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Editor's Preface

Production engineering is of central importance to the continuous development of
our industrial society. The performance capacity of manufacturing companies is
highly dependent on the utilised resources, the applied production techniques, and
the implemented organisation strategies. Guaranteeing a company’s success entails
an ideal combination of technology, organisation and workforce management.

Achieving an optimal configuration of cost, time and quality is a highly complex
and intricate task which requires production strategies to be continuously moni-
tored, reviewed and enhanced. This involves both a reduction in, and a sound un-
derstanding of, the complexity of products, manufacturing systems and operations.

The iwb strives to continually improve production systems, planning processes and
manufacturing technologies. In each of these aspects, particular focus is given to
employee-oriented requirements. Despite an increase in the degree of automation,
human employees play an important role in the product development process, and
need be optimally integrated into the manufacturing process.

The research presented in this document is part of a series which spans through the
various research areas of the iwb. These areas range from the development and
planning of production systems as a whole, to more specific technologies such as
individual manufacturing and assembly processes. Research in supply chain man-
agement and changeable production systems is aimed at optimising production
processes. Virtual production methods such as simulation tools are implemented at
all levels of the production process, for testing and evaluation purposes. In terms of
manufacturing technologies, the iwb conducts innovative research and develops
new concepts in the areas of microassembly and handling, bonding processes,
mechatronics, rapid manufacturing and laser technologies.

The iwb research series presents new results and findings which are highly relevant
to the industrial world, and therefore serves as a transferral of knowledge between
the university and industry.

Gunther Reinhart Michael Zih



“E tipu e rea, mo nga ra o to ao

Ko to ringaringa ki nga rakau a te pakeha,
Hei oranga mo to tinana,

Ko to ngakau ki nga taonga a o tipuna,
Hei tikitiki mo to mahuna,

Ko to wairua ki Te Atua,

»

Nana nei na mea katoa.’

Grow up o tender youth,

Fulfil the needs of your generation,

Your hands master the arts of the Pakeha

For your material well being.

Your heart cherish the treasures of your Maori ancestors
As a plume for your head,

Your spirit to God,

Author of everything

Sir Apirana Ngata
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1.1 Telepresence Systems

1 Introduction

1.1 Telepresence Systems

Telepresence refers to the “phenomenon that a human operator develops a sense of
being physically present at a remote location through interaction with the system’s
human interface, i.e. through the user’s actions and the subsequent perceptual feedback
he/she receives via the appropriate teleoperation technology” (IJSSELSTEUN et al.
2000). This remote location usually contains a robot performing a certain task with
the help of the user.

Figure 1.1 shows the three key components of telepresence scenarios: (1) the human
“operator”, to remotely control the task to be completed, (2) the telerobot or “teleop-
erator” to carry out the required task on site, and (3) a suitable communication plat-
form, to handle the fast and secure exchange of data, and to monitor the software com-
ponents within the system. In order to efficiently fulfil the given task, the human op-
erator is equipped with the necessary input devices and feedback information to guar-
antee an intuitive working environment.

(1) Operator (2) Teleoperator

®

i
1R
v

e

e

(3) Communication

Figure 1.1: Components of a typical telepresence scenario.

All telepresence systems involve human presence in the control loop. Since setting up
such a system is still a relatively tedious task, the implementation of telepresence sys-
tems needs to be justified. Indeed, there exist numerous applications for which
telepresence is the superior solution in comparison to automating the process or having
it carried out through direct human contact. Typical applications include remote sur-
gery, bomb disposal, and satellite repair. A deeper review of telepresence applications
and their justification is given in Section 1.2.



1 Introduction

As with all tasks to be accomplished, the goal of telepresence systems is to complete
the required task as well and as efficiently as possible. Since the human is present in
the telepresence control loop, a particular aim of telepresence systems is to guarantee
an intuitive working environment for the human operator. The operator should feel
immersed in the working environment, and two similar terms exist to quantify this:
immersion and presence. Immersion refers to a human’s sense of engagement within
an environment; an immersive application fools the user into believing that he/she is
actually there. Presence refers to a psychological state or subjective perception in
which even though part or all of an operator’s current experience is generated by hu-
man-made technology, part or all of the individual's perception fails to accurately ac-
knowledge the role of the technology in the experience (ISPR 2000). Much research,
including this thesis, is dedicated to improving the immersion and presence of
telepresence systems.

