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Abstract

Collaborative haptic simulations allow multiple users imidual environment to simulta-
neously interact with shared virtual objects. The impletaton of shared virtual environ-
ments over a network removes the geographical barriersraafales users from around the
globe to modify the environment and in addition feel the pres of other users. However,
network issues arise in the communication of data over agr&twuch as the Internet.
Communication channel delay, jitter, packet loss and éohppacket transmission rate can
adversely affect the performance of collaborative haptitesns and may even cause insta-
bility.

This thesis builds upon our group’s recent work in distrdalihetworked haptics ( Fo-
toohiet al. [31]). The proposed distributed peer-peer architectupgraved the haptic sim-
ulation performance over the centralized architecturerbyiding local high-rate feedback
to the users in a Local Area Network (LAN). Virtual springrdper couplers synchronized
the multiple copies of the virtual environment and couplesldsers to the virtual objects.

Forming on the above distributed architecture, this thpsiposes methods for im-
proving the performance and stability of shared hapticremvnents with a stronger em-
phasis on the effects of time delay in the context of Intecoehmunication. To this end
new quantitative measures are presented for quantifyiadidielity of haptic simulations

in such environments. User’s perceived admittance andegiaocy among local copies of
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virtual objects are considered in defining these measutethérmore, state prediction and
feedforward schemes are proposed to compensate for théveegtiects of the network
communication delay on the transparency and stability efthptic simulation. An opti-
mization problem is formulated for selecting the virtualipbng gains that can enhance the
performance while maintaining system stability. The doluto the this problem provides
us with the set of control parameters that optimize the defpeformance measures.

A three user distributed architecture is presented to shevextension of the proposed
methods to haptic simulations involving more than two usirgmerical analysis and hap-
tic interaction experiments over the Internet are carrigd@demonstrate the effectiveness
of the proposed approach in two-user and three-user plasforhe obtained analytical and

experimental results verified improvements by the preoinctind feedforward mechanisms.
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Chapter 1

| ntroduction

1.1 Motivation

The Internet, ever since its public debut in early 1990s,gras/n enormously to become
the main medium for the exchange and management of infoomatithe developed world
and is rapidly expanding into developing countries. Thabgl network has fundamentally
transformed the way knowledge and information are shareldhais spurred an endless
stream of applications in e-business, tele-health, edhcaind scientific research, news
and multimedia, social networking, and gaming and entamant among others.

The growth of the Internet has been gradually removing geaigcal barriers to in-
formation exchange by providing a widespread network tghowhich people around the
globe can access information and even interact and comutenidth each other. Exist-
ing Internet-based applications are mostly restrictetiécetxchange of textual, visual, and
auditory data. For instance in e-conferencing and netwaded gaming, users can share
multimedia contents in the form of voice and video in realdimNetwork and human-

computer-interface technologies have advanced to the fguah more sophisticated and
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interactive forms of network communication are now becari@asible. In particular,
Internet-based collaborative virtually-reality (VR) émmnments which permit users across
a network to co-exist and interact in a shared virtual wodd te developed. Ideally,
through the exchange of multi-modal sensory observatior®g the users’ workstations,
such systems should create a sense of tele-co-presenevimtttal environment.

The sense of force and kinesthetic feedback, also known@baare essential in the
human exploration and perception of his/her surroundingr@emment in daily activities.
The lack of haptic feedback has fairly limited the effectiges of exiting VR applications
in achieving the goal of tele-co-presence. The additiohigf¢ensing modality will be cru-
cial for the success of VR systems in many important netviaged applications. Players’
experience in network-based distributed gaming can belgesariched by the introduction
of haptic feedback capability. The use of force-feedbatérfaces would provide a level
of realism far beyond those offered by the exiting computangs. Network-based virtual
communities, which have already gained remarkable pojpylaan similarly benefit from
the use of haptics. The ability to interact with virtual atiggand other people over the
Internet would create enormous possibilities for new impotbmethods of distance learn-
ing and education. In computer-aided design and manufagtuproduct designers can
employ haptic-enabled networked design tools to remoteallglocorate in virtual prototyp-
ing and design of new products. The rise of the Internet hasag a remarkable interest
in new technologies for remote delivery of healthcare sewi There are promising tele-
health applications which can significantly benefit fromwak-based haptic interaction.
In tele-rehabilitation, for instance, a therapist can retyoguide a patient in the comfort of

his/her home in performing physical exercises inside a&l®nvironment. Network-based
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VR simulators can greatly facilitate remote training andhitoeing of medical practition-
ers in performing complex medical interventional proceduiThey can also be integrated
into advanced computer-assisted surgical systems egabtaractive collaboration among
surgeons with complimentary expertise across a network.

The above examples and many other underscore the stratggictance of research
in the area of network-based haptics to address some of yhiedkees currently inhibiting

widespread adoption of such technologies.

