PDC method cannot guarantee system

passivity even for constant delay as discussed in Section 3.2.3. Therefore, this combination

scheme was not evaluated.

The overall simulation results are shown in Fig. 3.14.

The average impedance error of the PD+TDPA method is illustrated in Fig. 3.14(a).

Increased delay leads to an increased impedance error (degraded transparency). This implies

that the PCs need to dissipate more energy to ensure system passivity for large communication

delays, and the environment is displayed softer than it should be. In addition, the change of

the DBP value has also influence on the average impedance error, though the effect is small

when compared to the effect of delay. For small delays (e.g., Td < 100 ms), an increased DBP

value leads to an increased impedance error. This is especially observable for delay of zero,

which conforms to the conclusion of [66]: “a larger DBP value in the absence of communication

delay reduces system transparency”.

Figure 3.14(b) shows the measured average packet rate as a function of the DBP for differ-

ent delays. As expected, higher DBPs lead to a lower packet rate. The DBP has a dominant

effect on the packet rate. Moreover, the packet rate curves for different communication delays

deviate only slightly from each other. Although the communication delay cannot directly af-

fect the downsampling (packet reduction) of the haptic signals, it has a direct influence on the

damping of the PCs. The damping alters the velocity and force signals. The altered velocity

and force signals will in turn affect the downsampling when using the PD approach; hence,
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Figure 3.13: Bode plot of the displayed impedance in contact.
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Figure 3.14: Simulation results of the average impedance errors and packet rates in different
parameter settings. (a)(b) The PD+TDPA method. (c)(d) The PD+TDPA+EP method.
(e)(f) The PD+TDPA+PDC method. (g)(h) The PD+WV method. Wave impedance is
b = 25 Ns/m.

altering the packet rate. Therefore, the communication delays have an indirect influence on

the packet rate, though this influence is small.

Figs. 3.14(c) and 3.14(d) illustrate the simulation results of the PD+TDPA+EP method.

The results are very similar to the PD+TDPA method. For most tested parameters, the

impedance errors of the PD+TDPA+EP method are lower than for the PD+TDPA method,
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especially for small delays and large DBP values. As discussed in Sec. 3.1.3, larger DBP

values lead to higher packet rate reduction, resulting in longer communication interruptions

and more conservative behavior. Thus, the EP scheme works more efficiently for large DBP

values. This indicates that the use of the EP scheme improves system transparency. On the

other hand, the use of the EP scheme does not have significant influence on the packet rate

compared to the PD+TDPA method.

Figs. 3.14(e) and 3.14(f) illustrate the results for the combination of the TDPA and the

PD approach without the use of the EP scheme, but with the use of the PDC scheme

(PD+TDPA+PDC). System transparency is better (lower average impedance errors) than

in the PD+TDPA method. This is because the PDC scheme is able to minimize the posi-

tion drift and inject energy into the system while guaranteeing passivity. The system using

the PD+TDPA+PDC method is less conservative and more transparent than that using the

PD+TDPA method. On the other hand, the impedance errors of the PD+TDPA+PDC

method (Fig. 3.14(e)) are larger than for the PD+TDPA+EP method (Fig. 3.14(c)) for small

delays. The reason for this is that the position drift is relatively small for small delays and

the energy compensated for by the PDC scheme is smaller than that compensated for by the

EP scheme. Thus, the PD+TDPA+PDC method is more conservative and less transparent.

For large delays, however, the position drift is relatively large. The energy compensated for

by the PDC scheme is larger than the energy compensated for by the EP scheme. This leads

to less conservative control and less impedance errors for large delays, if the PDC scheme is

applied.

Finally, the wave-variable-based haptic data reduction approach (PD+WV) proposed in

[145] was simulated. The simulation results are shown in Fig. 3.14(g) and 3.14(h). The

DBP values lead to a similar packet rate compared to Figs. 3.14(b),3.14(d), and 3.14(f). The

impedance errors of the PD+WV method highly depend on the wave impedance (denoted as

b). As discussed in [66], the displayed stiffness of a spring environment for the WV approach

operated in low frequencies is a function of the environment stiffness ke, the wave impedance

b and the delay Td:
1

kh
=

1

ke
+
Td
2b

(3.26)

For a given delay, a larger value of b leads to higher transparency during contact. However,

the wave impedance adds an additional inertia mh while the slave moves in free space [66]:

mh =
bTd
2

(3.27)

Higher additional inertia in free space motion leads to degraded system transparency. Ob-

viously, increasing the transparency in both contact and free-space motion are conflicting

objectives. In Fig. 3.14(g), the wave impedance is set to be b = 25 Ns/m, resulting in very

similar average impedance errors compared to the PD+TDPA+EP method, especially for
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small delays. However, b = 25 Ns/m adds an inertia of 1.25 kg for Td = 100 ms, or 6.25 kg for

Td = 500 ms, to the slave’s free-space motion. This discourages a quick and precise teleoper-

ation in free space. On the other hand, decreasing the b value reduces the additional inertia;

however, it also reduces the displayed stiffness while in contact, leading to higher impedance

errors. From this point of view, the combination of the PD and the TDPA approaches, includ-

ing its variations such as the PD+TDPA+EP and the PD+TDPA+PDC schemes, is more

flexible for different teleoperation tasks.

In summary, from the simulation results the following conclusions can be drawn:

� Compared to the PD+TDPA method, the PD+TDP+EP scheme allows for less conser-

vative control and thus improves system transparency, especially for small delays and

large DBPs.

� The communication delay has a dominant influence on system transparency but limited

influence on packet rate.

� The DBP has a dominant influence on packet rate but limited influence on system

transparency.

� The use of the EP scheme, the PDC scheme, and different control schemes (TDPA or

WV) do not have significant influence on the packet rate.

3.3.2 Subjective quality evaluation

3.3.2.1 Perceived transparency

Due to the communication delay and the use of the PD approach, the displayed impedance

cannot exactly match the environment impedance. One of the major questions relates to the

extent to which the displayed impedance can differ from the actual impedance such that the

human user still perceives them to be the same. The concept of perceived transparency is

introduced in [66] to take human perceptual limitations into account. A teleoperation system

is perceived transparent if the displayed impedance lies within the range of the JND of the

human perception:

Zh(jω) ∈ [Ze(jω)−∆Ze(jω), Ze(jω) + ∆Ze(jω)] (3.28)

The JNDs for haptic stimuli are quite different for various physical properties. For ex-

ample, the JND for forces is about 7% to 10% [81, 109], whereas the JND for stiffness is

about 15% for soft contact and 23% for hard contact [82, 139]. Conservatively considering

a perceptual threshold of 15% for stiffness discrimination, the sets of (Td, DBP) pairs in

Fig. 3.14(a), 3.14(c), 3.14(e), and 3.14(g) that lead to impedance errors of less than 15% are

considered as the region of perceived transparency (RPT). The RPT boundaries of different
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control and compensation methods are illustrated in Fig. 3.15. The areas below the boundary

curves are the corresponding RPTs. The RPT of the PD+TDPA+EP method is larger than

that of the PD+TDPA and PD+TDPA+PDC methods. This indicates that the use of the EP

scheme improves the perceived transparency of the system for a linear spring environment.

The RPT of the PD+WV method is very similar to that of the PD+TDPA+EP method when

b is 25 Ns/m. Although the RPT will be larger for larger b values, system transparency is

degraded in free-space motion due to the additional wave inertia. For b = 3.5 Ns/m, the wave

inertia in free space is lower than for b = 25 Ns/m but according to Fig. 3.15, the RPT in

contact becomes much smaller.

In summary, the RPT in the considered scenario denotes the parameter space for which

the user cannot distinguish between the displayed stiffness and the environment stiffness.
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Figure 3.15: Boundaries of the region of perceived transparency for different control and
compensation methods. The three tested parameter sets for Sec. 3.3.2.2 are A (0 ms, 0.1), B
(20 ms, 0), and C (12 ms, 0.08).

3.3.2.2 Subjective transparency

Limitations of perceived transparency

The perceived transparency defines a perceptual quality metric from the point of view of

the displayed impedance. Additionally, the force jumps caused by the TDPA and the step

effects caused by the PD approach (see Figs. 3.6(d) and 3.8(d)) also lead to a distorted force

signal and degraded subjective quality. These artifacts are potentially perceivable even if

the current parameter set is in the RPT. For example, the experimental results presented in

[61, 65] showed that the low-amplitude, high-frequency vibration is perceivable (though very

small) when the DBP is 10% for negligible delays. This result corresponds to point A in

Fig. 3.15. In addition, according to a series of tests using the PD+TDPA+EP method, the

force signals corresponding to points B (Td = 20 ms, DBP=0) and C (Td = 12 ms, DBP=0.08)
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in Fig. 3.15 are perceptually distorted compared to the reference force signal (original envi-

ronment impedance) rendered for Td = 0 and DBP=0. The perceived distortion mainly comes

from the force jumps and vibrations. Therefore, besides the perceived transparency for the

displayed impedance, the artifacts on the force signals, such as jumps and vibrations, should

also be taken into account when evaluating the teleoperation quality.

Definition of subjective transparency

We present the concept of subjective transparency, which is different from the previ-

ously defined perceived transparency, to indicate that the user cannot perceive any difference

between the displayed signals and the reference signals in terms of stiffness, force jumps, vi-

brations, etc. A subjectively transparent teleoperation system achieves the best subjective

quality with respect to the reference signals.

Evaluation of subjective transparency

Subjective transparency defines the perceptual identity between the displayed haptic signal

and the reference signal. The reference signals rendered under the conditions of Td = 0 and

DBP=0 (denoted as Ref0,0) displays the original environment impedance. In the presence of

communication delay, however, a subjectively transparent teleoperation system with respect

to the original environment impedance cannot be achieved. This is because the delay is a

network characteristic, which we cannot tune. If delay exists, the TDPA (or other control

schemes) must be employed to ensure system stability. This leads to modified velocity and

force signals, resulting in perceivable artifacts such as large deviation on displayed stiffness or

force jumps.

One aim of the evaluation is to investigate how the use of the PD approach affects the

subjective quality of time-delayed teleoperation when it is combined with the TDPA. For given

communication delay Td, signals rendered under the condition Td 6= 0 and DBP=0 should be

used as the reference (denoted as RefTd,0). The reference RefTd,0 represents the practically

best possible haptic signals after controlling when no haptic data reduction schemes are used.

Note that the reference RefTd,0 varies according to different delays.

Figure 3.16 illustrates an example of the subjective quality as a function of packet rate

for different delays. Low packet rates lead to degraded subjective quality. The increase

of communication delay also degrades teleoperation quality. However, if delay exists, the

practically best possible haptic signals are those obtained with a stability-ensuring control

scheme when no haptic data reduction schemes are used, namely the reference points in

Fig. 3.16. In the presence of delays, the use of haptic data reduction schemes can introduce

distortion. However, at a certain level of packet rate reduction, due to the limitations of

human haptic perception, these distortions are not necessarily perceivable. The thresholds
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Figure 3.16: Hypothetical subjective quality measure as a function of communication delay
and packet rate. The subjectively best thresholds represent the lowest possible packet rate, at
which the system remains subjectively transparent with respect to the corresponding reference
signals.

that allow for the highest data reduction without distorting user perception (subjectively

transparent) for different delays are considered as the subjectively best thresholds.

Although the desired low packet rate and the targeted high subjective quality are con-

flicting objectives in teleoperation system design, considering the limits of human haptic

perception, however, slight distortions introduced by the PD approach are not necessarily

perceivable. With a proper DBP, a low packet rate and subjective transparency can be

achieved simultaneously.

3.3.2.3 Experimental evaluation

In this section, the subjectively best thresholds (the best perceptual thresholds of the DBP)

for given delays were determined experimentally, when the PD approach is combined with the

TDPA. Choosing DBP values below these thresholds reduces the packet rate while achieving

subjective transparency.

Results of two experiments are presented in this section. The first experiment aimed

to determine the thresholds of the DBP to achieve subjective transparency. The second

experiment compared the PD+TDPA+EP and PD+WV [145] methods in terms of subjective

preference for the DBP thresholds found in the first experiment.

The Geomagic Touch haptic device was used as the master. In order to avoid measurement

noise and control tremble of the slave robot, the slave and the remote environment were

designed in a virtual environment (VE). The experimental setup is illustrated in Fig. 3.17.

The VE was developed based on the Chai3D library (www.chai3d.org). A 1-DoF rigid wall

with a stiffness of 10000N/m was placed in the middle of the VE as the remote object on the

slave side. The controller and the dynamics of the virtual robot were designed as described

in Section 3.3.1.2. The experiments were conducted on a PC with an Intel Core i7 CPU and

8 GB memory.
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A. Experiment I: DBP thresholds

Setup and procedure:

The tested delays were time-varying with means of 0 ms, 25 ms, 50 ms, 100 ms, and 200

ms. The jitter was Gaussian distributed with standard deviations of 10% of the mean delays.

For each delay condition, the methods PD+TDPA+EP, PD+TDPA, and PD+TDPA+PDC

were tested. The DBP thresholds for each delay and each method were determined using the

simple up-down staircase method [33] with ascending and descending trials. In each trial, the

subjects tested two settings, one with the use of the PD approach (varying DBP values) and

the other one without (i.e., RefTd,0 with DBP=0). The subjects interacted with the virtual

wall by pressing on the surface and slowly varying the applied force. They were asked whether

they perceived the two settings to be the same or different. The orders of the two settings

and the delays were randomly selected. The initial DBP was 0 for the ascending case and 0.3

for the descending case. The minimum step size of the change on the DBP was 0.01.

Twelve subjects participated in the experiment. They ranged in age from 25 to 45 and all

were right handed. A headset with active noise cancellation was worn to isolate the subjects

from ambient noise. The subjects were provided with a training session. The experiments

started as soon as the subjects felt familiar with the setup and procedure.

Results:

The DBP thresholds for the three combination methods (PD+TDPA+EP, PD+TDPA,

and PD+TDPA+PDC) are presented in Fig. 3.18. The mean and standard deviation of the

thresholds across all subjects are listed in Table 3.1.

For a given delay and a certain combination of control and data reduction method, the

Virtual
wall

Visual feedback

Master device

network Virtual
Robot

velocity

force

Simulated in PC

VE

Slave
position

Figure 3.17: Experimental setup. The communication network, the slave (represented by
a haptic interaction point), and the virtual environment are simulated on a PC using the
CHAI3D library.
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Figure 3.18: Detected DBP thresholds (mean and standard deviation) of the three tested
methods across all subjects.

Table 3.1: Determined thresholds for the three tested methods across all subjects.
XXXXXXXXXXXdelay

method
PD+TDPA PD+TDPA+PDC PD+TDPA+EP

0 ms 0.073± 0.023 0.083± 0.020 0.107± 0.032

25 ms 0.041± 0.009 0.055± 0.021 0.114± 0.040

50 ms 0.043± 0.012 0.054± 0.019 0.105± 0.040

100 ms 0.034± 0.021 0.051± 0.026 0.112± 0.043

200 ms 0.041± 0.030 0.038± 0.021 0.113± 0.051

detected DBP thresholds of the 12 participants are not necessarily normally distributed, since

DBP=0 defines the lower bound and the distributions are hardly symmetric. This was verified

using the chi-squared goodness-of-fit test. Therefore, the Friedman test was performed on the

three combination methods for each tested delay. At the level of α = 0.01, a statistically

significant difference in the determined DBP thresholds of the three combination methods

can be reported for the tested non-zero delays: F25 ms = 9.54, p25 ms = 0.008; F50 ms =

11.29, p50 ms = 0.002; F100 ms = 10.79, p100 ms = 0.004; and F200 ms = 10.17, p200 ms = 0.005.