The next three sub-sections are dedicated to explaining each of the three telepresence
system components from Figure 1.1.

1.1.1 Teleoperator

The Teleoperator carries out the task to be achieved by the telepresence system. Since
a wide range of possible teleoperators exists, there is no single way to describe them.
They all, however, possess sensors. Sensors are required to provide the operator with
all the necessary feedback information to efficiently complete the task. Teleoperators
are usually equipped with a vast array of sensors, such as force sensors, contact sen-
sors, and light sensors or cameras. An in depth look at sensor technologies in teleop-
erators is given in (SCHILP et al. 2004).

1.1.2 Operator

The sensor data from the teleoperator is displayed to the human operator. There are
five human senses: sight, touch, sound, taste and smell. Sight, or visual feedback, is
present in almost all telepresence systems. Touch through haptic input devices is also
widely used. Sound feedback is in use but less widespread than the first two senses,
and the final two senses are rarely found in telepresence systems nowadays.

For humans, sight is the most crucial of the senses for perceiving the world around us
(NRC 1998). Visual feedback can include live video stream, a virtually rendered rep-
resentation of the teleoperator environment, or both. A comparison of various visual
feedback methods is given in (PETZOLD et al. 2004).

Of particular interest to this research is force feedback through haptic input devices.
These devices receive force data from the teleoperator side, often from a force sensor,
and display this data through a haptic device. Various commercial haptic input de-
vices exist, as illustrated in Figure 1.2. Such devices vary according to their degrees of

2



1.1 Telepresence Systems

freedom (both motion and force), magnitude of force feedback, workspace volume,
and intended input mechanism. For example, the Impulse Stick (IMMERSION 2006)
has three motion degrees of freedom, two force feedback axes, and a maximum force
of 14.5 Newtons. The PHANToM 6 DOF (MASSIE et al. 1994) has six motion and
force degrees of freedom and a maximum translational force of 8.5 Newtons. Rele-
vant to this research is the simulation of inertia in haptic devices, which will be dis-
cussed in greater detail in Section 3.2.2.

-
{ r
e

Haptic Master PHANToM 6 DOF PHANToM Desktop Impulse Stick
FCS Robotics SensAble Technologies SensAble Technologies  Immersion Corporation

Figure 1.2: Various commercial haptic devices.
(MASSIE et al. 1994; LINDE et al. 2002; IMMERSION 2006)

Sound feedback in telepresence systems has been increasing in popularity, especially
three-dimensional sound feedback (KEYROUZ et al. 2006). Haptic impressions can
also be significantly enhanced by simultaneously playing certain sounds. For exam-
ple, hard contact with a wall can appear harder by simultaneously playing a suitable
knocking sound.

1.1.3 Communication Layer

The communication layer provides the means through which data is transferred back
and forth between the operator and teleoperator. Data must be transferred at high rates
and with low amounts of losses; otherwise the data sent from the operator to the
teleoperator and vice versa will be distorted, delayed or even false. Such a distortion
is likely to disturb the stability of the teleoperator, and reduce the sense of presence
experienced by the human operator.

Since the communication layer is highly relevant to the research in this thesis, an in
depth explanation of the mechanisms behind this layer is given in Section 1.4.

The three telepresence components described above represent a basic system configu-
ration. It is possible for systems to deviate from or expand upon this model. For ex-
ample, instead of the operator receiving force values from a sensor on the teleoperator-

3



1 Introduction

side, (GOLLE et al. 2004) uses a local force model and (ZAEH et al. 2004) uses a local
virtual force sensor to obtain forces. Also possible is the existence of multiple opera-
tors and teleoperators, as in (DALTON et al. 1998). The exact configuration of a sys-
tem is largely related to its application. Typical telepresence applications are outlined
in the next section.