1.2 Problem Statement

Existing haptic control algorithms are primarily desigriedsingle-user applications and
are only effective when the entire simulation can be exetotea dedicated computing
platform with control update rates in excess of 1kHz. In retabased haptics, however,
the fidelity and stability of the simulation can drasticallggrade due to network impedi-
ments such as time delay, delay jitter, limited packet tr@asion rate, and packet loss.
Communication over a Wide Area Network (WAN) can be subjecsignificant de-
lays. The communication delay over a WAN such as the Intetepends on factors such
as geographical distribution of the users and the netwafkdr This delay can drastically
affect the transparency of the haptic simulation and may egsult in instability. Com-
pared to audio and visual feedback systems, the delay inonledd haptic interactions
imposes greater difficulties. This is partly due to the faet sight and hearing are passive
senses, whereas, touch is an active sense. In other wordsnirast to haptic systems,
there is no exchange of force and energy between the usenrgréumal objects in visual
and audio feedback systems. Although the performance abdist of audio and visual

feedback systems are affected by the network communicdgtay, instability occurs at

3
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larger delays compared to haptic feedback systems.

Moreover, depending on the network condition, the paclkatigmission rate is lim-
ited. In visual feedback systems an update rate of 30 framesgrond tricks the eye into
perceiving motion. Haptic applications, however, reqaineupdate rate of 1kHz for high
fidelity rendering of rigid objects ( Basdogan and Srinivagil]). At this point it is useful
to distinguish the network packet transmission rate froentbtwork bandwidth. In shared
haptic applications the amount of data to be transmittecislly small. However, this
data must be transmitted with minimum latency. Therefoetworked haptic applications
require a fast packet transmission rate, although a largdviadth is not necessary. In
our experience, the maximum achievable packet rate overdtveork was well below the
1kHz. The effects of limited packet transmission rate m@stonsidered in design and
analysis of network-based haptic systems.

The mentioned restrictions necessitate the developmenéwfdedicated control al-
gorithms that can guarantee a high level of performance,teke-co-presence, over the

Internet while maintaining the system stability.

1.3 ThesisContributions

In this thesis, the addition of force feedback to multi-ugetual environments is consid-
ered. In particular Internet-based haptic simulations imcl users across a Wide Area
Network (WAN) participate in the haptic interaction areestigated.

Built on the distributed multi-user architecture propobgd31], this thesis introduces
methods for improving the performance and stability of sdamaptic environments with
a stronger emphasis on the effects of time delay in the coonfdrternet communication.

To this end new quantitative measures are presented fotityuag the fidelity of haptic

4
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simulations in such environments. User’s perceived admitt and discrepancy among
local copies of virtual objects are considered in definirggthmeasures. Furthermore, state
prediction and feedforward control schemes are proposedrtgpensate for the negative
effects of the network communication delay on the transparand stability of the haptic
simulation.

Virtual spring-damper couplers synchronize the multigpies of the virtual environ-
ment and in addition couple the users to the virtual objecttseé distributed architecture.
Based on the defined performance measures, an optimizathem is formulated for
selecting the virtual coupling gains that can enhance thfymeance while maintaining
system stability. The solution to the this problem providesvith the set of control param-
eters that optimize the defined performance measures.

A three user distributed architecture is presented to shevextension of the proposed
methods to haptic simulations involving more than two usirsmerical analysis and hap-
tic interaction experiments over the Internet are carrigd@demonstrate the effectiveness
of the proposed approach in two-user and three-user plasfoFhe obtained analytical and
experimental results verified improvements by the preoictind feedforward mechanisms.

The main contributions of the thesis can be summarized as:

e Definition of objective and quantitative measures of tramepcy in distributed haptic

simulations.

e Formulating an optimization problem for selecting the ayppiate virtual coupling

gains.

e Improving the transparency of the shared haptic interadby utilizing predictive

and feedforward/feedback schemes.
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e Experimental Evaluation of the proposed methods over ttezriet in two-user and

three-user platforms.

1.4 Organization of the Thesis

The rest of this thesis is organized as follows. A review eflilaptics literature is presented
in Chapter 2. Centralized and distributed architecturestalti-user haptic interaction are

presented in Chapter 3 and a state-space multi-rate mogebveéded. New measures
for evaluating the performance of the distributed architex are introduced in Chapter
4 and an optimization method for selecting the virtual couypbains in this architecture

is presented in this chapter. Distributed predictive aratiferward control schemes are
proposed in Chapter 5 to minimize the effects of the netwalay and to improve the

performance of the collaborative haptic interaction. @yation results are presented in
Chapter 6. A haptic platform for two-user haptic experinsertd the results of the two-user
experiments over the Internet are presented in Chapter &pt€h8 extends the proposed
method to three users. The thesis is concluded in Chapteefevglome possible directions

for future research are also suggested.

1.5 Redated Publications

e Niakosari, S.; Sirouspour, S., "Improving transparency@work-based haptics,”
Third Joint EuroHaptics conference and Symposium on Haptesfaces for Virtual
Environment and Teleoperator Systems. World Haptics 2Q§)2547-552, 18-20
March 2009 [67].