In addition, a post-hoc multiple comparison test was conducted to enable pairwise comparisons

among the three combination methods. The results show that the determined DBP thresholds

of the PD+TDPA+EP method are significantly different from the other two methods for the

tested non-zero delays. Between the DBP thresholds of the PD+TDPA and PD+TDPA+PDC

methods, no significant difference is found.

The statistical analysis above indicates that the PD+TDPA+EP method significantly in-

creases the DBP thresholds compared with the other two methods. Since higher DBPs lead to

a lower packet rate, the PD+TDPA+EP method is able to achieve higher data reduction rates
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Figure 3.19: Packet rates vs. deadband parameters for different delays in Fig. 3.14(d).
The packet rate in the gray area can be achieved using the determined mean DBPs of the
PD+TDPA+EP method for the tested delay.

compared to the other two methods. The data reduction rate is of about 80% as illustrated

in Fig. 3.19 by summarizing Fig. 3.14(d) and 3.18). Meanwhile, subjective transparency is

guaranteed. According to Fig. 3.14(b), 3.14(f), and 3.18, using the DBP thresholds of the

PD+TDPA or PD+TDPA+PDC methods, the data reduction can hardly achieve 80%.

B. Experiment II: Comparison

Setup and procedure:

One advantage of the PD+TDPA+EP method compared with the PD+WV method [145]

is the ability to deal with time-varying delays. In this experiment, we aimed to determine the

user preference between these two methods for the same DBPs. The wave impedance was set

to b = 3.5 Ns/m, as a compromise between the free-space motion and the contact.

The tested delays were the same as in the first experiment. The DBP thresholds deter-

mined in the first experiment were used for comparison. For each delay, the subjects tested

three conditions: the PD+TDPA+EP method, the PD+WV method (both with the same

DBP), and the zero delay reference with zero DBP (Ref0,0). Comparisons were made between

the first two methods in term of subjective preference, and they were also made between

the reference and the PD+TDPA+EP method and between the reference and the PD+WV

method in term of displayed impedance.

After each comparison, the subjects had to answer the following two questions: 1) which

method shows more similar impedance (stiffness) to the reference? and 2) which method do

you prefer considering both the free-space motion and the contact? Each comparison was re-

peated four times by each subject. The same subjects as in the first experiment participated

in this experiment.
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Results:

The results of the two questionnaires are shown in Tab. 3.2. For all tested delays, most of

the subjects responded that the PD+TDPA+EP method showed a more similar stiffness to

the reference if a delay exists. The PD+TDPA+EP method was preferred over the PD+WV

method. Most subjects suggested that even though the PD+TDPA+EP method introduces

irregular distortions (occasional force changes), the PD+WV method shows a larger iner-

tia and oscillation in free-space motion and a softer environment in contact. This is more

significant for large delays; therefore, all subjects voted for the PD+TDPA+EP method for

Td = 200 ms.

Similar to the first experiment, the packet rate highly depends on the user behavior.

According to Fig. 3.14(d) and Fig. 3.14(h), the same DBP values lead to a similar packet rate

for both methods. Nevertheless, the PD+TDPA+EP method is able to adaptively deal with

unknown delays and to gain better subjective quality and higher user preference.

Table 3.2: Results of the questionnaires for the second experiment. The remaining answers
in Q1 are ”both methods show similar impedance”.

Q1: impedance similarity

delay (ms) 0 25 50 100 200

PD+TDPA+EP 22% 69% 69% 79% 79%

PD+WV 27% 10% 22% 15% 8%

Q2: subjective preference

delay (ms) 0 25 50 100 200

PD+TDPA+EP 52% 86% 83% 96% 100%

PD+WV 48% 14% 17% 4% 0%

3.4 Discussion

Using the PD+TDPA+EP method, a major packet rate reduction is achieved without notice-

ably distorting the user perception. Compared to the PD+TDPA method, the EP scheme

allows for larger DBP thresholds and thus results in lower packet rates (Fig. 3.18). It is also

able to increase the output energy and improve teleoperation quality (Figs. 3.8, 3.14 and

3.15). This result, obtained from the numerical transparency analysis, is validated in the

experimental user study. There are a number of factors that additionally play a role for both

the teleoperation quality and packet rate reduction.

Delay variation and packet loss. As discussed in Sec. 3.2.2, packet loss or suddenly

increased communication delay leads to energy overestimation and potentially results in active

behavior. The main reason for this is that the increased delay or packet loss enlarges the
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duration of the prediction period and thus introduces overestimation of the energy. For low

packet rates, each transmitted packet is more important than that for high packet rates.

This means that the system more easily tends to non-passive behavior in the presence of

time-varying delay and packet loss, if it is operated at a low packet rate. In Sec. 3.2.2, we

introduce a scheme to limit the EP activation time. It is able to bound the overestimated

energy, reduce the probability of active behavior, and avoid the accumulation of the energy

overestimation. Experimental results show that this scheme can control the overestimated

energy and the active behavior into a limited range. System passivity, however, is not fully

guaranteed. More knowledge about the network characteristics can be helpful for further

improving the performance of the EP scheme.

Adaptive joint solutions. This work combines the PD and TDPA approaches to present

a joint solution for haptic data reduction in time-delayed teleoperation systems. This is not

the only joint solution, since other stability-ensuring control schemes such as the input-to-

state stability (ISS) method [79], the 4-channel TDPA [116], the power-based TDPA [153]

can be also combined with different haptic data reduction schemes such as the linear pre-

diction and reconstruction approach [62]. In general, high-quality teleoperation requires the

joint orchestration of control and communication approaches to cope with limitations such

as restricted transmission capacity, time-varying delay and random or burst packet losses.

Having adaptive control and communication approaches to implement teleoperation systems

is important, as they vary in their robustness towards certain network characteristics.

3.5 Chapter Summary

This chapter presents the combination of the PD approach with the TDPA to reduce the packet

rate over the communication network for time-delayed teleoperation. This approach allows

for a reduction of the haptic data using the original zero-order-hold deadband reconstruc-

tion approach, while preserving system stability in the presence of time-varying (unknown)

communication delays. The simple combination method (PD+TDPA, Section 3.1), however,

leads to conservative control behavior during communication interruptions due to haptic data

reduction. To address this issue, Sec. 3.2 proposes a novel energy prediction (EP) scheme to

adaptively predict the energy during communication interruptions and thus compensate for

the conservative control behaviors in the presence of haptic data reduction. Both objective

and subjective evaluation verify the feasibility of the combination methods. The evaluation

also compares the performance of different combination methods in terms of system trans-

parency, perceived transparency, and subjective transparency including the subjectively best

deadband parameters.

Here is a summary of the main conclusions:
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� The combination of the PD and TDPA scheme significantly reduces the haptic packet

rate while guaranteeing system stability. The EP scheme can additionally compensate

for the conservative behavior and improve teleoperation quality (both objectively and

subjectively) during communication interruptions for constant delay or time-varying

delay with small delay jitter.

� Independent of the combination methods, the deadband parameter has a dominant

influence on the packet rate, but limited influence on the system transparency. In turn,

the communication delay has a dominant influence on system transparency but limited

influence on packet rate.

� The use of the PD+TDPA+EP method is able to achieve an average data reduction of

about 80% while guaranteeing subjective transparency. The PD+TDPA+EP method

is preferred by subjects in the experiments compared to the PD+WV method from

literature.

� There are some open topics left for improving the performance of the proposed joint

solution. 1) The EP scheme can lead to energy overestimation and active behavior in

the presence of time-varying delays and packet loss. Although the active behavior is

limited, system stability is no longer guaranteed. 2) The EP scheme does not work

well when combined with the position drift compensation scheme for the two-channel

TDPA architecture. A 4-channel TDPA structure should be tested in this context. 3)

More joint solutions by combing different control and communication schemes need to be

studied (see Chapter 5). This is important to have adaptive control and communication

approaches for dealing with various network characteristics.





Chapter 4

Point Cloud-based Model-mediated

Teleoperation

In Chapter 2, model-mediated teleoperation (MMT) was identified as a promising approach

to simultaneously guarantee system stability and transparency for time-delayed teleoperation.

Due to the use of the local model, the dynamics of the slave and the deficiencies of the com-

munication channel do not influence the displayed impedance on the master side in contrast

to the passivity-based control schemes. MMT systems are able to fully and consistently dis-

play the slave environment to the operator on the master side in the presence of arbitrary

communication delays. In addition, a frequent update of the local model is unnecessary for

static or slowly varying environments. This means that the MMT system in principle does

not require the high packet rate (e.g. 1000 packets/s) explained in the previous chapters.

Therefore, the MMT approach has gained increasing interest in the recent years.

To ensure the superiority of the MMT approach over the passivity-based control schemes,

fast and precise environment modeling methods are required. The modeling methods need to

be applicable for complex environments and a variety of different tasks. In the literature, most

related work on MMT approximates the environment with a simple geometry for rigid objects

(e.g. a planar surface [103, 148]) or with simple physical models for deformable objects which

allow for non-frictional interaction only (e.g. the Hunt-Crossley model [56]). In most cases,

however, the geometric or physical properties of the remote objects are complex. A simplified

approximation is not sufficient for performing various tasks in complex environments, since it

leads to large deviations from the real environment and thus results in frequent model updates

and incorrect haptic rendering.

This chapter extends the state-of-the-art MMT approach to deal with complex environ-

ments in the presence of arbitrary communication delays, while guaranteeing system stability

and improved teleoperation quality. To this end, a point cloud-based model-mediated tele-

operation (pcbMMT) approach is presented in Sec. 4.1. A point cloud of the object surface

is captured to represent the surface geometry. The model mediation and force rendering are

73
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purely based on point clouds without using any explicit geometric model or 3D meshes. For

modeling deformable objects with frictional interaction, a radial function-based deformation

(RFBD) method is proposed in Sec. 4.2. This approach allows for real-time modeling of de-

formable objects using point clouds. A dynamic and perception-based model update scheme

is proposed in Sec. 4.3 to adaptively control the updating of the point cloud model and the

physical properties of the object by exploiting known limitations of human haptic perception.

As a result, perceptually irrelevant transmissions are avoided, and thus the packet rate in the

communication channel is substantially reduced. In Sec. 4.4, a passivity-based model update

scheme is developed to ensure the system stability during the model update on the master

side.

4.1 System Design

An overview of the proposed pcbMMT system is shown in Fig. 4.1. The depth images captured

by a 3D sensor are used to estimate the environment geometry. The corresponding physical

properties (impedance parameters) are estimated after the slave comes into contact with the

environment. Once the model parameters are obtained, they are transmitted to the master

side. An update controller dynamically controls the packet transmissions on both the slave

and the master side. On the master side, a local model is reconstructed based on the received

model parameters (environment impedance and point cloud data). The force feedback signal

is generated locally based on the point cloud model without noticeable delays.
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Figure 4.1: Overview of a point cloud-based model-mediated teleoperation system using a 3D
sensor.

4.1.1 Pre-processing

4.1.1.1 The 3D sensor and depth maps

To obtain the point cloud model, a 3D sensor is employed. For complex environments there

are always areas that cannot be scanned during approaching the objects because of occlusion
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and the limited field of view. Thus, the 3D sensor needs to capture the point cloud of the

object surface continuously during teleoperation.

The employed 3D sensor is a time-of-flight (ToF) camera (Argos RO3D-P100), which cap-

tures at a high frame rate (up to 160 fps) and operates at a more flexible work range (10 cm

to 5 m) compared to other 3D sensors, such as Microsoft’s Kinect and ASUS’ Xtion (about

50 cm to 3 m). The captured point clouds are organized and stored in matrices (depth maps)

with a size of 120x160 pixels. The captured depth maps are considered as gray-scale images

and thus image processing algorithms can be directly applied on the depth maps for noise

reduction, image inpainting, and compression.

4.1.1.2 Pre-filtering

The raw depth maps captured by the 3D camera are normally quite noisy, sometimes even

with missing parts (holes) due to an invalid work range or wrong reflection (see Fig. 4.2 left).

Therefore, pre-filtering is necessary for noise reduction and hole filling. In order to reduce

the computational complexity for the real-time environment modeling, simple standard image

filters are employed. Firstly, a 5 by 5 median filter is applied on each depth image to remove

outlier depth values. Then, a temporal per pixel average filter for every N frames is employed

to reduce the noise of the depth image (see Sec. 4.1.2.1 for more details about the value N). In

addition, an image inpainting method is employed to fill the holes in the depth image. Since

the purpose of using image inpainting techniques is to recover the missing parts rather than

providing a good visual quality, the simple and fast image inpainting algorithm described in

[107] is adopted. In this hole-filling algorithm, the missing regions in the depth image are first

extracted and marked. Then isotropic diffusion (convolution with matrices A and B) based

on the neighborhoods of the hole regions is applied inside the hole regions for several rounds.

The diffusion kernels suggested by [107] are as follows:

Figure 4.2: A depth image before filtering (left) and after filtering (right). The holes are filled
by the median, average and inpainting filters.
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A =


a b a

b 0 b

a b a

 and B =


c c c

c 0 c

c c c

 (4.1)

where a = 0.073235, b = 0.176765 and c = 0.125. After filtering, a low-noise depth image

is obtained without holes (Fig. 4.2 right).

Note that if there is a real hole on the object surface, the inpainting algorithm will fill it

by mistake. This is because we do not apply any detectors to distinguish between a real hole

and the missing part. To address this issue, more information such as the edge shape of the

hole should be collected and analyzed in order to make a correct decision.

4.1.1.3 Coordinate transformation

The acquired depth maps are expressed in local pixel coordinates. In order to build the 3D

point cloud model in world coordinates from the depth maps, 3D coordinate transformation

is employed. As illustrated in Fig. 4.3(a), the coordinate transformation is composed of three

steps: 1) from pixel coordinates to camera coordinates, 2) from camera coordinates to robot

tool coordinates (R1 and t1) and 3) from robot tool coordinates to world coordinates (R2

and t2).

In the first step, every pixel in the depth map described by the vector (u, v, d)T is trans-

formed into camera coordinates (xc, yc, zc)
T , where u and v are the pixel coordinates in rows

and columns and d is the depth value. An ideal pinhole camera model is adopted to apply this

transformation. As illustrated in Fig. 4.3(b), the transformation can be described as follows:

xc = (ox − v) · zc/fx, yc = (u− oy) · zc/fy, zc = d (4.2)

where fx and fy are the camera focal lengths in x and y directions, ox and oy are the pixel

shifts from the camera center.
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For the remaining steps from camera coordinates (xc, yc, zc)
T to robot tool coordinates

(xt, yt, zt)
T and then to world coordinates (xw, yw, zw)T , 3D rotations and translations are

applied as follows:

(xw, yw, zw)T = R2 · (xt, yt, zt)T + t2

= R2 · (R1(xc, yc, zc)
T + t1) + t2

(4.3)

4.1.2 Environment modeling

This is to estimate the geometry and physical properties for the remote object. The captured

point cloud can be directly used for describing the object surface geometry. For static and

rigid bodies with friction, the friction coefficient µ between the object surface and the robot

end-effector is the first important parameter to be estimated. Additionally, an estimation of

the stiffness value k is necessary. For rigid objects, k can be a very high value and represents

the stiffness coupling between the slave robot and the environment. Due to the communication

delay, initial values for k and µ are needed to be able to render the force signals on the master

side before the first estimated physical properties are received.

For deformable objects, the dynamics model of the surface deformation must be also

estimated in addition to the geometry and physical properties. The widely used multi-DoF

Mass-Spring Models (MSM) or Finite Element Models (FEM) are quite time consuming and

thus challenging for a real-time estimation. The RFBD method presented in Sec. 4.2 allows

for an online modeling of deformable surfaces described by point clouds.