1.2 Telepresence Applications

As mentioned in Section 1.1, the use of telepresence technologies to complete a task
needs to be well reasoned. Implementing telepresence can be justified if one or more
of the following conditions holds true:

1.

The task needs to be carried out manually.

For some reason, automation is ruled out. This is the case in telepresent surgery
(ToDD et al. 2005), where the ability of highly trained surgeons can be utilised
at various remote distances .

Human presence in the working environment is dangerous, but human intelli-
gence is required to control the task.

In this case, the human is transported to a safe working environment, and com-
pletes the task in a telepresent manner. Examples include mining, bomb dis-
posal, military operations, rescue of victims from fire, and toxic atmospheres.

. A safe working environment is possible, but highly inaccessible for humans.

Typical applications include all space applications such as planetary explora-
tion, and deep sea operations.

A safe and accessible working environment is present, but the required geomet-
ric scale is difficult for a human to achieve.

Small scale production of micro and smaller sized components fits into this
category, where humans are incapable of directly working at such small dimen-
sions. On the other side of the scale, tasks involving large dimensions, such as
building demolition, can also benefit from telepresent setups.

. Any other solution would be more expensive.

Although telepresence technologies are often expensive, it can offer the most
cost effective solution. For example, repairing a satellite in space can be
cheaper through the use of a teleoperator, which has no human requirements
such as oxygen and food. Deep sea applications involving deep water divers
are also very expensive due to safety regulations, hyperbaric equipment, time
spent in decompression, and support vessel costs.

Educational benefits exist.

The benefits of enabling school children to take an active part in exploration
have been shown by the JASON and the NASA Ames Research Centre pro-
grammes (STREBE 2002). The ability of a pupil, student, or researcher to ex-



1.3 The Network Delay Problem

plore an otherwise inaccessible location is a very attractive proposition. Exam-
ples include locations where the passage of too many people is harming the
immediate environment or the artefacts themselves, such as undersea explora-
tion of coral reefs and ancient Egyptian tombs.

In addition to the listed reasons and applications, less serious applications for
telepresence exist, which may become more wide spread when they become more cost
effective. An example is the entertainment industry. Telepresence could be incorpo-
rated into theme parks to enable visitors to explore other planets and climb the highest
mountains. In amusement parks, visitors could enjoy the thrills of a roller coaster ride
while remaining in a safe environment.

Because all of these applications possess some kind of communication mechanism,
they are all susceptible to the network delay problem.

1.3 The Network Delay Problem

Network delay is a well known problem in telepresence systems. Delays in the com-
munication layer can have adverse effects on both the teleoperator and the operator.
Stability issues on the teleoperator-side are a major concern. Much research is dedi-
cated to control architectures which guarantee stability of the teleoperator. In the pres-
ence of time delays, many such architectures break down.

On the operator-side, network delays can also have negative stability effects on the
haptic device. Even if the operator-side runs in a stable manner, the presence of delays
decreases the operator’s sense of presence in the working environment. This, in turn,
reduces the effectiveness with which the telepresence task is completed. As will be
shown in this research, network delays can make a task almost impossible to complete,
and can also increase user frustration to the point that they are mentally unable to fin-
ish the operation.

Numerous research undertakings have proven the adverse effects of network delays, as
will be outlined in Section 2.2.

1.4 Communication Networks

This section provides an overview of the communication networks involved in
telepresence systems. First important definitions are presented, followed by an expla-
nation of the hardware and then the software involved in telepresence communication
networks.



2.1 Overview of Existing Research

2 Previous Work

2.1 Overview of Existing Research

This chapter outlines existing work relevant to the research in this thesis. Figure 2.1
shows the chapter layout. The first two sections concentrate on the time delay prob-
lem. Section 2.2 looks at studies which have analysed the effects of time delay on op-
erator performance and immersion, and confirmed it to be a problem. Section 2.3 out-
lines existing methods which aim to overcome the time delay and network problem in
telepresence and similar scenarios, including predictive displays and movement pre-
diction. Section 2.4 is devoted to existing work regarding simulated inertia in
telepresence and haptic devices, which is a less researched area relevant to the first
research question of this thesis. Finally, Section 2.5 evaluates the current research
stand.

Chapter 2
Previous Work

|

[

X X |

Section 2. 2 R Section 2.3 Section 2.4 Section 2.5
Analysis of the Overcoming the Inertial Evaluation of
Time Delay Time Delay Considerations Current Research
Problem ) Problem in Haptics Stand

l

Section 2.2.1
Typical Network
Delay Times

Section 2.2.2
Effect of
Time Delay on

Telepresence

Section 2.3.1
Predictive Displays

Control Methods

Movement
Prediction

Figure 2.1: Diagram of chapter structure.
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2 Previous Work

2.2 Analysis of the Time Delay Problem

This section presents typical network delay times found in numerous studies, and then
looks at existing research on the effects of time delay on telepresence.

2.2.1 Typical Network Delay Times

Remote control in telepresence applications always involves a network for communi-
cation between the operator and the teleoperator. Regardless of the type of network
employed, network delays are inevitable. For local applications, this delay can be so
small (< 1ms) that it is insignificant. In long distance wireless applications, the delay
can reach up to tens of seconds. Figure 2.2 shows typical round trip times for various
network types and conditions. The first three columns refer to earth-bound and wired
internet connections between various countries. These values were determined by us-
ing the “ping” command, which represents the time it takes a network packet to reach
a predetermined destination and return to the host. In wireless local area networks
(WLAN), the typical round trip time “varies between a few hundred milliseconds and
one second” (AKAN et al. 2004). The delay in wireless networks depends on a number
of factors such as the available bandwidth, network traffic, distance, and number of
hops. For communication with low earth orbit satellites, round trip time delays are
“minimally 0.4 seconds” (SHERIDAN 1992).
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Figure 2.2: Typical network round trip times for various network types.

At the larger end, typical round trip times for vehicles close to the moon approach 6
seconds (SHERIDAN 1992). As expected, this increases with communication to more
distant vehicles in outer space.
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2.3 Overcoming the Time Delay Problem

Telepresence applications span the entire spectrum of possible round trip times, from
local telesurgery with negligible delay, to deep space communication with very large
round trip times.

2.2.2 Effect of Time Delay on Telepresence

As discussed in the previous section, communication networks inevitably involve de-
lays. The problem of time delay in the control of remote robots has been known for
decades.

In 1965, Ferrell showed how an increase in time delay leads to an increase in the time
needed to complete a simple 2 degree of freedom teleoperation (FERRELL 1965). In
1971, similar experiments were performed with a six degree of freedom master-slave
manipulator (BLACK 1971). Thompson also carried out a similar study, but addition-
ally showed how the completion time for a specific task was affected by the degrees of
constraint, in addition to the time delay (THOMPSON 1977).

Each of these experiments analysed the operator’s performance in terms of measurable
quantities such as time to complete and accuracy. The negative psychological effects
of time delays were confirmed in (HELD et al. 1966), which showed that for delays as
small as 300 ms, subjects dissociate the teleoperator hand movements from those of
their own hands.

A thorough literature review on the effects of time delay on telepresence tasks is given
in (SHERIDAN 1992).

2.3 Overcoming the Time Delay Problem

As illustrated in the previous section, time delays in telepresence scenarios lead to re-
duced operator performance and immersion. Particularly in the case of delayed force
feedback, time delays can lead to system instabilities. A number of methods have
been developed to cope with these problems, ranging from predictive displays to vari-
ous control theory architectures.

2.3.1 Predictive Displays

The general idea behind predictive displays is shown in Figure 2.3. Basically, motion
data from the input device is sent directly to a locally situated display containing a vir-
tual representation of the telerobot. In this way, the display is fed data directly from
the haptic device, thus creating the appearance of close-to-zero delay. Meanwhile, the
teleoperator still receives the delayed motion or position commands from the haptic
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3.1 Overview

3 Research Question 1: Inertial Influence

3.1 Overview

The research in this chapter aims to determine the influence of varying simulated iner-
tia values on telepresence performance. Simulated inertia refers to the exertion of in-
ertial forces on the haptic input device. Telepresence performance refers to both the
success with which a telepresence task is executed, and the sense of presence experi-
enced by the user.