4.1.2.1 Geometry modeling

The object geometry is continuously updated and transmitted to the master side, while the

slave is in free space. Thus, the master system can reconstruct a stable and precise 3D point

cloud model before the slave gets in contact with the remote environment. The update rate

of the object geometry is adaptively changed according to the slave velocity. For accuracy

reasons, higher slave velocity results in higher update rate. As the frame rate of the 3D

sensor is set to be 50 fps in our system, in order to balance the estimation accuracy and the

computational time, the maximal and minimal update rates of the object geometry are set to

be 25 Hz and 2 Hz, respectively. The update rate r as a function of the slave velocity vs is

selected as follows:

r = min{2 + ||vs|| , 25} (4.4)

where ||vs|| represents the value of the slave velocity (cm/s) but without unit.

According to Eq.(4.4), the update rate of the object geometry (point cloud) increases

with increasing slave velocity. The adaptive length N of the temporal averaging filter in
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Sec. 4.1.1.2 is computed as N = round(50/r), which means that N continuous frames are

taken to compute the surface geometry.

4.1.2.2 Physical properties

Friction coefficient (FC) µ

Three assumptions are made before the estimation:

1. The static FC is assumed to be the same as the dynamic FC.

2. The estimation is activated only when the robot velocity in the tangent direction of the

object surface vt
s is larger than a pre-defined threshold.

3. The FC value is the ratio of the measured tangential force f ts and the normal force fns

on the slave side:

µ = f ts/f
n
s , fns = 〈fs,n〉 , f ts = ||fs − fns · n|| (4.5)

Where 〈, 〉 denotes the vector inner product, fs is the measured slave contact force and n is

the estimated surface normal at the contact position (see Sec. 4.1.4 for more details about

surface normal estimation).

When the estimation is activated, the measured tangential and normal slave forces (sam-

pling rate 1 kHz) are recorded as an effective force-pair sample. The FC is computed based

on the last 100 effective force-pairs: µ̄ =
∑100

i=1 µi
100 .

Stiffness k

While interacting with a rigid object, the slave end-effector stays on the surface of the

object. The commanded (desired) slave position xd
s , however, can penetrate into the object

due to limited force that can be displayed through the master device. The position difference

between the slave end-effector xs and the desired slave position xd
s in the direction of the

surface normal is regarded as the penetration depth:

∆d = ||
〈
xs − xd

s ,n
〉
|| (4.6)

With the help of Hooke’s law, the stiffness k is computed as

k = fns /∆d (4.7)

Similar to the FC estimation, the last 100 effective (fns ,∆d) samples are collected to

estimate the k value. The stiffness estimation is activated if the normal force on the slave

side is larger than a pre-defined threshold, which implies a stable contact between the slave

end-effector and the environment.
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The RFBD method for modeling the dynamics of deformable surfaces using point cloud

is introduced in Sec. 4.2.

4.1.3 Model update

The two update controllers on the slave and master side play different roles.

On the slave side, it controls the transmission of the estimated model parameters (geome-

try and physical properties) and thus avoids excessive updating of model parameters. Instead

of sending every estimate, only those resulting in a significant difference in perception are

transmitted to the master. In the initial phase, the packet rate can be very high, since the

estimates vary rapidly. Once the estimates converge to the true values, there will be no up-

dates required. Thus, the system achieves zero transmission in the backward communication

channel. For real teleoperation systems, however, the estimates can vary over time due to

measurement error, natural tremble of human arm movement, etc. The designed updating

scheme should be robust to the parameter changes due to measurement error and should

be able to distinguish between the parameter changes due to noise and due to environment

changes. A dynamic and perception-based transmission controller for reducing packet rate in

the backward channel is presented in Sec. 4.3.

On the master side, the update controller is dedicated to provide a smooth and stable up-

dating from the currently applied model parameters to newly received ones. A sudden change

in the geometry or physical properties leads to system instabilities [149]. Thus, stability-

ensuring update schemes are required. A gradual update method, such as the IIR low-pass

filter method proposed in [149], is able to avoid sudden changes in the parameter updating

process. It cannot, however, guarantee stability during the model updates. Sec. 4.4 introduces

a passivity-based model update scheme to address this issue.

4.1.4 Point cloud-based force rendering

In order to render the interaction force based on the received point cloud model on the master

side, a point cloud-based haptic rendering (pcbHR) method is employed. Compared to the

traditional mesh-based rendering process, the pcbHR method can directly compute the force

signals without converting the point cloud into meshes, which reduces the computational

complexity. Previously proposed pcbHR approaches for rigid objects are described in [41, 91,

117, 118]. In order to apply a low-cost pcbHR method including friction rendering, this thesis

extends the pcbHR method by combining the approach in [117, 118] and the friction cone

method in [60]. As illustrated in Fig. 4.3, a proxy-HIP (haptic interaction point) method is

used to estimate the surface normal and render the force.
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Figure 4.3: The definition of the proxy (left) and the estimation of the surface normal as well
as master force (right).

4.1.4.1 Proxy states

Similar to [117], the proxy has three different radius ranges R1, R2 and R3. R1 and R2 are

used to detect collision while R3 is used for surface normal estimation. The gap between the

proxy radius R1 and R2 is chosen to be 5mm, which is just larger than the noise level of the

point clouds captured by the ToF camera. R3 is chosen sufficiently large to get a good surface

normal estimation. Three different proxy states are defined as follows:

� Free space: no points within R2

� In contact: there are points between R1 and R2, but no points within R1

� Entrenched: points within R1

4.1.4.2 Surface normal estimation

As suggested in [118], the surface normal is obtained by averaging all vectors which start from

the contact point and point towards the center of the proxy xp. Every time before the proxy

moves, the surface normal n is computed as follows:

n′ =
1

K

K∑
i=1

xp − xi

||xp − xi||
, n = n′/||n′|| (4.8)

where xi is the position vector of the point between the spheres defined by R1 and R3 (inside

of R3 but outside of R1).

4.1.4.3 Proxy movement

A modified proxy movement algorithm based on [117] is employed to enable friction rendering.

In the following, we define s as the proxy movement vector, d as the step size, and xm and

xp as the master HIP and proxy position, respectively. u = xm − xp denotes the vector
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which points towards the master HIP position from the proxy center and v = u−〈u,n〉
||u−〈u,n〉|| is the

surface tangent vector.

The proposed algorithm proceeds as follows:

� If the proxy is in free space, move it one step s = d · u. Direction: from the proxy to

the master HIP.

� If the proxy is entrenched, move it one step in the direction of n: s = d · n

� If the proxy is in contact with the object, a friction cone is computed based on the

estimated friction coefficient. Then (1) If the HIP is inside of the friction cone, the

proxy stays still (s = 0); (2) If the HIP is outside of the friction cone, move the proxy

one step s in the direction of v. The step size of s is computed such that after the proxy

movement the HIP stays just at the boundary of the friction cone [60].

4.1.4.4 Force rendering

The haptic signal is simply rendered at 1 kHz with a spring model between the proxy and the

HIP based on Hooke’s law:

fm = k · (xp − xm) (4.9)

4.1.5 Point cloud compression

In the pcbMMT system, the captured 3D point clouds are transmitted to the master side to

reconstruct a local virtual model. The transmission of the 3D point clouds, however, requires

a large data rate in the communication channel. To reduce the data rate, we transmit the

filtered depth map in the camera view (similar to a gray-scale image) along with the coordinate

rotation and translation parameters. Thus, the 3D model can be reconstructed in a lossless

manner on the master side with reduced data. However, directly transmitting the depth

images still requires a large bit rate. Considering a depth map of size 120x160 pixels and the

maximum update rate of 25 fps, the maximum required bit rate is 120 · 160pixel/frame ·
8bit/pixel · 25frame/s = 3.84Mb/s, which is still a quite large rate requirement. Therefore,

lossless H.264/AVC compression is employed to compress the depth maps.

,

4.2 Radial function-based deformation method for real-time mod-

eling of deformable objects using point clouds

In the MMT approach, an object model with unknown parameters is first selected to approx-

imate the remote environment. Then, these unknown parameters are estimated on the slave
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side and transmitted to the master in real time during the slave’s interaction with the remote

environment. On the master side, a local object model can be built according to the received

model parameters, and the force feedback signals are generated based on this local model

without noticeable delay.

Obtaining a precise model for complex deformable objects is a big challenge for the MMT

approach. Fortunately, it is not necessary to obtain the whole environment model. It is

sufficient to estimate a local model to approximate the area which the slave currently has

contact with. Once the local model no longer matches the remote object, the slave computes

a new model according to the current contact information, and a model update is triggered.

Online modeling of simple deformable objects for MMT systems is widely studied in the

literature. In [92], a single degree of freedom damper-spring model is employed to approximate

the environment. In [12, 56], a non-linear Hunt-Crossley model was employed to approximate

the remote soft object. The models used to describe the object’s surface deformation in these

work, however, are too simple. Deformation in their work is assumed only along the surface

normal vector without friction (no tangential deformation). For the modeling of complex de-

formable objects, the multi-degrees of freedom Mass-Spring Models (MSM) [138] or the Finite

Element Models (FEM) [35] are considered as the most popular methods, which are widely

investigated in soft tissue simulations [35, 36, 95]. However, an online parameter identification

for MSM and FEM methods is challenging due to the huge computational complexity [35, 36].

The challenge of real-time modeling for deformable objects is to balance the model ac-

curacy with the computational time for the parameter identification. This section presents

a radial function-based deformation (RFBD) method that allows for real-time modeling in

pcbMMT systems, while preserving the important properties of the deformable objects, i.e.

allowing for tangential deformation under frictional contact.

4.2.1 A model of deformable objects

The parameters of the object (deformable) model can be categorized into three parts: the

surface geometry, the physical properties and the dynamics of the surface deformation. The

choice of the object model is based on the following assumptions about the environment and

the pcbMMT system:

� The surface geometry is described by a 3D point cloud which is captured by a 3D sensor.

The point cloud contains no other information except its spatial position. All the points

are massless, rigid, and independent units without any spring connection (see Fig. 4.4).

� The physical properties of the object model are considered isotropic, including the stiff-

ness, damping factor, and surface friction. The static and dynamic friction coefficients

are considered to be identical.
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� The dynamics of the surface deformation are chosen based on the theory of elasticity

(Sec. 4.2.2), which should be sufficiently simple to enable online parameter identification,

but not so simple that model accuracy is significantly sacrificed.

(a) (b)

Figure 4.4: Comparison of the membrane deformation between the MSM and the proposed
approach. Both models use the proxy-HIP haptic rendering method. (a) The MSM model de-
veloped by CHAI3D (www.chai3d.org) with 100 mass balls and 180 springs. (b) The proposed
RFBD model with 150× 150 points.

Note that the object model does not necessarily need to exactly match the real object

in the remote environment, since the slave will update the estimated model parameters once

a model mismatch is detected. In addition, the quality of haptic signals is more important

than the quality of the visual deformation of the object model. This is because the visual

information displayed to the user comes from the live video, not from the virtual object model.

Thus, compared to the deviation of haptic signals, we have more tolerance for visual deviation

between the real object and the virtual model.

4.2.2 Radial function-based deformation

In the theory of elasticity, the surface deformation of soft objects under external pressure is

simply modelled as a contact problem between a rigid end-effector and an elastic half-space

[89]. According to the geometry of the contact area, the surface deformation can be described

by different radial functions with an infinite deformation area. Fig. 4.5(a) shows the defor-

mation of an infinite elastic half-space with a force applied to it at a single point. The precise

analytical solution of this problem given in [89] shows that the longitudinal displacement z is

proportional to the inverse of the radial distance r. According to this solution, the deforma-

tion at the contact position becomes infinite, which is impossible in our teleoperation system,

since the contact area between the slave end-effector and the object surface is more than a

single point. In addition, the deformation area on the object surface is infinite, which is too

complicated for the object modeling. Thus, we use a sixth-order polynomial radial function

with a finite deformation area to approximate the surface deformation of the object model. As

illustrated in Fig. 4.5(b), the longitudinal displacement of the object surface z as a function
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Figure 4.5: Longitudinal deformation of an elastic half-space with a force applied to a small
region. (a) The precise analytic solution (z ∼ 1/r), and (b) the sixth-order polynomial
approximation with finite deformation area. O denotes the collision position and xs is the
current slave position.

of the radial distance r can be described as:

z(r) =

c · (R
2 − r2)3 , r ≤ R

0 , r > R
(4.10)

where R is the radius of the deformation area depending on the material of the object. To

reduce the number of unknown parameters, we define that R is proportional to the maximal

longitudinal displacement zmax, described asR = n·zmax (n ∈ R+). c represents the parameter

of the model dynamics depending on the object materials, the force inputs, and the value of

R. Although there is a visible difference in the surface deformation between the real and

approximated models, it is acceptable if the haptic rendering is accurate, since the visual

information displayed to the user comes from the live video, and not from the virtual object

model.

4.2.2.1 Longitudinal deformation

The object stiffness, damping factor and dynamics parameter c can be estimated according

to the longitudinal deformation of the object surface. Normally, when a force is applied to

the surface of a deformable object, the relationship between the normal force fn and the

maximal displacement zmax at the contact point can be described as fn ∼ (zmax)p, where p

is a factor with a value between 1 and 2 in most cases [89, 114]. Thus, we use a second-order

spring-damper model to approximate the force-displacement relationship on the slave side:

f̂ns = k1 · zmax + k2 · z2
max + b · vns (4.11)

where f̂ns is the computed slave normal force based on this spring-damper model. vns are the

measured slave velocity in the normal direction. b denotes the damping factor. k1 and k2 are

the stiffnesses for the first and second order.
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A least-squares approach is employed to estimate the model parameters (k1, k2, b)
T based

on the known samples (zmax, v
n
s , f

n
s )T ,

(k1, k2, b) = arg min
(k1,k2,b)

∥∥∥fns − f̂ns ∥∥∥2

2
(4.12)

where fns is the real slave normal force measured by the slave robot. The velocity vns can

also be obtained by the slave robot. Meanwhile, we define a collision position O as the point

where a collision is detected on the object surface before deformation. Then, the displacement

zmax can be computed as the distance between the current slave position xs and the collision

position O: zmax = xs −O as illustrated in Fig. 4.5(b).

In addition, according to (4.10), the displacement at the contact position can also be

expressed as zmax = z(0) = c ·R6. Suppose a perfect model match as f̂ns = fns , and combined

with (4.11) we have

c =
−k1 +

√
k2

1 + 4k2(fns − bvns ))

2k2R6
(4.13)

Thus, the surface deformation of the object model can be uniquely determined using

the estimated physical properties and the applied contact force. On the master side, the

deformation of the object surface can be computed based on the master normal force fnm and

velocity vnm.

4.2.2.2 Tangential deformation

Due to the surface friction, lateral motions of the slave end-effector on the object surface cause

tangential deformations [114]. Applying a lateral force that is smaller than the maximal static

friction results in local dragging. This means that the tangential deformation of the object

surface is limited to a local area, while the contact point is stretched tangentially without

zmax

(a) (b)

(c) (d)
r sliding

zmax

r

Figure 4.6: The tangential deformation of the object surface approximated by shearing al-
gorithms. The blue and black lines represent the object surfaces before and after the cor-
responding tangential deformations. (a) Surface without tangential deformation. (b) Small
local dragging. (c) Critical local dragging. (d) Global sliding.
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sliding relative to the slave end-effector (Fig. 4.6(b)(c)). If the lateral force is larger than

the maximal static friction, the contact point between the end-effector and the object surface

is released, and a relative sliding occurs [114]. As illustrated in Fig. 4.6(d), we use a global

sliding of the deformation area to approximate this effect. This means that the deformation

area as a whole follows the end-effector’s motion on the object surface without further local

dragging. For the local dragging, we use a shearing algorithm to approximate it, which is

described as follows: 
x′

y′

z′

 =


1 0 s

0 1 s

0 0 1



x

y

z

 (4.14)

where (x, y, z)T and (x′, y′, z′)T are the same point in the deformation area on the object

surface before and after the local dragging. s is the shearing factor, which depends on the

applied tangential force and the physical properties of the object. Given the aforementioned

assumption of isotropic physical properties, the slave lateral force can be approximated as:

f̂ ts = k1 ·∆r + k2 · (∆r)2 + b · vts (4.15)

where f̂ ts is the approximated slave lateral force based on the force model. ∆r is the dragging

distance of the contact point. According to (4.14), ∆r can be expressed as:

∆r |z=zmax =
√

(∆x)2 + (∆y)2 |z=zmax

=
√

(x′ − x)2 + (y′ − y)2 |z=zmax

=
√

2szmax

(4.16)

Suppose a perfect model match as f̂ ts = f ts, combined with (4.15) and (4.16) we have:

s =
−
√

2k1zmax +
√

2k2
1z

2
max + 8k2z2

max(f ts − bvts)
4k2z2

max

(4.17)

Thus, using the estimated physical properties and the applied lateral forces, the tangential

deformation can be determined. On the master side, instead of f ts and vts, we use the master

lateral force f tm and velocity vtm to simulate the surface deformation of the object model.