Figure 3.1 shows the structure of this chapter. Section 3.2 introduces the concept of
simulated inertia and its application to haptic devices. Section 3.3 provides motivation
for considering the influence of inertia in telepresence applications. The experimental
design constructed to answer this research question is described in Section 3.4, the re-
sults of which are presented in Section 3.5. Finally, Section 3.6 summarises the re-
search findings.
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Figure 3.1: Diagram of chapter structure.
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3 Research Question 1: Inertial Influence

3.2 Inertia in Haptic Devices

3.2.1 Definition of Inertia

The dictionary definition of inertia is as follows:

“The tendency of a body to resist acceleration; the tendency of a body at rest to remain
at rest or of a body in straight line motion to stay in motion in a straight line unless
acted on by an outside force.” (Mifflin 2004)

Although this definition only mentions straight line motion, ‘moment of inertia’ is also
a well-known concept which refers to the tendency of a body to resist rotational accel-
eration. As will be explained in Section 3.2.2, inertia in haptic devices is usually me-
chanically implemented as a moment of inertia.

According to Newton's first law of motion, an object moving with a given velocity will
maintain that velocity unless acted on by an external force. Inertia is the property of
matter that makes this law hold true.

The amount of inertia that an object possesses is proportional to its mass. However,
inertia is not the same thing as mass or momentum (the product of velocity and mass).
The mass of an object can be measured by observing the extent of its inertia. This is
done by measuring the amount of force required to produce a certain acceleration
value.

3.2.2 Simulating Inertia in Haptic Devices

In haptic devices, the most straightforward way of simulating inertia is to multiply the
current acceleration by a “virtual inertia” constant (BROUWER 2004), and exert the
vector negative of this force on the part of the haptic device which is in contact with
the human. This will create a sense of resistance for the user, thus simulating inertia.

The next issue is then to explain how forces are exerted in haptic devices. There exist
numerous methods through which to achieve force feedback, as listed in Table 3.1
(MACLEAN 2000).
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3.2 Inertia in Haptic Devices

Table 3.1: Various force feedback actuation methods.

Method

Comments

Electric motors

DC brush motors. Very common

Pneumatic Clean, no messy fluids. But requires a com-
pressed air source.

Hydraulic Strong, but liquids need to be contained, and
safety issues are highly important.

Piezo Strong and fast, but displacements are rela-

tively small.

By far the most common method adopted, in both expensive research models and
cheaper gaming devices, is the DC brush motor. The mechanics behind a simple two
degree of freedom joystick are quite simple, as shown in Figure 3.2 (WALTERS 1997).

Slotted

Electric motors

Figure 3.2: Mechanics of a force feedback joystick.

The joystick lever passes through the intersection of two perpendicular slotted bales.
At one end of each of the bales there exists an electrical DC motor, which when actu-
ated, rotates the corresponding bale, thereby exerting a perpendicular force on the
lever arm. In cheaper joysticks, the transmission between the motor and bales must
have play, otherwise the gears will bind. Additionally, there exists much play in the
slotted bales themselves. In more expensive haptic devices, tight gears in the transmis-
sion require precise machining, and more complex mechanisms replace the relatively
loose slotted bales. One such mechanism has been patented by Immersion (IMMERSION

2006).
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3 Research Question 1: Inertial Influence

The PHANToM haptic device (MASSIE et al. 1994) is a commercial patented product,
there is therefore little published information regarding its internal structure. The
PHANTOoM Desktop model, which was widely used in this research, basically consists
of three revolute joints, each connected to a computer-controlled DC motor
(HESPANHA et al. 2002). At the tip of the device exists a pen-like stylus to be held by
the user. By sending appropriate voltages to the motors, desired forces in any direc-
tion are possible.

In force feedback joysticks and in other haptic devices such as the PHANToM Desk-
top, simulated inertia is most commonly implemented as a moment of inertia, even
though the end result on the user may feel like the inertia is acting against straight line
motion. The reasoning for this is simply the mechanical construction of haptic de-
vices, which, as previously explained, usually consists of DC brush motors.

3.3 Motivation for Inertia Considerations

In this research, the existence of inertia in haptic devices is expected to provide two
benefits for teleoperation, the first of which is relevant to Research Question 2.
These are:

1. Increased smoothness of position data, and therefore a superior prediction per-
formance.

2. Reduced choppiness in the movements of the operator, and therefore better con-
trol over the teleoperator.

Each of these possible benefits is discussed in turn.

3.3.1 Increased dynamic data smoothness

Figure 3.3 shows two data series extracted from the PHANToM Desktop device by the
same user, completing the same task, but under different inertia conditions. The upper
data series was extracted without inertia, and the lower series was extracted under
conditions of “high” inertia. Exactly how much “high” is, and how it was determined,
is explained in Section 3.4.1.
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3.4 Experimental Design

PHANToM Position Data

Without Inertia

N\
/

With Inertia

Figure 3.3: Data extracted under different inertia conditions.

The important observation to note here is that the data extracted in the presence of in-
ertia appears to be smoother than that without inertia. Intuitively, this smoother data
series should be easier to conduct a time series prediction on in comparison to the less
smooth data series. Therefore, the first expected advantage of the presence of inertia is
an improved performance of time series prediction algorithms on movement data from
the PHANTOoM device.

3.3.2 Reduced choppiness in operator movements

The second anticipated advantage is a reduction in the choppiness of the operator’s
movements. This is also a seemingly intuitive claim. Inertia itself is essentially a re-
sistance which acts in all directions, and thereby prevents or represses sudden or ex-
plosive movements of the user holding the haptic device. This repression is anticipated
to provide the user with a higher degree of control over the teleoperator. On the other
side, the ability to carry out sudden movements will also be hindered; however, very
few telepresence scenarios would require such explosive actions.

3.4 Experimental Design

Since the aim of this experiment is to determine the influence of various inertia set-
tings on operator performance, the experimental design necessarily involves (1) human
operators, and (2) a standardised telepresence task to be completed under varying iner-
tia settings. To analyse the influence of inertia under delayed network conditions, the
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4.1 Introduction

4 Research Question 2: An Optimal Algorithmic Implementation

4.1 Introduction

This chapter focuses on the development of an optimal prediction algorithm for
telepresence applications. Specifically, the two goals of this chapter are:

1. Prediction for delay compensation: To determine an optimal prediction algo-
rithm for a typical set of telepresence data.

2. Prediction for compression: To combine this optimal algorithm with the so-
called “deadband method” (HINTERSEER et al. 2005) to achieve a best possible
reconstruction of pre-compressed data.

Both of these methods involve the prediction of future data values, as shown in Figure
4.1. Part (1) shows five data points extracted from the haptic device in the
telepresence scenario. This could be position, velocity acceleration or force data. Part
(2) shows a function approximation based on these five points, and part (3) imple-
ments this function approximation at future time points to generate predictions.

(1) Original data (2) Function approximation (3) Prediction

A Function A
() o I
2 approximation . -g Predictions e,
s 5
g §
® ® ©
5 e ® 5 )
Nie@e @ 4 [7] 3

1 2 3 v 1 2

Time Time Time

Figure 4.1: Using function approximation to generate a prediction.

Figure 4.2 illustrates the process of combining the deadband approach with prediction.
In telepresence systems, the deadband method or approach refers to the process of
sending only a fraction of a certain data signal across the communication network, in
order to reduce the required bandwidth. The actual “deadband” refers to the region in
which no data is sent. Various methods can be undertaken to select which data points
should be sent across the network and which data points should be discarded. For ex-
ample, when sending position signals read from a sensor, all data points which lie
within the noise range of the sensor can possibly be discarded. In previous studies
(HINTERSEER et al. 2005), the deadband was determined by the amount of change in a
stimulus a human can detect. This approach is particularly relevant to telepresence
systems, because of the human presence in the control loop.
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4 Research Question 2: An Optimal Algorithmic Implementation

Each of the three illustrated curves in Figure 4.2 represents typical movement or haptic
data against time. The topmost curve shows an original data series, where each of the
black circles is a sampled data value.
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Figure 4.2: Combining prediction with the deadband approach.