Note that the surface friction coefficient µ = f ts/f
n
s can only be estimated when there is a

relative sliding between the slave end-effector and the object surface.

4.2.2.3 Haptic rendering

The pcbHR method as introduced in Sec. 4.1.4 is employed to render the force feedback signals

on the master side. Due to the simplicity of the object dynamics model, the haptic rendering



4.2. RADIAL FUNCTION-BASED DEFORMATION METHOD FOR REAL-TIME MODELING

OF DEFORMABLE OBJECTS USING POINT CLOUDS 87

te
ne

mf
mx

px
r

zmax

Friction
cone

Figure 4.7: Overview of the force rendering approach on the master side.

can run at 1 kHz while the deformation simulation can run at 100 Hz or even higher. As

illustrated in Fig. 4.7, the force generated on the master side can be expressed as:

f tm = kp(xm − xp) · ~et , and fnm = kp(xm − xp) · ~en (4.18)

where kp is the virtual stiffness between the master proxy and HIP. xp and xm are the positions

of the master proxy and HIP. ~et and ~en denote the tangential and normal vectors of the contact

surface computed by the point cloud. If the master HIP is in the friction cone determined by

the position of the master proxy and the surface normal, the tangential deformation of the

object surface is limited to a local dragging. Otherwise, it becomes a global sliding.

4.2.3 Feasibility Evaluation

The RFBD method was evaluated for different interactions. The SensAble PHANTOM Omni

haptic device with CHAI3D library was used for the evaluation. The simulated environment

contained a simple 3D membrane composed of 150 by 150 points placed in the z = −0.1 plane

with a surface normal of (0, 0, 1)T . All the programs ran on a 3.33GHz Intel® Core(TM) i5

desktop PC with 4GB RAM.

The results of the longitudinal and tangential deformations are shown in Fig. 4.8. We

assume that a proper online parameter estimation scheme is adopted and the physical prop-

erties of the virtual membrane are already known (set as fixed values). Changing the ratio

between the deformation radius R and the maximal longitudinal displacement zmax leads to

different visual deformations of the object surface. Fig. 4.8 shows the surface deformation in

side and top views for the values of R : zmax = 3 : 1 and R : zmax = 6 : 1.

During the interaction, the master position and force signals were recorded. As illustrated

in Fig. 4.9, at time t1 the master HIP makes contact with the membrane, leading to an increas-

ing z-directional force. At t2, a lateral motion starts, resulting in a tangential deformation and

an increasing x/y-directional force in amplitude. At t3, the lateral force reaches the maximal
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(a)

(b)

Figure 4.8: Side and top views of the surface deformation. The blue and white spheres repre-
sent the master proxy and HIP. (a) R : zmax = 3 : 1. (b) R : zmax = 6 : 1. Please refer
to http://www.lmt.ei.tum.de/forschung/projekte/prohaptics.html#demos/videos for more
video demos.

t1 t2 t1 t2t4 t4t3 t3

Figure 4.9: Position and locally rendered force signals of the master HIP during its interaction
with the membrane.

static friction of the object surface. Thus, a global sliding occurs, and the lateral force stays

equal to the surface dynamic friction. After t4, the contact is released.

In addition, the online parameter identification described by (4.12) is tested with the help

of the GSL linear algebra library (http://www.gnu.org/software/gsl/). The computational

time for estimating the physical properties (k1, k2, b)
T with 100 samples (zmax, v

n
s , f

n
s )T is less

than 1 ms, which achieves the requirement of real-time estimation.

The evaluation results show that the RFBD method is able to approximate the surface

dynamics of deformable objects under frictional contact. The model parameters can be es-

timated in real time. With convergent and precise estimation, the RFBD method provides



4.3. SLAVE UPDATE CONTROLLER: DYNAMIC AND PERCEPTION-BASED MODEL

UPDATE 89

stable force rendering. Note that the radius of the deformation area (denoted as R) is man-

ually chosen in our experiment. However, this value represents a certain physical property

of the object material, which could couple with other physical properties such as stiffness,

tension applied to the surface, etc.

4.3 Slave update controller: dynamic and perception-based model

update

A model update on the slave side includes the transmission of object geometry and impedance

parameters (physical properties). During teleoperation, a continuous updating of the model

parameters (object geometry and physical properties) is necessary to ensure high system trans-

parency. For each update, the latest estimated parameters are transmitted back to the master

side and the local model on the master side is updated accordingly. Although the packet rate

in the backward channel is not necessarily 1 kHz for slowly varying or static environments,

excessive updating of model parameters also leads to high packet rate and increases commu-

nication load. As discussed in Sec. 2.3.2.2, both the reduction of the estimation rate and the

selected transmissions can reduce the packet rate in the backward communication channel.

This section presents a perception-based update scheme to selectively transmit the estimated

model parameters.

4.3.1 Updating the object geometry

The geometry parameters are updated when a significant geometry mismatch, e.g., a position

difference, is detected. The geometry parameters depend on the adopted environment model.

For example, if a plane model is employed, the geometry parameters are the plane normal and

the plane position. If a spherical model is employed, the geometry parameters are the sphere

center and the radius [7]. However, a simple geometry model cannot accurately approximate

complex environments. This leads to a large model mismatch and results in frequent model

updating.

The use of point clouds in the pcbMMT system avoids frequent model mismatch in geom-

etry parameters. The update of the environment geometry is activated while the slave is in

free space. The captured object geometry (point cloud) is directly encoded and transmitted to

the master. The geometry updates are deactivated once the slave is in contact with the envi-

ronment. This is to avoid sudden geometry model changes during the slave’s interaction with

the environment and to thus ensure a stable exploration. The switch signal is triggered by the

measured environment force. If the measured environment force is larger than a pre-defined

threshold, the slave is considered to be in contact state. Otherwise, it is in free space.



90 CHAPTER 4. POINT CLOUD-BASED MODEL-MEDIATED TELEOPERATION

If the local model is accurate for the current interaction area, the proposed geometry

updating scheme allows for stable exploration. However, the slave could try to touch the en-

vironment where no point cloud model is available. This happens for instance if the workspace

of the master/slave is larger than the field of view of the 3D sensor. This leads to a model mis-

match between the slave and master and results in unpredictable distortion. On the master

side, as there is no valid point cloud model, the force feedback is zero, while on the slave side

the slave end-effector could be still in contact with the object. Extrapolation of the current

model across the model boundaries can be a solution. However, once a large force/position

difference is detected or the position command exceeds the model boundary too much, the

user is asked to stop the exploration and command the slave back to free space. Thus, the

geometry updating is activated again and new point cloud data is captured according to the

current sensor view.

The captured object surface geometry can be also described and transmitted using trian-

gular meshes. Point clouds are preferred over the triangular meshes for two reasons. First,

the pcbHR method, compared with the mesh-based rendering [158], can provide similarly

high quality haptic feedback using a simpler and faster collision detection scheme [117, 118].

In addition, if the surface point cloud is captured and streamed in real time, the use of

point cloud-based transmission and haptic rendering saves computation time for meshing and

collision tree (bounding box) creation.

To verify this, an experiment is conducted to test the time needed for meshing and

bounding-box creation for a spherical model. The fast meshing algorithm proposed in [101]

(source code from pointclouds.org/documentation/tutorials) and the axis-aligned bounding

box (AABB) algorithm (source code from www.chai3d.org) are adopted for this test. This

test is run on a PC with Intel(R) Core(TM) i5 CPU, 3.33GHz, 4G RAM. The results are

shown in Table 4.1.

Dataset points mesh time for time for

meshing AABB

Sphere 1 4034 7288 75 ms ± 20 ms ca. 1 ms

Sphere 2 16258 31652 400 ms ± 110 ms ca. 30 ms

Table 4.1: Computational time of meshing and bounding-box creation for a spherical model
with two different resolutions.

According to Table 4.1, real-time meshing of geometry is challenging. The maximum up-

date rate of the meshes is only 1000ms/75ms ≈ 13.3 frames/s for the low resolution spherical

model, and 1000ms/400ms ≈ 2.5 frames/s for the high resolution spherical model. However,

the resolution of a normal 3D sensor can be even higher than that of the tested model, e.g.,

120× 160 points as discussed in Sec. 4.1.1.1. The 3D sensor captures many more points than
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the tested model and consequently results in more time for meshing and AABB creation.

Therefore, transmitting meshes for describing environment geometry is quite difficult.

4.3.2 Updating the physical properties of the objects

For a typical teleoperation system, the haptic signals in the backward channel are transmitted

at a rate of 1 kHz. This packet rate can be significantly reduced by applying the PD approach

as proposed in [62–64, 69, 134, 135]. For the pcbMMT system, the same approach can

be employed to reduce the packet rate in the forward channel where the velocity signals

are transmitted. For the transmission of the estimated physical properties in the backward

channel, a similar concept can be adopted. Instead of sending every new estimate of the

physical properties, only the values which could result in significantly different perception

during the user’s exploration will be transmitted back to the master. Based on the PD

approach, an update is triggered if the difference between the locally rendered master force

and the measured slave force is larger than the JND. Triggering updates based on the force

JND have some drawbacks, since there are only two choices to obtain the master force on

the slave side: (1) Transmit the master force to the slave in the forward channel. (2) Render

the force from a local model on the slave side based on the physical properties of the object

transmitted to the master. The former method works poorly with increasing communication

delay, as the slave receives the master force only after a round-trip delay (Td). During the

round-trip period, the measured slave force and the received master force on the slave side,

however, are still mismatching. This results in unnecessary updates and leads to high packet

rate in the backward communication channel. The latter method does not suffer from this

effect. Yet, it is resource consuming. The whole force rendering algorithm needs to be run at

1 kHz on the slave side in order to simulate the local master force without delay.

An alternative way to selectively transmit the model parameters is to apply JNDs directly

to the estimated impedance parameters. If the difference between the current estimate and

the most recently sent one is larger than the JND defined by Tab. 2.2, an update is triggered.

The difference can be in terms of stiffness, damping, friction coefficient, etc. Compared with

the use of only the force JND, this method requires more JNDs for the update decision.

However, force rendering is not needed on the slave side, which saves computational resources

of the slave system.

If the physical properties of the object are perfectly estimated by the modeling algorithm,

there will be no updates required and thus the system achieves zero transmission in the

backward communication channel after the initial model transfer. For a real teleoperation

system, however, this is impossible. Various factors like noise, human behavior, field of view

etc., affect the model completeness and accuracy. Therefore, we expect a certain but not

extremely high packet rate reduction while the pcbMMT method is employed.
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Figure 4.10: (a) Estimated stiffness values. (b) Estimated damping values. (c) Packet rate
vs. time.

An experiment is conducted in simulation to evaluate the feasibility of the perception-

based packet rate reduction scheme in the presence of measurement noise and environment

changes. The environment is a 1D spring-damper model with an initial stiffness of 200 N/m

and an initial damping of 10 Ns/m. A sinusoidal excitation with a frequency of 0.1Hz is used

as the input position signal. The self-perturbing recursive least squares (SPRLS) method

[110] is used to estimate the impedance parameters (stiffness and damping). At time t = 2s,

the environment stiffness changes to 350 N/m. At time t = 3.5s, the environment damping

changes to 20 Ns/m. The updating scheme based on the changes of the impedance parameters

is employed to control the data transmission. The JNDs for stiffness and damping are set to

be 23% and 34%, respectively, according to Tab. 2.2. In order to show the feasibility of the

selective transmission approach, the estimation rate is set to be 1 kHz. This means that the

environment impedance parameters are estimated every 1 ms. In practice, it is unnecessary

to apply such a high estimation rate for slowly varying environments.

The simulation results are shown in Fig. 4.10. The estimates converge quickly at the initial

contact and at the time when the environment changes. High packet rates are also observed

at these time periods (see Fig. 4.10(c)). After the estimates converge to the true values, JNDs

are not violated and thus no further updates are triggered.

4.4 Master update controller: passivity-based model update

The main task of the update controller on the master side (see Fig. 4.1) is to ensure system

stability during the model updating phase. In the MMT systems, the local model must be

updated when the environment changes or novel, previously unseen parts are encountered.

During the model update, a sudden change of the model parameters leads to model-jump

effects and results in unpredictable motion and force. As an example, assume that a simple

spring model is used to approximate the remote environment. The model parameters are

the object stiffness and initial position. If the slave sends a stiffness update which is larger

than the previous one used by the master, and the local model is updated accordingly, a
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Figure 4.11: A sampled-data master system with a spring-damper model. θ̂ represents the
received model parameters, T is the sample period, and ZOH denotes zero-order hold.

suddenly increased force is displayed to the human user. If the user cannot adjust her/his

arm impedance quickly enough to follow (stabilize) this force change, an unexpected motion

occurs, which can cause dangerous slave behavior. Therefore, a smooth and stable model

update is required to mitigate this effect.

This section presents a passivity-based model update (PMU) method for a 3D spring-

damper environment model. System stability is guaranteed during the model update if the

PMU method is employed. Energy generated due to the changes of the model parameters

is dissipated through an adaptive damper element. The sampling effect of the haptic device

is also taken into account. The feasibility and performance of the proposed passivity-based

model update scheme is evaluated through simulations and subjective experiments.

4.4.1 Overview of master system with environment model

The human operator, the haptic device and the local model on the master side of the MMT

system composes the master system. The position/velocity signal of the haptic device is sam-

pled with a constant sampling period T (typically 1 ms), while the force feedback is converted

back to the continuous-time domain using a Zero-order Hold (ZOH) element. Figure 4.11

illustrates this sampled-date master system.

The received model parameters on the master side are applied to update the local model.

The local model should reflect the most important parameters of the remote environment,

but at the same time should not be too complex, otherwise the parameter estimation in real

time on the slave side becomes challenging. Since the object position, stiffness, and damping

are the most important parameters, in the following of this section we assume that a 3D

spring-damper model is adopted to approximate the environment. The model parameters

that need to be estimated and transmitted are the stiffness K = diag(kx, ky, kz), damping

B = diag(bx, by, bz), and initial position x∗.

The block diagram of the master system with a spring-damper model is illustrated in

Fig. 4.11. The haptic device is modeled as a mass-damper system ([11, 32]) with mass md
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and damping Bd = bdI3. The virtual environment (VE) is a spring-damper model, where K,

B and x∗ denote the object stiffness, damping, and initial position, respectively. All three

parameters could change during the model update phase. The effect of the human arm on

the system passivity is not taken into account, since it is unknown how the human operator

changes her/his arm impedance during the model update phase. Thus, the passivity is only

enforced in the part marked by the dotted green rectangle in Fig. 4.11. In addition, low

frequency inputs are also assumed, similar to [11, 59, 99]. This means that the sampling rate

of the system is substantially faster than the dynamics of the haptic device, human operator,

and virtual environment, so that the changes in force and velocity between two samples are

small.

4.4.2 Passivity condition

The system is passive if the energy storage Ws is smaller than the work input by the human

operator (denoted as Wh) between two samples from t = 0 to t = T , as shown in [11], where

the passivity condition for a 1D spring model with unchanging model parameters is derived.

Considering a spring-damper model with varying model parameters (stiffness, damping, and

initial position) in 3D space, the passivity condition can be derived in our case as follows.

The input work Wh within a sample period T is:

Wh = fTh (x1 − x0) = fTe (x1 − x0) + Ek +

∫ T

0
ẋTBdẋdt (4.19)

where Ek = 1
2md(||ẋ1||2 − ||ẋ0||2) denotes the change of the kinetic energy within a sample

period. The vector fe is the environment force in 3D Cartesian coordinates. x0 and x1 are

the device position vectors at the time t0 = 0 and t1 = T . The energy storage within a sample

period T is:

Ws = Ek + Ee = Ek +
1

2
(x1 − x∗1)TK1(x1 − x∗1)− 1

2
(x0 − x∗0)TK0(x0 − x∗0) (4.20)

where Ee denotes the change of the elastic potential energy within a sample period. x∗ is the

object’s initial position. K is the object stiffness matrix. The subscripts of K and x∗ denote

the corresponding time instants t0 = 0 and t1 = T .

The system is passive if Wh ≥ Ws. By eliminating the terms of the kinetic energy and

substituting the rendered environment force fe = K0(x0 − x∗0) + B0ẋ0 into (4.19):

[K0(x0 − x∗0) + B0ẋ0]T · (x1 − x0) +

∫ T

0
ẋTBdẋdt ≥ Ee (4.21)

where B0 is the object damping matrix at t = 0. The Cauchy-Schwarz inequality T
∫ T

0 ẋ2(t)dt >

(
∫ T

0 ẋ(t)dt)2 and the assumption of low frequency inputs (x1 = x0 + ẋ0T ) are used to simplify
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(4.21):

[K0(x0 − x∗0) + (Bd + B0)ẋ0]T(x1 − x0)

≥ 1

2
[(x1 − x∗1)TK0(x1 − x∗1)− (x0 − x∗0)TK0(x0 − x∗0)] +

1

2
(x1 − x∗1)T∆K(x1 − x∗1)

(4.22)

where ∆K = K1 −K0. Eq. (4.22) is the passivity condition for the model update. According

to (4.22), the change rate of the damping does not affect the system passivity. Thus, we

do not consider damping changes in the following analysis, and assume that B0 = B =bI3 is

constant. To simplify the analysis, we discuss the change of stiffness and the change of the

initial position separately.

4.4.2.1 Stiffness update

Considering only stiffness changes, we assume that x∗0 = x∗1 = 0. Substituting this into (4.22)

leads to

ẋT
0 (Bd + B)ẋ0 ≥

T

2
ẋT
0 K0ẋ0 +

1

2T
ẋT
1 ∆Kẋ1 (4.23)

A more conservative condition by applying the passivity condition to each axis indepen-

dently (1D condition) can be derived as

bd + b ≥ k0T

2
+

1

2
(
∆k

T
)
x2

1

ẋ0
2 (4.24)

Comparing (4.24) to the passivity conditions derived in [11, 32], the term 1
2(∆k

T )
x21
ẋ0

2 is the

additional damping required to achieve system passivity following the increase in stiffness,

while low frequency inputs are assumed.

Note that the damping of the haptic device and the environment are fixed during the

model update. We manually add an adaptive virtual damper α in the VE to keep the system

passive if the device and environment damping bd + b are not large enough (see Fig. 4.11).

Using an adaptive damping element to guarantee the system passivity is also adopted in [59]

for an environment with unchanging model parameters.

Rewrite (4.24) by considering α:

α ≥ k0T

2
+

1

2
(
∆k

T
)
x2
T

ẋ0
2 − bd − b, or (4.25)

k̇ =
∆k

T
≤ 2(α+ bd + b− k0T

2
) · ( ẋ0

xT
)2 (4.26)

Eq. (4.25) shows the lower bound of the extra damper α when the change rate of the

stiffness k̇ is known. Eq. (4.26) shows the upper bound of the stiffness change rate if the

damper α is known. Note that increasing the stiffness has a negative effect on the system

passivity. For decreasing stiffness, this is not a problem. The reason is that when increasing

the stiffness, energy is generated in the system. If the generated energy cannot be dissipated
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by the system damping during the model update phase, the system becomes non-passive.

Decreasing the stiffness reduces the energy stored in the system, and thus gains energy budget

for the system passivity.

To avoid an infinite damping design in Eq. (4.25) when ẋ0 → 0, the adaptive damping

α should be upper bounded. This leads to the system being non-passive when the device

velocity is close to zero. However, when considering the impedance of human arms, which

have a flexible and wide range of damping [71], the operator (human) contributes to make

the system more stable because of its own damping [50]. In other words, depending on how

the operator holds the device, energy that is generated during the parameter updates can be

dissipated by the additional damping of the human arm. Hence, the whole system including

the human operator is most likely still passive. A similar assumption, a small non-passive

behavior can be compensated by the additional damping of the human operator and the haptic

device, is also adopted in [59] for designing an adaptive damping element in an one-dimensional

unchanging environment.

4.4.2.2 Position update

A change of the initial position x∗ usually happens when the slave first gets in contact with a

new environment (object). Before the first contact, the object position can only be estimated

using vision sensors [148] or 3D sensors as presented in Sec. 4.1.2.1. After the contact, the

first contact position is regarded as the correct initial object position. The object surface

model can be represented by point clouds in a pcbMMT system. The position error of the

point cloud surface in the depth direction, which is supposed to be the slave’s approaching

direction, has a main influence on the contact force and system energy.

Considering only the change of the initial object position in the depth direction (slave’s

approaching direction), Eq. (4.22) degenerates to be one dimensional, where x∗ → x∗, ∆K→
∆k = 0 and K→ k:

2T ẋ0

k
[k(x0 − x∗0) + (bd + b+ α)ẋ0] + (x0 − x∗0)2 ≥ (x1 − x∗0 −∆x∗)2 (4.27)

where ∆x∗ = x∗1 − x∗0. If we suppose that the penetration is in the positive direction, which

means x1 − x∗0 ≥ 0, then a change of the initial position in the negative direction increases

the right part of (4.27) (energy generation), and thus jeopardizes the system passivity. An

upper bound of the position change ∆x∗ in each sample period in the direction of the negative

penetration is defined by (4.27), if α is known.
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Figure 4.12: Simulation results for a linear stiffness increase. (a) Device position. (b) Object
stiffness as a function of time. (c) The net energy output with and without the PMU method.
(d) Adaptive damping for system passivity.
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Figure 4.13: Simulation results for the initial position change in the slave’s approaching
direction. (a) The change of the initial position. (b) The net energy output w/ and w/o the
proposed PMU method. (c) Adaptive damping for system passivity.

4.4.3 Evaluation

4.4.3.1 Simulation Study

The proposed PMU scheme was first evaluated using simulation. The local environment was

a 3D spring-damper model with an initial stiffness of Kinit = diag(150, 50, 100)N/m and an

initial damping of B = diag(1, 1, 1)Ns/m. The initial position of the object model was at

x∗ = 0, and the penetration was in positive direction. The device mass and damping were set

to be md = 0.2 kg and bd = 0.5 Ns/m. During the simulation, the master received new model

parameters from the slave side and applied the update accordingly with or without the PMU
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scheme.

First only the stiffness changes were taken into account. The stiffness started to increase

at time t = 2 s with a fixed change rate ∆K
T = diag(0, 50, 20) N/(m·s), where T = 1 ms was

the sampling period. The final stiffness was set to be Kfinal = diag(150, 300, 200) N/m. In

addition, the value of the adaptive damping ~α = (αx, αy, αz)
T was unlimited.

Simulation results are illustrated in Fig. 4.12. The simulated human force fh is designed

to drive the device position being a sine wave in y and z directions (Fig. 4.12(a)). The

net energy output with and without using the proposed PMU method is computed as E =∫ t
0 fTh (τ)ẋ(τ)dτ , and shown in Fig. 4.12(c). For the case when using the PMU method, the

damping ~α is computed according to (4.25), and hence the net energy output stays non-

negative. For the case without using the PMU method, ~α is set to be 0. Obviously, without

using the PMU scheme, the net energy output quickly decreases to negative values (the system

is active) due to the stiffness increase.

The results of only updating the initial position are shown in Fig. 4.13. As discussed in

Sec. 4.4.2.2, the most important update of the initial position is in the slave’s approaching

direction. Thus, we design a change of the model’s initial position against the slave’s ap-

proaching direction (Fig. 4.13(a)), which generates energy in the system, and thus leads to

negative net energy output if the PMU method is not used (Fig. 4.13(b)). The device has a

sine-wave motion in the y-direction as in Fig. 4.12(a), and keeps still in the other two direc-

tions. An observation in Fig. 4.13(b) is that with the PMU method, the net energy output

does not reduce back exactly to zero. This is because the object position is changed towards

the negative direction, while we only control the device position back to zero, which leads to

energy storage in the system.

Note that the damping α in both the stiffness and position updates increases to a quite

large value once the device velocity is close to zero as illustrated in Fig. 4.12(d) and Fig. 4.13(c).

This is not feasible in a real MMT system. Therefore, the adaptive damping should be upper

bounded.

4.4.3.2 Subjective evaluation

A subjective experiment was conducted to evaluate the subjective quality of the two cases:

using or without using the PMU scheme. The experimental setup is shown in Fig. 4.14.

The local model on the master side was implemented in a virtual environment (VE) which

was developed based on the Chai3D library (www.chai3d.org). A Geomagic Touch (Phantom

Omni) was used as the haptic device. The local environment was a 3D dolphin with isotropic

physical properties. Its position, surface friction, and damping stayed constant during the

experiment, while its stiffness could change according to the received model parameters.

During the experiment, the subjects were asked to interact with the virtual dolphin in



4.4. MASTER UPDATE CONTROLLER: PASSIVITY-BASED MODEL UPDATE 99

Local
interaction

Model
update

VE

Figure 4.14: Experimental setup.

different ways: pressing, slow tapping, fast tapping. The interaction was repeated several

times for both cases: with or without the PMU scheme. One second after the first contact,

the VE received an update and the stiffness of the dolphin increases from initially 100N/m

to finally 500 N/m. With the PMU scheme, the adaptive damping was fixed to 5 Ns/m. The

stiffness update was thus based on (4.26) in each axis. Without the PMU scheme, the stiffness

increased linearly from 100 N/m to 500 N/m in 700 ms.

10 subjects participated in the experiment. Two questions were asked after the experiment:

1) Do you feel the stiffness change? 2) Only being concerned about the stiffness change, which

case feels more comfortable, with or without the PMU? Meanwhile, the stiffness update times

are recorded.

The experimental results are shown in Table 4.2. For question 1), all the participants

perceive the stiffness change. For question 2), 60% of the answers vote for the method

”with PMU”, and 10% of them prefer the scheme ”without PMU”, while 30% vote for

”no difference”. In addition, with the PMU scheme enabled, the average update time is

tupdate = 546ms ± 91ms, which has a comparable (average reduction of 22%) update time

compared to the method without the PMU. Subjects who prefer ”with PMU” are mostly

satisfied with the moderate force change during the model update. This is the benefit of using

the adaptive damper. Thus, we conclude that the proposed PMU scheme on the one hand

guarantees the system stability, on the other hand leads to a more comfortable model update

within a comparable update time, compared to the method without using the PMU method.

Table 4.2: Results of the subjective test.

with PMU without PMU

Preference 60% 10%

Average tupdate 546ms ± 91ms 700ms

Note that according to (4.26) the stiffness is not updated when the interaction velocity

is zero. Therefore, the update time of the PMU scheme strongly depends on the interaction

behavior. In this subjective test, the subjects keep moving the device during their interaction

with the environment, leading to a comparable update time, compared to the linear update



100 CHAPTER 4. POINT CLOUD-BASED MODEL-MEDIATED TELEOPERATION

Slave:
KUKA 
robot

Live video

Master: 
Omega.6

>20cm

(a)

A
B

Object 2
Object 1

(b)

Figure 4.15: (a) The setup of the teleoperation system. (b) The tested remote environment,
which consists of two objects, one is a horizontally placed book with a smooth hard cover and
the other one is a declining wooden plank. The green arrow from point A to point B denotes
the trajectory of the slave motion during the test.

method. Much longer update time are possible for other interaction behavior with the PMU

method. To avoid this issue, it is necessary to set a non-zero lower bound of the stiffness

update rate in addition to (4.26).

4.5 Evaluation of the pcbMMT system

This section presents experiments that evaluate the performance of the entire pcbMMT system

in terms of position/force tracking, packet rate reduction, and subjective experience*.

4.5.1 Setup

A Force Dimension RO Omega.6 and a KUKA Lightweight arm were used as the master and

slave devices (Fig. 4.15(a)). A JR3 force sensor (6 DOF force/torque sensor) was mounted at

the end-effector of the slave robot to measure the contact force. The measured force was auto-

matically calibrated and decoupled by the sensor SDK. Gravity, inertial forces were also com-

pensated in the force measurement. The Argos RO3D-P100 ToF camera was used to capture

the depth images. The measurement errors of the 3D sensor have been already compensated

by using a look-up table during the camera calibration procedure. Besides, a RGB camera was

used on the slave side to capture the video signals of the slave robot. The software environ-

ment was based on ROS (www.ros.org), the FRI library (cs.stanford.edu/people/tkr/fri/html)

and the SDK of Force Dimension.

As illustrated in Fig. 4.15(b), the remote environment is composed of two objects: a

hardcover book with a smooth surface (object 1) and a plank with a relatively rough surface

(object 2). Object 1 is placed horizontally on a hard base while object 2 is arranged with a

small slope and supported by foam boards. Therefore, during the experiment different stiffness

*Please refer to http://www.lmt.ei.tum.de/forschung/projekte/prohaptics.html#demos/videos for more
video demos.
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values and surface friction coefficients for the two objects are expected. The exploration

trajectory is illustrated in Fig. 4.15(b) with a green arrow. The slave robot is first commanded

to touch the point A, after the contact is stable, it is controlled to move across the two object

surfaces along the trajectory. At point B, the slave end-effector leaves the object surface.

During the exploration, the system estimates the object stiffness k as well as the friction

coefficient µ and triggers updates according to the changes of the estimates. The packet rate

in the communication channel is also recorded. The forward and backward communication

delays are set to be constant with Tf = Tb = 500ms.

4.5.2 Results

4.5.2.1 Position and force tracking

Figure 4.16 shows the measured position and force signals on both the master and the slave

side in world coordinates. The master position and force signals are shifted by the forward

communication delay Tf for easier comparison. Table 4.3 shows a summary of the slave status

based on its motion. Before t1, the slave is in free space and commanded to approach the

object 1. At t1, the slave gets in contact with object 1. Between t1 and t2, the slave end-

effector stays in contact with object 1 without moving. At t3, the slave reaches the boundary

of the two objects, which leads to a disturbed slave force, especially in Fig. 4.16(f). Between

t4 and t5, the slave stays on the surface of object 2 without moving. After t5 the slave

is controlled to leave object 2 and returns to free space again. Between t2 and t3, since the

slave is moving on the surface of a horizontally placed object, the force in z-direction is mainly

affected by the penetration depth and the environment stiffness, while the forces in x-direction

and y-direction are caused by surface friction. Between t3 and t4, the slave is in contact with

a declining object. Therefore, the force signals in all three directions have influence on the

estimation of the object stiffness and friction coefficient.

The estimated stiffness and friction coefficient values are shown in Fig. 4.17. The time

period between t1 and t2 is considered to be a time buffer to enable a stable slave contact

Table 4.3: Slave status during the operation.