The middle data series shows the result of implementing the deadband approach. The
dependence of the step size of the deadband on the absolute magnitude of the sample
value can be seen. Based on psychophysics, the threshold difference (i.e. the amount
of change in a stimulus a human is able to discriminate) depends on the magnitude of
the stimulus itself (Weber’s Law) (GOLDSTEIN 1980). The white circles represent
sample values which are not sent across the communication network, thereby decreas-
ing the total amount of sent data. At the receiving end of the network, a prediction al-
gorithm is implemented in an attempt to restore the data series to its original form, as
shown in the bottommost series. Figure 4.3 further illustrates this combined deadband
and prediction approach.

Figure 4.3: Reduced bandwidth through combining deadband and prediction.
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4.1 Introduction

The thin black line between the operator and teleoperator reflects the reduced amount
of data (reduced bandwidth) sent across the network.

Figure 4.4 illustrates the structure of this chapter.

Chapter 4
Research Question 2:

An Optimal Algorithm

Section 4. 2 Section 4.3 ) Section 4.4 Section 4.5 Section 4.6
Overview of Introduction Experimental | | Experimental Section
Algorithmic to Selected Procedure Results Conclusion

Approaches Algorithms )

Section 4.3.1 Section 4.4.1
Kalman Filter Algorithmic
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Section 4.5.1
Optimal Algorithm

Section 4.3.2
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Section 4.3.3
Neural Networks

T
Section 4.3.4
Support Vector

Regression
Figure 4.4: Diagram of chapter structure.

Section 4.5.2

Combined Prediction
And Deadband

Section 4.2 outlines the characteristics of an optimal prediction algorithm for
telepresence applications, and reasons the choice of algorithms considered in this re-
search. Each of these algorithms is introduced in tutorial fashion in Section 4.3. Sec-
tion 4.4 details the experimental procedure undertaken in determining an optimal algo-
rithm. The results are presented in Section 4.5, and Section 4.6 summarises the results

of the chapter.
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4 Research Question 2: An Optimal Algorithmic Implementation

4.2 Overview of Algorithmic Approaches

Determining an optimal prediction algorithm involves applying various algorithms to a
set of relevant and typical movement or force data. The best performing algorithm
will be the optimal algorithm for the given set of data. Various statistics exist to judge
the performance of an algorithm, as discussed in the next section.

4.2.1 Characteristics of an Optimal Algorithm

Various characteristics define an optimal prediction algorithm. Most importantly, the
prediction needs to be accurate. Equally important, the prediction algorithm needs to
be fast. The time it takes for the algorithm to generate the prediction is essentially
time which is added to the initial delay. As illustrated in Figure 4.5, a direct relation-
ship between prediction accuracy and calculation time can be expected. For example,
simple routines such as linear interpolation are extremely fast, but relatively inaccu-
rate. In contrast, complex and intelligent machine learning algorithms can generate
accurate predictions, but at the cost of a high calculation time. Classic filter algo-
rithms such as the Kalman Filter (KALMAN 1960) are placed between the two ex-
tremes. An optimal Kalman Filter should be included in the analysis, since it has been
the most widely used algorithm in past decades.

H Optimal i ] )
i
\ zone ; Machme_learnlng
s algorithms
T - -
Kalman filter
Simple
routines

Prediction accuracy

Calculation time

Figure 4.5: Graph showing the trade-off between calculation time and accuracy.

4.2.2 Considered Algorithms and Implementations

Due to the large amount of possible prediction algorithms, comparing all possible al-
gorithms against each other is not feasible. Instead, a well-selected group of algo-
rithms should be determined and used in the analysis. In this study, the following four
algorithms have been selected for analysis:
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5.1 Overview

5 Evaluation

5.1 Overview

In this section, the results of Research Question 1 and Research Question 2 are incor-
porated into a single experiment, as shown in Figure 5.1.