Time Contact Motion

0 ∼ t1 No Yes

t1 ∼ t2 object 1 No

t2 ∼ t3 object 1 Yes

t3 ∼ t4 object 2 Yes

t4 ∼ t5 object 2 No

t5 ∼ No Yes
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t1 t2 t4 t5t3

(a)

t1 t2 t4 t5t3

(b)

t1 t2 t4 t5t3

(c)

t1 t2 t4 t5t3

(d)

t1 t3t2 t4 t5

(e) (f)

Figure 4.16: Experimental results. (a)(c)(e) the master and slave position in x, y and z
directions, respectively. (b)(d)(f) the locally rendered master force and the remotely measured
slave force in x, y, and z directions, respectively. The yellow region in (f) represents the 10%
deadband with respect to the master force.

before obtaining the effective physical properties. In the periods t2 ∼ t3 and t3 ∼ t4 the system

measures the stiffnesses k1 and k2, and friction coefficient µ1 and µ2 for the two objects. The

mean and standard deviation (Std.) values of the estimated physical properties are shown in

Tab. 4.4. Since object 2 is supported by foam boards, which are softer than the base of object

1, the estimated stiffness of object 2 is lower than for object 1. In addition, the estimated

friction coefficients between the two objects are also different due to the different surface
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smoothness of the two objects. A statistical analysis shows that significant differences exist

for the estimated stiffnesses and friction coefficients (T-test p < 0.01, Ranksum test p < 0.01).

Thus, the pcbMMT system successfully detects the different physical properties for the two

objects. In addition, after time instant t2 in Fig. 4.17(b), a peak for the friction coefficient

is detected, which is caused by static friction before the end-effector’s stable sliding over the

surface (dynamic friction).

Note that between t1 and t2 the measured stiffness value changes rapidly, while the master

force does not change as quickly. According to the master update controller (Sec. 4.4), the

stiffness value on the master side is not immediately updated once a new update arrives.

Instead, it is altered smoothly and gradually based on the master’s motion. Between t2 and

t4, the slave contacts with the objects stably (except at the time around t3). Thus, the

estimated model parameters (stiffness and friction coefficient) of the remote objects are stable

too. From Fig. 4.16(f) we observe that once the contact is stable, the difference between the

locally rendered master force and the remotely measured slave force are almost smaller than

10% (the yellow region in Fig. 4.16(f)). According to the limits of human haptic perception,

the user can hardly distinguish the difference between the master force and the slave force,

which implies that the estimated environment model is sufficiently accurate and the system

is perceptually transparent.

Table 4.4: Mean and standard deviation of the estimated stiffness values and friction coeffi-
cients for the two objects.

k1 k2 µ1 µ2

mean 1410 N/m 870 N/m 0.108 0.214

Std. 140 N/m 180 N/m 0.014 0.018

t1 t3t2 t4 t5

(a)

t1 t3t2 t4 t5

(b)

Figure 4.17: (a) Estimated stiffness. (b) Estimated friction coefficient.
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4.5.2.2 Data reduction

The achieved data reduction includes the compression of the point cloud model and the

reduction of the update packet rate for the physical properties of the objects.

To evaluate the point cloud compression, a total of 40 filtered depth images are recorded

during a 5-second slave movement in free space, which includes the slave statement of still, slow

motion (< 5cm/s) and rapid motion (up to 20cm/s). The lossless H.264/AVC compression

algorithm with IPPP... GOP (group of pictures) structure is applied, where the I frame period

is 10. The results are shown in Tab. 4.5. Due to the GPU acceleration, the compression time

of the depth images is negligible compared to the communication delay. Even for the worst

case (25 Hz update rate), the maximum required bitrate in the communication channel is still

moderate (3.85 kB · 8 · 25 Hz = 770 kbps).

The update packet rate vs. time is shown in Fig. 4.18. The DBP is 0.23 for the stiffness

and 0.1 for the FC. High packet rates are observed at t1, t2, t3 and after t4. At t1, the slave

first gets in contact with object 1. The system starts to estimate the stiffness of object 1.

Since the estimated stiffness is significantly different from the initial one, new updates are

triggered. At t2, the slave starts to slide across object 1, and thus, the friction estimation is

activated and the estimated friction coefficients are transmitted to the master for updating

the previous value. At t3, the slave is moving across the boundary between object 1 and

object 2. Due to the disturbed slave force (Fig. 12(f)), the estimated physical properties are

varying intensely, resulting in a large number of updates. After t4, the slave starts to leave

object 2. The drastic change of the estimated stiffness results in a high packet rate.

During the contact time period (t1 ∼ t5), the total average packet rate is 103 packets/s,

which shows a packet rate reduction of about 90% in the backward communication channel

compared to the uncompressed rate (1000 packets/s).

4.5.3 Subjective test

A subjective experiment was conducted to additionally evaluate the system transparency.

Before the experiment, the live video of a 10-second-teleoperation was recorded. During

teleoperation, the slave and master force signals were also recorded after the system estimates

a stable environment model. During the experiment, the recorded video along with the

slave/master force signals were replayed to the subjects. The subjects were asked to focus on

Table 4.5: Frame size and compression time for the depth images of the point cloud model.

Mean max. min.

frame size 3.36kB 3.85kB 2.74kB

compression time 1.7ms 3ms 1ms
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t1 t5t3t2 t4

Figure 4.18: Packet rate for transmitting the physical properties in the backward channel
during the teleoperation.

the force feedback while watching the replayed video. All subjects were trained until they felt

comfortable with the experimental setup and the task.

The experiment was composed of 6 trials. In each trial, two force signals (either slave-

slave force, slave-master force, or master-master force) were displayed to the subjects and

the subjects needed to answer whether they feel any difference in the quality of the two force

signals. In four of the total six trials the slave-master force signals were displayed, while in the

remaining two trials the slave-slave forces and master-master forces were displayed. A subject

was considered to fail to distinguish between the slave and master force signals, if she/he gave

the answer ”no difference” more than twice in the four trials where the slave-master force

signals are displayed.

10 subjects participated in the experiment, ranging in age from 25-44, all right-handed.

The experimental results for each subject are illustrated in Fig. 4.19.

Nine out of ten subjects give the answers ”no difference” more than twice when the slave-

master force signals are displayed, which means 90% of the subjects fail to distinguish between

the remotely measured slave and locally rendered master force. Therefore, we conclude that

the slave force is perceptually identical to the master force and the pcbMMT system is thus

perceptually transparent for the tested scenario.

4.6 Discussion

As discussed in Chapter 2, the design of a reliable MMT system encounters three challenges:

environment modeling, data transmission, and system stability in the transition states. The

pcbMMT system presented in this chapter extends the state-of-the-art MMT method to be

able to deal with complex environment geometry. Corresponding perception-based data trans-



106 CHAPTER 4. POINT CLOUD-BASED MODEL-MEDIATED TELEOPERATION

Figure 4.19: Results of the subjective experiment. We only count the numbers of the ”no
difference” answers when the slave-master force signals are displayed.

mission and passivity-based model update schemes were developed to guarantee the efficiency

and stability of the pcbMMT system in the transition states. These schemes address some of

the MMT challenges for special scenarios and teleoperation settings. To adapt for different

environments, network conditions, and teleoperation tasks, the pcbMMT system needs to be

further studied.

4.6.1 Modeling of complex environments

The current pcbMMT method is not capable of dealing with movable objects in a 3D envi-

ronment. For modeling movable objects, the complete model dynamics, including the object

mass, friction, free motion, rotation behaviors, etc., need to be taken into account. This is

too complex to be described and modeled in real time. One of the major questions relates to

the extent to which the applied model can differ from the actual environment such that the

MMT system is still operated stably and efficiently. In other words, either simple or complex

models can be adopted to approximate the environment. The former one is easy to apply on-

line but leads to large model mismatch and frequent model update (high packet rate), while

the latter one provides a precise approximation (less frequent update) but is challenging for

real-time estimation. The RFBD method presented in Sec. 4.2 studies the possible trade-off

between model accuracy and model complexity. In general, the RFBD method enables online

parameter estimation for deformable models by means of degraded physical accuracy. How-

ever, it is still unknown to which extent the employed model can be physically inaccurate but

perceptually plausible. Future studies in this direction should focus on developing low cost

and perceptually plausible models for deformable and movable objects.
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4.6.1.1 Model estimation on the master side

One issue of using precise but complex model for approximating the environment is the com-

putational load on the slave side, since the model estimation is running in real time at the

slave system. An alternative structure for MMT is to place the model estimator on the master

side. Similar structures are employed in [30, 92, 146]. In this case, the data exchanged over

the network are the haptic signals (motion and force), and not the environment parameters.

This structure reduces the computational load on the slave side. However, the slave position,

velocity and force signals need to be continuously transmitted to the master, to ensure the

accuracy of the online parameter estimation. Even in the case of constant contact force, sig-

nals still need to be transmitted, as a constant slave contact force does not mean that the

estimation on the master side already converges. This alternative MMT structure can be

used for example for ground-space teleoperation systems in which the computational capacity

of the slave computer is limited by weight or cost restrictions, but communication quality is

guaranteed by sufficiently high communication priority and capacity.

4.6.1.2 Non-parametric modeling

One of the prior conditions for environment modeling is that the environment model needs

to be approximately known. However, the environment model can be partially or completely

unknown if the slave enters an environment that is either new, has been changed, or has

been previously explored, but for which historical data is not fully available (e.g., due to

memory limitations). Although the environment model can be learned during teleoperation,

the learning duration is unpredictable. In this situation, it is difficult to employ any models

to approximate the environment; hence, non-parametric environment modeling methods can

be used. The task of non-parametric environment modeling is to directly identify the linear

or nonlinear input-output mapping of the slave-environment behavior which is independent

of the environment complexity. One of the non-parametric environment modeling methods is

the neural network-based (NN-based) online estimation [93, 94, 131, 132]. This method uses

the slave position, velocity and acceleration as the input, and the measured slave contact force

as the output. The aim of this method is to online train the NN weights to provide a precise

input-output mapping. The accuracy and convergence of the NN weights highly depend on

the design and training algorithm of the neural network.

4.6.2 Modeling of human behavior

Just as the environment can be modeled on the slave side, human behavior can be modeled on

the master side. The estimated model parameters of human behavior on the master side are

transmitted to the slave to guide the slave’s motion. The slave is thus not controlled by the

delayed master motion commands, but performs specific tasks in complete autonomy based on
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the received human behavior model. Similarly, if the model as well as the model parameters

can accurately approximate the user’s behavior, the slave can behave like a human user and

a complete skill transfer can be realized.

Modeling human behavior for MMT systems has not been studied intensively so far, since

human behavior is normally complicated (e.g., nonlinear) and time-varying during teleopera-

tion. It is difficult to model such a behavior in real time. A compromise is to use fixed and

predefined models to describe the motion of the human arm [115, 146], and to guide the slave

motion during teleoperation.

4.6.3 Selective transmission of model parameters

The perception-based dynamic model update scheme presented in Sec. 4.3 is able to adap-

tively transmit the estimated model parameters to reduce the packet rate in the backward

communication channel. There are two transmission schemes: model update is triggered 1)

based on the force JND between the computed master local force and the measured slave

force, or 2) based on the human JND of the impedance parameters. The former one is sim-

ple, but not adaptive to different teleoperation tasks and interaction. For example, in the

experiment of stiffness discrimination, the subjects are normally asked to press the materials

with varying forces and velocities. According to Table. 2.2, the force JND is only ca. 10%,

while the stiffness JND is about 23% for hard contact with a linear spring. This means that

a 20% stiffness difference is not perceivable, though this stiffness difference leads to a 20%

force difference. In this case, transmitting model parameters based on the stiffness changes is

preferable rather than based on the force JND. This indicates that the choice of the transmis-

sion scheme should adapt to the teleoperation tasks. For complex environments with multiple

impedance parameters, the update scheme should consider not only the task, but also the ef-

fects of the combination of different impedance parameters on human perception. Therefore,

model updates will be triggered according to the change of the model vector containing the

most important impedance parameters.

4.6.4 System transparency

A comprehensive study on system transparency for MMT is not available in literature.

For MMT systems in the steady state, system transparency depends on the accuracy of

the model estimation. The estimated model impedance Zest will be directly transmitted to

the master and displayed to the human user. Therefore, Equation (2.21) as discussed in

Chapter 2.4 can be used to measure the steady-state transparency.

For MMT systems in the transition state, system transparency is affected mainly by the

duration of the transition state. The duration Ttrans can be defined as a sum of the round-trip

delay TR, the convergence time of the parameter estimation Tconv on the slave side, and the
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duration of the model updating Tupdate on the master side:

Ttrans = TR + Tconv + Tupdate (4.28)

The smaller Ttrans is, the shorter the transition state lasts, and thus the less model mismatch

the MMT system has. Ideally, the duration of the transition state should be zero; thus, the

model mismatch in the transition state is avoided. However, this is impossible due to the

communication delay and the non-zero convergence time of the model estimation algorithm.

The use of a quickly converging estimation algorithm and a fast model updating scheme can

improve system transparency. However, too short of an updating time leads to model jump

effects and results in instability as discussed in Sec. 4.4. From this perspective, stability and

transparency become conflicting objectives.

In the transition state, the parameters of the local model are time-varying, leading to time-

varying displayed impedance. Frequency analysis of the displayed impedance cannot perfectly

describe the time-varying impedance. The time-frequency analysis methods such as the short-

time Fourier transform (STFT) can simultaneously analyze the time-frequency response. The

total transparency of MMT systems should be a combination of the transparency error in the

steady and transition states.

4.7 Chapter Summary

Environment modeling, data transmission, and system stability in the transition states are

the main challenges for MMT systems, which were studied in this chapter.

For the first challenge, this chapter presented a pcbMMT system that extends the state-of-

the-art MMT method for dealing with complex environments in the presence of communication

delays. The environment model is no longer approximated by simple geometry, but by point

clouds. The point cloud model is built with the help of a ToF 3D sensor (Sec. 4.1). During

teleoperation, the environment parameters (geometry and physical properties) are estimated

and transmitted back to the master side. The developed RFBD method allows for real-time

modeling of deformable objects while preserving the important surface deformation dynamics

(Sec. 4.2).

For the second challenge, a slave update controller was developed based on known hu-

man perception limits to reduce the packet rate and avoid excessive data transmission, while

guaranteeing subjectively high teleoperation quality (Sec. 4.3).

For the third challenge, a master update controller (passivity-based model update scheme)

was proposed to guarantee system stability during the model update on the master side.

Feasibility of the entire pcbMMT system was evaluated with a real teleoperation setup. By

exploiting the limits of human haptic perception, the proposed pcbMMT achieves a significant

haptic data reduction of about 90% for the tested scenario.
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Strengths and further challenges of the pcbMMT system were discussed at the end. In

summary, it can be stated that the pcbMMT approach has the benefit of being simultane-

ously stable and transparent for environments with complex geometry but relatively simple

impedance parameters. To adaptively deal with different environments and teleoperation

tasks, the pcbMMT system needs to be further studied. Here is a suggestion of future work

for the pcbMMT method.

� develop a more realistic point cloud-based deformable model, which might be physically

not accurate due to its low cost for online modeling, but is perceptually plausible for

human users.

� develop a dynamic slave model update scheme, which triggers transmission from the

slave to the master adaptively based on teleoperation tasks, environments, and the joint

changes of the most important model parameters as well as force.

� analyze system transparency for pcbMMT systems in the steady and transition states

and develop transparency metrics for measuring teleoperation quality.



Chapter 5

Toward Joint Optimization of

Communication and Control for

Networked Teleoperation

In Chapter 3 and 4, two different solutions for haptic data reduction in time-delayed teleoper-

ation systems are presented. To achieve significant haptic data reduction without degrading

system stability and transparency, the approach described in chapter 3 combines the TDPA

(with energy prediction) with the state-of-the-art perceptual deadband-based haptic data re-

duction approach (PD+TDPA+EP), while the approach in chapter 4 is based on an extended

MMT method using a 3D sensor (pcbMMT method) and combines it with the PD approach

based on the human JND of the estimated impedance parameters (denoted as PD+MMT).