~
Research Question 1:
Inertia value

J

Evaluation scenario

N

Research Question 2:
Optimal algorithm

J

Figure 5.1: Incorporating the two research questions into the evaluation scenario.

The results of Research Question 1 explain that the simulation of inertia at certain val-
ues does not affect operator performance or immersion. From Research Question 2,
among the tested algorithms, Double Exponential Smoothing was shown to generate
the optimal performance for the prediction of movements in a typical telepresence sce-
nario. Both of these results are to be incorporated into an evaluation scenario. Impor-
tant to note is that a single evaluation cannot cover all possible telepresence scenarios.
Even though some generic findings may apply to other telepresence scenarios, each
individual scenario usually requires a separate evaluation.

The next section describes the experimental setup of the evaluation scenario.

5.1.1 Hardware

As in previous experiments, the PHANToM Desktop is used as the input device. A
virtual microassembly scenario, shown in Figure 5.3, is implemented as the teleopera-
tor. Between the operator and teleoperator lies a simulated communication layer. This
was chosen over a real network layer as in Section 3.4.2.1, because it enables the
simulation of various network delays.

An inertia value of 1.00025 x 10* kg*m’® was applied to the PHANToM Desktop.
This is equal to /,,;,;, = PSE + IND from Section 3.5.1. As shown in Research Question
1, this should not adversely affect the operator’s working environment in any way.
However, it has the positive influence of reduced choppiness in user movements, in
addition to a better performance of the prediction algorithm.
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6 Conclusions and Future Work

6 Conclusions and Future Work

This thesis focused on methods to overcome the network problem in telepresence sys-
tems. Telepresence applications include all scenarios which require a task to be com-
pleted in an environment which is, for some reason, inaccessible to humans, but re-
quires human intelligence. Examples include remote surgery, manual microassembly,
disposal of explosives, deep sea exploration, and satellite repair in outer space. All of
these scenarios necessarily involve a communication mechanism between the human
operator and the remote robot or teleoperator. As with all networks, this communica-
tion layer will contain network delays which can adversely affect the operation. The
research in this thesis concentrated on overcoming or dealing with such delays through
the use of simulated inertia and prediction algorithms.

Two main research questions were addressed. The first question focused on the use of
simulated inertia as a supporting factor in telepresence scenarios, with and without
network delays. The second question aimed to find an optimal prediction algorithm
for a typical telepresence scenario.

To answer the first question, an experiment was conducted to determine the influence
of simulated inertia in the haptic device on operator performance and immersion under
both delayed and non-delayed network conditions. To create a delayed network, the
real international network layer between the Technical University of Munich, Ger-
many, and the University of Wollongong, Australia, was utilised. This experiment
involved thirty-six human subjects completing a total of 216 experiments under vary-
ing simulated inertia and network conditions.

In answer to the first research question, simulated inertia in a haptic device was found
to have no significant influence on operator performance or sense of presence. This
finding stands in contrast to the author’s hypothesis that inertia could act as a support-
ing mechanism through increasing the stability of the input device and decreasing the
choppiness of the operator’s movements. Nevertheless, the fact that inertia had no
significant influence on important operator performance measurements means that in-
ertia can be implemented when it is expected to yield other secondary advantages.
Specifically, inertia in the haptic device has a smoothing effect on the dynamic input
data. Smoother data is easier to predict, which is directly relevant to the second re-
search question.

To answer the second research question, a strategically selected group of prediction
algorithms was chosen for analysis. The four chosen algorithms were Double Expo-
nential Smoothing, the Kalman Filter, Neural Networks, and Support Vector Regres-
sion. Each algorithm was optimised against dynamic data extracted from a typical
telepresence scenario. The optimal algorithm was then implemented in two schemas.
The first schema involved using the algorithm to directly compensate for network de-
lays through the prediction of future movement data. By sending these predicted val-
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