Different control and communication approaches introduce different types of artifacts into

the system. Their performance varies between tasks (e.g. free space versus contact, soft

objects versus rigid surface, etc.), and they also differ in their robustness towards different

network quality of service (QoS) parameters. For example, the PD+TDPA method presented

in Chapter 3 introduces sudden force changes and displays environment stiffness softer than

it should be, when the delay is large. The pcbMMT system can provide high teleoperation

quality for large delays, if the model estimation is accurate. However, it can introduce ex-

cessive model updates which require high packet rate and disturb the display of the actual

environment impedance, especially, when the slave first interacts with the environment or the

applied model on the master side strongly mismatches the real environment.

Thus, the implementation of teleoperation systems using realistic communication networks

requires a more holistic view. Communication and control need to be optimized jointly to

achieve the best possible trade-off between system performance and QoS requirements. In

other words, the teleoperation system needs to adaptively switch between different control and

communication schemes according to the current QoS parameters so that system performance

is always guaranteed at the highest possible level. The system performance metrics can
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represent the quality of control (QoC), the quality of experience (QoE), the quality of task

(QoT) or QoS-related characteristics as illustrated in Fig. 5.1(a). Stability of the teleoperation

system is required for any joint solution. Transparency, as the most important performance

metric, can be described as the match between the impedance of the remote environment and

the impedance displayed to the human users [90]. Additional quality measures can represent

task dependent properties like position or force tracking errors, control and communication

induced artifacts like sudden discontinuities in the displayed force signals or communication

properties like the amount or burstiness of the generated traffic.

The system performance metrics are used to identify the best-suited control and com-

munication approach and their joint parametrization for a given QoS support offered by the

network. A hypothesis is that different joint solutions vary not only in their performance

for a fixed set of QoS conditions, but also vary in their robustness towards individual QoS

parameters (see Fig. 5.1(b)). Identifying the system performance for an offered QoS-level

is important to realize adaptive teleoperation systems that can cope with varying network

conditions, while still guaranteeing the best possible performance. To date, however, there is

neither a common understanding about the preferred control/communication approaches for

certain QoS parameters, nor generalizable results about the required QoS to achieve a certain

teleoperation quality.

This chapter aims to verify the hypothesis of Fig. 5.1(b) using an experimental case study.

System performance of the two joint solutions (PD+TDPA+EP and PD+MMT) is evaluated

in the presence of different QoS parameters (communication delays). The environment is

a simulated 1D non-linear soft object. The system performance is evaluated in terms of the

perceived transparency, the quality of experience, and the packet rate over the communication

channel. The experimental design and the analysis of the experimental results are presented

in Sec. 5.1. Factors that affect system performance as well as further research work toward

joint optimization of communication and control for networked teleoperation are discussed in

Sec. 5.2.

5.1 Experimental Case Study

To jointly optimize communication and control for networked teleoperation, the main question

should be answered first: whether an adaptive use of the joint solutions leads to better system

performance compared to the use of any single joint solution?

Typically, a high-quality teleoperation system should have superior performance in terms

of both objective quality (e.g. system control and system transparency) and subjective quality

such as task performance, quality of user experience, etc. Various factors, such as the tasks

the teleoperation system is performing, the QoS the network is offering, the local model that is



5.1. EXPERIMENTAL CASE STUDY 113

Human user

Experience (QoE) Task Performance (QoT)

Application

Control (QoC) Network (QoS)

(a)

Q
i

end-to-end delay

PD+MMTPD+TDPA+EP

best possible performance

(b)

Figure 5.1: (a) Various system performance measures can be applied to objectively compare
the quality of different control and communication approaches. (b) Hypothetical performance
measure for the previously proposed two joint solutions as a function of the end-to-end delay.

used to approximate the remote environment, etc., have influence on the system performance.

The influence is, however, quite different for various control schemes.

For example, as discussed in Chapter 3, the main artifacts of the PD+TDPA+EP method

are the sudden force changes caused by the passivity controller and the reduced system trans-

parency (softer displayed object stiffness) due to communication delay. Since communication

delay always exists in geographically distributed teleoperation systems, the aforementioned

artifacts are unavoidable if the TDPA is used as the control scheme. On the other hand,

as discussed in Chapter 4, the main distortions of the PD+MMT method come from the

model mismatch and the resulting model-jump effects. Note that the MMT method is able

to guarantee very high system performance that is hardly affected by communication delay,

if the applied local model perfectly matches the remote environment. In a real teleoperation

system, however, a perfect match is challenging due to the high complexity of or the limited

knowledge about the remote environments. Thus, the model mismatch in MMT systems is to

a certain extent also inevitable.

The experimental study in this section focuses on the subjective teleoperation quality.

The main artifacts and distortions of both joint solutions (PD+TDPA+EP and PD+MMT)

were taken into account. The tested scenario was an interaction with a 1D soft object with

non-linear properties. The performance of both joint solutions in the presence of difference

communication delays were evaluated subjectively in terms of the perceived transparency and

the quality of experience. The packet rate over the communication channel was recorded and

analyzed.

5.1.1 Experimental setup

The experiments were conducted in a virtual environment (VE) developed based on the

Chai3D library (www.chai3d.org). The Phantom Omni haptic device was used as the master,

while the slave in the VE was designed as a single haptic interaction point (HIP) with negli-
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Figure 5.2: Experimental setup. The communication network, the slave (represented by
a haptic interaction point), and the virtual environment are simulated on a PC using the
CHAI3D library.

gible mass. The network was simulated in a local PC. The VE contained a 1D non-linear soft

object, whose parameters were designed based on the Hunt-Crossley model [75]

fe =

Kx
n +Bxnẋ+ ∆f x ≥ 0

0 x < 0
(5.1)

where fe is the interaction force (environment force) and ∆f is the Gaussian distributed

measurement noise with a mean of 0 N and a standard deviation of 0.1 N. x denotes the

penetration (compressed displacement). Corresponding parameters are set as: K = 200 N/m,

n = 1.5, and B = 0.5 N/ms. For the PD+MMT method, a simple linear spring model

(f̂e = K̂x) was employed to approximate the environment. This leads to model mismatch and

excessive changes in the estimated model stiffness K̂ during interaction. The passivity-based

model update scheme introduced in Chapter 4.4 was applied to ensure stable model update

on the master side.

The whole experimental setup is illustrated in Fig. 5.2. The experiments were conducted

on a PC with an Intel Core i7 CPU and 8 GB memory.

5.1.2 Experimental procedure

The tested round-trip delays were 0 ms, 10 ms, 25 ms, 50 ms, 100 ms, and 200 ms. For

each delay, the subjects tested three conditions: the PD+TDPA+EP method, the PD+MMT

method, and the zero delay reference without using any control scheme. For the former two

tested methods (the two joint-solution methods), the DBPs for both the force and stiffness

were set as 0.1, while for the last one (the reference) the DBP was zero. The reference can

display the original environment impedance to the subjects and provides the best teleoperation

performance (uncompressed, non-delayed) for this system setup.

A summary of the most important parameter settings for the experiment is listed in

Tab. 5.1.



5.1. EXPERIMENTAL CASE STUDY 115

master Phantom Omni

slave virtual HIP with negligible mass

environment non-linear spring-damper model (Hunt-Crossley mode)

tested methods PD+TDPA+EP, PD+MMT, the reference

local model for PD+MMT simple linear spring model

tested delays (ms) 0, 10, 25, 50, 100, 200 (0 for the reference)

DBP 0.1 (0 for the reference)

Table 5.1: Parameter settings for the experiment.

The subjects interacted with the virtual object by pressing on the surface and slowly

varying the applied force (at about 0.3 Hz with a visual guide). Comparisons were made

between the two joint-solution methods and the reference in term of perceived transparency

and interaction quality. After each comparison, the subjects had to first answer the question

“which combination method shows more similar impedance (stiffness) to the reference”. To

quantitatively understand the difference of the two joint solutions in terms of subjective

quality, the subjects were asked to give a rating by comparing the interaction quality between

the two joint-solution methods and the reference. They should take all perceivable distortions

(e.g. the force vibration, the force jumps, the perceived stiffness jumps, etc.) into account

when evaluating the interaction quality. The rating scheme is based on Table 2.7. The

reference, designated level 5, is considered as the best performance. The reference signals

can be recalled at any time during the experiment. Each delay case was repeated four times.

The order of the tested delays as well as the order of the tested joint-solution methods were

randomly selected.

Twelve subjects participated in the experiment. They ranged in age from 25 to 33 and all

were right handed. A headset with active noise cancellation was worn to isolate the subjects

from ambient noise. The subjects were provided with a training session. The experiments

started as soon as the subjects felt familiar with the setup and procedure.

5.1.3 Results

5.1.3.1 Environment modeling for PD+MMT

Before discussing the results of the subjective evaluation, it is necessary to pay attention to the

modeling results of the PD+MMT method. Different from the PD+TDPA+EP method, in

which the communication delay has a dominant influence on system performance, the modeling

accuracy is the key factor that affects system performance of the PD+MMT method. This

means that once the applied model in the PD+MMT method is fixed for a static or slowly

varying environment, the teleoperation quality degrades slowly with increasing delay.
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Figure 5.3: Measurements of the position and force signals and the estimated stiffness for
the PD+MMT method. (a)(b) The master and slave position signals for 10 ms and 100 ms
delays. (c)(d) The master and slave force signals for 10 ms and 100 ms delays. (e)(f) The
estimated, transmitted, and applied stiffness values for 10 ms and 100 ms delays.

As an example, the measurements of the position, force, and estimated stiffness for delays

of 10 ms and 100 ms are shown in Fig. 5.3. For both delays, similar master position inputs

lead to similar force signals and parameter estimates. For the PD+TDPA+EP method, the

force signals in the presence of 10 ms and 100 ms delays are illustrated in Fig. 5.4. Significant

differences between the force of 10 ms delay and the force of 100 ms delay can be observed.

This verifies that the communication delay in the tested range has only minor effects on

system performance for the PD+MMT method.

According to Fig. 5.3(c) and 5.3(d), unexpected peaks are observed in the master force

signals. This is because of the overshooting in the stiffness estimation (unstable estimation)

at every initial contact instant. After the estimates converge to the correct values, the master
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Figure 5.4: Measurements of the force signals for the PD+TDPA+EP method. (a) Delay of
10 ms. (b) Delay of 100 ms.

force, which is computed locally based on the applied linear spring model, follows the slave

force without much deviation.

The estimated, transmitted, and applied stiffness values for 10 ms and 100 ms delays are

shown in Fig. 5.3(e) and 5.3(f). The use of the PD approach avoids excessive transmission

of the estimated stiffness data (see the green bars). The initial stiffness value for the local

model is set to be 100 N/m before the slave’s first contact with the object. Except the time

periods of overshooting and free space motion, the estimates slightly vary during the compress

and release phases, leading to frequent packet transmission. Since a linear spring model is

used to approximate the non-linear soft object, the estimated stiffness cannot be a constant

value during the interaction. The more the object is compressed, the higher is the estimated

stiffness. In addition, the passivity-based model update scheme as introduced in Chapter 4.4

is employed to guarantee stable and smooth changes in the applied stiffness values on the

master side (represented by the blue solid lines).

Note that the strongly varying estimated stiffness at each initial contact leads to a mis-

match between the master and slave force. This can disturb the subjects’ perception of the

object stiffness and jeopardize the teleoperation quality.

5.1.3.2 System performance vs. communication delay

The result of the subjects’ answers to the questionnaire (stiffness similarity to the reference) is

shown in Fig. 5.5(a). The two joint solutions vary significantly in the subjects’ choices for dif-

ferent communication delays. For small delays, most subjects believe that the PD+TDPA+EP

method, compared to the PD+MMT method, shows a more similar stiffness to the reference.

For large delays, in turn, the PD+MMT is perceptually more preferred. As discussed in

Sec. 5.1.3.1 and shown in Fig. 5.3(e) and 5.3(f), the displayed environment stiffness of the

PD+MMT method does not quickly decrease with increasing communication delay. However,

it does when the PD+TDPA+EP method is used. This means that the perceived stiffness of
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using the PD+MMT method is almost invariant with increasing delay and is mainly disturbed

by the unstable estimation at each initial contact. On the other hand, the perceived stiffness

of using the PD+TDPA+EP method can be close to the original environment stiffness (ref-

erence) when the delay is small, and it becomes very soft and deviates significantly from the

reference when the delay is large. Therefore, the PD+TDPA+EP method receives most votes

from the subjects for small delays, while the PD+MMT method is preferred for large delays.

The quality of the perceived stiffness is an important metric for system transparency. It is

also relevant to the quality of task performance for teleoperation tasks such as tele-surgery and

tele-palpation. For example, when a doctor palpates or examines the lesions of an organ or a

tissue, the perceived stiffness is normally considered as one of the key factors. For a remote

palpation using a teleoperation system, the ability of displaying the undistorted environment

impedance to the operator can be the decisive factor. Fig. 5.5(a) implies that by using the

PD+TDPA+EP method for small delays and the PD+MMT method for large delays the

quality of perceived stiffness as well as the quality of task performance are improved.

Furthermore, a quantitative evaluation for the two joint solutions is illustrated in Fig. 5.5(b).

The subjective rating for the PD+MMT varies only slightly with increasing delay. Especially,

it is nearly constant between delays of 10 ms and 100 ms, since the force signals and the stiff-

ness estimation for these delays are quite similar (see also Fig. 5.3). For the PD+TDPA+EP

method, although it is able to provide relatively higher subjective quality for small delays,

the subjective rating decreases quickly with increasing delay. This is because the subjects

perceived more vibrations and force jumps when the delay is large. The overall rating re-

sult indicates that the subjective quality of the PD+MMT method is not mainly affected

by communication delay. Thus, using the PD+TDPA+EP method for low delays and the

PD+MMT method for large delay can gain higher subjective quality than the use of any

single joint solution.

In conclusion, the hypothesis in Fig. 5.1(b) is verified subjectively for the tested teleoper-

ation task and communication delays. The answer to the question raised at the beginning of

this section is affirmative.

Note that the subjective quality of the PD+MMT method can also strongly degrade

when the delay further increases, e.g. to more than 1 s. In this case, the parameters of

the local model cannot quickly follow the latest estimates of the environment due to the

large delay. This leads to a long duration of the transition state (model mismatch), and can

be misleading in the perceived environment impedance. However, for teleoperation under

quite large communication delays, operators should be experienced and well trained. A good

training can to a certain extent compensate for this potential distortion in the operator’s

perception.
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Figure 5.5: Experimental results. (a) The proportion of the subjects’ choices in the two
joint solutions based on the perceived stiffness similarity compared to the reference. (b) The
average and standard deviation of the subjective ratings on the quality of experience for the
two joint solutions.

5.1.3.3 Packet rate reduction

Packet rate reduction over the network without introducing significant distortion is an im-

portant system capability to adaptively deal with different network QoS. It can be achieved

using a proper DBP for the PD+TDPA+EP method as discussed in Chapter 3.3.2. Further-

more, the MMT method does not require a high update rate, especially for static or slowly

varying environments. Model parameters are updated only when significant model mismatch

is detected. For the PD+MMT method, the stiffness is estimated every 1 ms based on the

most recent 100 samples (position and force). The DBP in this experiment is set to be 0.1

for both joint solutions, indicating that a packet transmission is triggered when the change in

force or estimated stiffness value is larger than 10%.

The average packet rates of the two joint solutions over all subjects during their interaction

with the soft object are shown in Fig. 5.6. Although the applied local model mismatches the

environment model, the average packet rates of the PD+MMT method is still much lower

than for the PD+TDPA+EP method. This is one of the strengths of the PD+MMT method

compared to the PD+TDPA+EP method. For the PD+MMT method, triggering of packet

transmission is concentrated in the periods of unstable estimation (e.g. at initial contact

and during release). For the PD+TDPA+EP method, the average packet rates over the

tested delay range are smaller than 50 packets/s, which are quite lower than the simulation

results shown in Fig. 3.14(d) (about 200 packets/s). This is mainly because of the interaction

frequency. In Fig. 3.14(d), the tested interaction frequencies range from 0.01 Hz to 100 Hz,

and the packet rate is averaged over all tested frequencies. Obviously, larger interaction

frequency leads to more quickly varying velocity and force signals, resulting in higher packet

rate. In this experiment, the subjects controlled their interaction frequency to be lower than

1 Hz with the help of a visual guide. Therefore, the experimental result in Fig. 5.6 does not

conflict with the simulation result in Fig. 3.14(d).
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Figure 5.6: Average packet rate over all subjects during the interaction with the soft object.

In summary, both joint solutions are able to strongly reduce the packet rate for the tested

interaction task. However, if the applied local model for the PD+MMT method is more

accurate, the packet rate during the interaction can be additionally reduced.

5.1.4 Conclusions

According to the discussion in Sec. 5.1.3, the following conclusions can be drawn:

� System performance of the PD+MMT method mainly depends on the accuracy of the

applied local model. Once the local model is fixed, communication delay has only limited

influence on the force quality as well as the estimation behavior. In the tested delay

range, the PD+MMT method can provide nearly constant interaction quality. The

displayed stiffness also less depends on the communication delay.

� The quality of interaction and the displayed stiffness in the PD+TDPA+EP method,

in turn, quickly degrades with increasing delays. For small delays, this method is able

to provide better subjective quality than the PD+MMT method.

� The PD+MMT method generates fewer packet updates even for a significant model

mismatch. However, it requires more computational resources for environment modeling

and parameter estimation.

� An adaptive use of the two joint solutions can improve the overall subjective quality

for different communication delays and thus achieve better system performance. This

implies the necessity of jointly optimizing communication and control in teleoperation

systems for different network QoS.
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5.2 Discussion and Open Research Questions

The communication delay is considered as one of the main QoS factors. Our experiments

show a gain in subjective quality when adaptively using the two joint solutions for differ-

ent communication delays. Other QoS factors, such as delay variation, packet loss rate, and

transmission capacity, can also have a strong influence on the system performance. A com-

prehensive evaluation should take all possible QoS parameters into account. Besides this, the

cost for environment modeling in the PD+MMT method is also unignorable. Teleoperation

systems need to determine whether it is worthy to spend system computational resources

for MMT to gain potential performance improvement for the current network QoS. This is

especially challenging when the environment is complex. For example, the processing and

transmission of the surface point cloud for the pcbMMT system as discussed in Chapter 4 is

resource-demanding, but it improves the modeling accuracy in geometry. Furthermore, if tele-

operation systems have sufficient knowledge about the remote environment or a pre-scanning

procedure as well as an offline modeling is acceptable, such as tele-surgery with the help of

medical Magnetic Resonance Imaging (MRI), it is preferred to use the PD+MMT method

that guarantees higher system performance for a large range of QoS parameters.

The necessity of adaptively using the joint solutions is verified by this experiment. The

next question following the experimental results is when to switch between different joint so-

lutions according to varying QoS parameters. In other words, the relationship between system

performance and the offered QoS needs to be quantitatively determined. This includes two

open questions: 1) achievable system performance for a given QoS, and 2) required QoS for a

desired system performance.

Achievable system performance for a given QoS

For the first question, future work could focus on defining system performance metrics, which

will allow us to analyze and to compare different control and communication approaches for

bilateral teleoperation systems. The goal is to derive relationships that map the QoS support

offered by the communication network, the stability-ensuring control schemes, and different

data communication/reduction approaches to various system performance measures:

Qi = Fi(~p, C,D) (5.2)

where ~p denotes the QoS parameters. C ∈ {C1, ..., CM} is the set of control schemes,

D ∈ {D1, ..., DN} represents the haptic data communication and reduction schemes, and Qi

denotes the ith system performance metric. The system performance metrics Qi can represent

both the objective and subjective teleoperation quality, e.g. system transparency, subjective

transparency, the QoC, QoT, etc. The control schemes can be the TDPA, the MMT, the WV,

or the input-to-state stability [79] method, while the communication schemes can be various
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haptic data reduction methods introduced in Chapter 2.2.1.

Required QoS for a desired system performance

This is to establish models to quantitatively identify the required QoS to achieve a desired

performance of the teleoperation system. Intuitively, low-latency communication is a desirable

property for a highly-immersive teleoperation session. The communication network, however,

cannot always provide the desired conditions, especially for long-distance teleoperation across

continents, where communication delay is lower bounded by the speed of light. A well-defined

and robust control and communication architecture can cope with deteriorated QoS condi-

tions, which, however, also affect the system performance. At the same time, the system can

tolerate a certain performance degradation while still being able to successfully complete a

task. Furthermore, certain system performance demands might be impossible to satisfy with

certain QoS while still guaranteeing stability. In these cases, a compromise needs to be made

to satisfy at least the most important performance measures for a certain task.

5.3 Chapter Summary

Joint optimization of control and communication is important to realize adaptive teleoper-

ation systems that can cope with varying network conditions, while still guaranteeing the

best possible interaction performance. This requires an adaptive switching between different

control and haptic communication schemes for various QoS offered by the network. This

chapter presents first results in this direction, which experimentally verify that an adaptive

use of different control/communication schemes for various communication delays is able to

subjectively improve system performance.

The performance of the PD+TDPA+EP method is mainly influenced by communication

delay. The larger the delay, the softer is the displayed impedance (stiffness), and the stronger

the distortion in the force signals. On the other hand, the performance of the PD+MMT

method depends to a large extent on the model accuracy. The distortion introduced by the

modeling error is almost constant for a certain delay range. Even when the delay is small,

the system performance or interaction quality can still be low due to the modeling error and

frequently updated model parameters. Hence, the PD+TDPA+EP method is more suitable

for small delays, while the PD+MMT method is more preferred for large delays. The adaptive

use of these two methods is able to avoid the drawbacks of each method and thus to improve

the overall system performance.

Future work could focus on the quantitative evaluation of system performance for various

QoS parameters. This requires a mapping from the known QoS, control and communication

schemes to the various performance measurements, including QoC, QoT, QoE, etc. Further

investigation would be in the methodology of an inverse mapping, which is able to provide a
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suggestion of required QoS for a desired system performance. Considering the tolerance of the

human user in operation and perception as well as the tolerance of the control in teleoperation

systems, the required QoS can be within a range.





Chapter 6

Conclusion and Future Work

The work presented in this thesis focuses on haptic data communication and reduction for

time-delayed teleoperation over packet-switched networks. Teleoperation systems with haptic

feedback allow a human user to immerse into a distant or inaccessible environment to per-

form complex tasks. High packet rate (typically 1 kHz) and system stability in the presence

of communication delay are the two main issues for haptic communication in time-delayed

teleoperation systems. Teleoperation across communication networks, hence, requires a tight

integration of communication and control with the involved robotic systems at the operator

and the remote side. Perceptual deadband coding approaches for kinesthetic data reduction

and various stability-ensuring control schemes for dealing with time delay have been individ-

ually researched upon over the past decades. Joint solutions combining haptic data reduction

and stability-ensuring control schemes have not yet received much attention.

In Chapter 3 and 4, two joint solutions are presented, which combine the perceptual

deadband-based haptic data reduction approach (PD approach) with the time domain passiv-

ity approach (TDPA) and the model-mediated teleoperation (MMT) method. The presented

joint solutions achieve a strong packet rate reduction while guaranteeing system stability for

time-delayed teleoperation systems in real life challenging scenarios. In Chapter 5, an exper-

imental case study for the development of adaptive teleoperation systems was presented. It

aimed to jointly optimize the communication and control schemes, thus to achieve the best

possible system performance for various quality of service (QoS) provided by the network. A

summary of the main contributions for each part of this thesis is given below, along with ideas

for future research.

6.1 Haptic Data Reduction using the Time Domain Passivity Ap-

proach

In Section 3.1, the PD approach was combined with the TDPA (PD+TDPA). The TDPA

was able to guarantee system passivity regardless of the used data reduction scheme. This
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joint solution allowed for a reduction of the haptic packet rate of up to 80% in the presence of

unknown and time-varying communication delays, without significantly degrading subjective

quality during teleoperation.

The simple combination method (PD+TDPA) introduced a more conservative control be-

havior compared to the original TDPA during communication interruptions due to haptic

data reduction. This led to stronger force jumps and vibrations in the force signals. To ad-

dress this issue, Section 3.2 proposed a novel energy prediction (EP) scheme to adaptively

predict the energy during communication interruptions and thus compensate for the conserva-

tive control behaviors (PD+TDPA+EP). Objective and subjective teleoperation quality were

evaluated and compared with other joint solutions from literature. Results showed that the

PD+TDPA+EP scheme can improve the objective and subjective quality, while achieving

higher data reduction compared to other combination methods.

Limitations and Future work

The EP scheme cannot guarantee full passivity in the presence of time-varying delay and

packet loss. System energy can be overestimated, which leads to active behavior. With the

help of a forced-transmission scheme (Sec. 3.2.2), the active behavior can be limited and the

overestimated energy is upper bounded. However, the system is no longer guaranteed to be

passive. In extreme cases such as high packet loss rate, the active behavior is unpredictable.

In addition, position drift is an important challenge for the two-channel TDPA structure.

This leads to workspace mismatch and can result in task failure.

More knowledge about the network characteristics is helpful for further improving the per-

formance of the EP scheme. Real-time estimated network parameters can be used to compute

an upper bound of the energy estimation, thus allows the EP scheme to adaptively adjust the

predicted energy to fulfill different network conditions. With the help of additional force sen-

sors on the master and slave sides, a 4-channel TDPA structure can be developed as suggested

in [116], which is able to avoid position drift and to compensate for the master/slave dynamics

in the force feedback signals. However, the TDPA, as a passivity-based control scheme, has

the main drawback that system transparency quickly degrades with increasing communica-

tion delay. A typical effect is that the displayed object is much softer than it should be.

Therefore, having other control and communication approaches to implement teleoperation

systems is important, as different control schemes could vary in their performance towards

certain network characteristics.

6.2 Point Cloud-based Model-mediated Teleoperation

The model-mediated teleoperation approach is identified as a promising scheme to simultane-

ously guarantee system stability and transparency. It is possible to realize a fully transparent
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teleoperation system in the presence of unknown and varying delay using MMT. To this end,

the following challenges must be addressed: 1) to precisely estimate the models of remote

environments, 2) to efficiently transmit the estimated model parameters from the slave to the

master, 3) to ensure system stability, especially to guarantee a stable local haptic rendering on

the master side during the transition states. Current studies on MMT focus on addressing the

first challenge, however, for simple environment geometry (e.g. 2D planar surface) and simple

physical models (e.g. rigid object model or deformable objects without frictional contact).

Chapter 4 presents a point cloud-based model-mediated teleoperation (pcbMMT) struc-

ture, which extends the state-of-the-art MMT technique for dealing with complex environ-

ments using a depth sensor. The focus of this chapter is to address the three MMT-challenges

for certain scenarios. Section 4.1 introduces an overview of the pcbMMT system design. Sec-

tion 4.2 proposes a radial function-based deformation method toward real-time modeling of

deformable objects including frictional contact. Section 4.3 combines the PD approach with

the pcbMMT method to avoid excessive transmission of the model parameters. Section 4.4

presents a passivity-based model update scheme to guarantee system stability during model

update. Evaluation in a real teleoperation system showed the feasibility of the designed sys-

tem. The packet rate over the backward communication channel was reduced by up to 80%

thanks to the PD approach.

Limitations and Future work

The MMT approach has the benefit of being simultaneously stable and transparent for

relatively simple environments. However, due to the limitations of existing online model-

estimation algorithms, the MMT approach cannot work efficiently in complex or completely

unknown environments. The current pcbMMT method is still not capable of dealing with

complex deformable or movable objects in a 3D environment for arbitrary interaction. Using

a simple but imprecise model to approximate the environment leads to strong model mismatch

and frequent model update. This jeopardizes system performance, or even causes task failure.

On the other hand, position/velocity signals are transmitted in the forward channel. During

the transition states, the master’s motion commands can lead to dangerous slave behavior

such as undesirably deep penetration into an object or improperly large force acting on the

environment. Therefore, the slave must be controlled to ignore improper master commands

during the transition states.

For future extension of the pcbMMT method, one idea is to develop online modeling

algorithms for deformable or movable objects. This requires a sufficiently simple model whose

parameters can be identified online. To be sufficiently simple, this model can be physically

inaccurate, but should be able to provide a perceptually realistic haptic feedback. On the
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other hand, the use of additional external sensors (e.g. ultrasonic sensors) can improve the

estimation accuracy of the model parameters and identify the object physical properties even

before the slave gets into contact with the environment.

Different from the TDPA, the main factor that affects system stability and transparency for

MMT is the modeling accuracy, not the communication delay. It is questionable that whether

the MMT method is more efficient than the TDPA for small delays, since the MMT consumes

much more computational resources than the TDPA, and the transparency degradation of the

TDPA for small delays can be still acceptable for certain scenarios and teleoperation tasks.

Thus, an adaptive system design for time-delayed teleoperation is necessary. This aims to

jointly optimize communication and control according to different tasks and various QoS of

the network, and thus achieve the best possible teleoperation performance.

6.3 Toward Joint Optimization of Communication and Control for

Networked Teleoperation

Different communication and control approaches introduce different types of artifacts. Their

performance varies between tasks and also differs in their robustness towards different net-

work QoS parameters. Section 5.1 presented an experimental case study toward realizing

adaptive teleoperation systems. It clearly showed that an adaptive use of different con-

trol/communication schemes for various communication delays was able to subjectively im-

prove system performance for the tested scenario. Experimental results also showed that the

performance of the PD+TDPA+EP method was mainly influenced by communication delay,

while the performance of the PD+MMT method depended on the model accuracy. Distortions

introduced by the modeling error were almost constant for a certain range of delay. Consider

the modeling error, the PD+TDPA+EP method is more suitable for small delays, while the

PD+MMT method is more preferred by the subjects for large delays. Therefore, Chapter

5 concluded that a joint optimization of communication and control is able to mitigate the

drawbacks of each individual control method and thus to improve the overall system perfor-

mance.

Limitations and Future work

The necessity of adaptively switching between the joint solutions is verified by the experiment.

The next task is to quantitatively evaluate the relationship between system performance and

the offered QoS. This requires a mapping from the known QoS, control and communication

schemes to the various performance metrics, including QoC, QoT, QoE, etc. This is important

to determine the optimal communication and control schemes under different network condi-

tions, and to answer the question when the system needs to switch to another communication
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and control scheme. In Chapter 5, only communication delay is considered. Other QoS factors,

such as delay variation, packet loss rate, bandwidth, etc., can also have strong influence on

system performance. In addition, system performance can also vary in different teleoperation

scenarios and tasks. To investigate a comprehensive evaluation is challenging. However, it is

necessary to study the two open questions in future work: 1) achievable system performance

for given QoS, and 2) required QoS for a desired system performance. Considering the toler-

ance of the human user in operation and perception as well as the tolerance of the control in

teleoperation systems, the achieved system performance or the required QoS can be in a range.

The main ideas of this thesis on haptic communication will motivate further developments

towards communication-oriented design of teleoperation systems. This would force a joint

understanding of the human haptic perception and the control of teleoperation, thus achieve

a fully transparent haptic communication over the current networks and the emerging tactile

Internet [45, 46, 129].
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