Chapter 2

Literature Review

Haptics research is a truly multidisciplinary field betweehotics, control systems, com-
puter science, mechanical engineering, mechatronics sychplogy and others. Haptics
literature, therefore, contains works from different giices and on a variety of subjects
related to haptics research. This chapter presents a bviefw of the literature and works

relevant to this thesis.

2.1 Haptic Devices

Haptic devices are robots that enable users to feel and niategemote or virtual objects.
In a tele-operation system a user can perform a task remeitiythe aid of master and
slave robots. The user controls the slave robot through @enrobot. Ideally, the user
would feel present at the remote side and be able to mangtiiatremote environment
as if he/she was at the remote location. In a haptic simulaystem the slave robot and
the environment are virtual. As the user moves the hapticcdethe virtual environment

generates and sends the proper control commands to the kaptce. Ideally, the user
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should feel as if he/she was interacting with a real object.

Although haptic devices for manipulation of human tactéese have been produced,
this thesis focuses on devices that are capable of gengratition and exerting force to
the users. Haptic devices are usually equipped with semsat€ncoders to measure the
position/angle of the joints. Force sensors may be emplaysdme devices to measure
the force applied to the device by the user. Depending omgstiand output signal and

mechanical behavior, a haptic device can be classified agtadoe- or impedance-type.

2.1.1 Admittance-type Devices

The input command to an admittance-type haptic device igipnsin admittance-type de-
vices force sensors measure the force applied to the dévcee admittance-type devices
are also equipped with encoders for measuring positione®as these measurement, an
admittance-type controller will make the proper displaeatrin the haptic device.
Admittance-type haptic devices are capable of generatirggelforces. Therefore, they
are suitable for rendering high stiffness environmentsmathnce-type devices are com-
monly used in large workplaces. However, they usually poksge inertia and low back-
drivability and are therefore not suitable for rendering lmasses ( Van der Lindet al.
[81]). The FCS HapticMaster (see Fig. 2.1(a)) ( Van der Liada. [81]) and VIRTUOSE
3D15-25 by Haption (see Fig. 2.1(b)) are examples of adnuteype haptic devices.

2.1.2 Impedance-type Devices

Including most commercially available haptic devices, @d@nce-type devices measure
the position of the haptic device and exert the proper formset on the displacement

made by the user. Some impedance-type devices are alsgpeduipth force sensors.
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(a) (b)

Figure 2.1: Examples of admittance-type devices: (a) Hamster by FCS (Im-
age from Haptic Photo Gallery); (b) VIRTUOSE 3D15-25 by Hapt(Image from
http://www.haption.com)

Compared to admittance-type devices, impedance-typeeeWiave low inertia and high
backdrivability and are usually lightweight. These ch#gestics make the impedance-
type devices more suitable for rendering of free motiont, sofitact and low masses. The
Phantom series of products by SensAble Technologies is am@e of the impedance-
type devices. PHANTOM Premium 1.5 Haptic Device (see Fig(&)) is an instance of
this series with 3 degrees-of-freedom (DOF) positionaksenand 3 degrees-of-freedom
force feedback. Originally designed by Prof. Tim Salcudatathe University of British
Columbia, the planar Pantograph by Quanser (see Fig. 2i8(Bhother impedance-type
device with three degrees of freedom allowing planar tetiesh and unlimited rotation

about a single axis.
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(a) (b)
Figure 2.2: Examples of impedance-type devices: (a) PhabjoSensAble Technologies;
(b) Planar Pantograph by Quanser
2.2 Haptic Rendering

Computing the correct interaction forces between the useéitlze virtual object is called
haptic rendering. Haptic rendering algorithms can be vdifgrént from one application
to another but most impedance-type haptic rendering dahgos consist of the following

three blocks (Salisburst al. [75]).

Collision Detection Collision Detection algorithms are responsible for detertollision
between the haptic interface and a virtual object. Theseridigns may also derive

some contact information such as angle of contact, velafitpntact, etc.

Force Response Force response algorithms calculate the forces betweerirthal object
and the haptic interface based on the information from tHiesmm detection unit

and the position of the virtual objects and haptic interface

Control Algorithms Control Algorithms determine the forces to be applied to uker

through the haptic interface. Due to hardware or implentemtdimitations these

10
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Virtual Object
’ b
Lo ——
Ideal Haptic ' i Actual Haptic
Interface Position | 1 Interface Position
Ax

Amount of Penetration
Inside the Virtual Object

Figure 2.3: Penalty based method in force generation.
forces may differ from the output of the Force Response unit.

Different methods for generation of contact forces havenl@eposed in the literature.
Although force calculation methods that take into accohetdhape of the haptic device
exist (e.g. Heet al. [47], McNeelyet al. [62]), the focus in this work is on methods that
assume a simpler form of contact. Assuming that the useractie with the virtual world
with a point probe, the general 6 DOF problem can be simplifiechlculating the forces
along the x,y and z axes. The point probe represents the entdgbohe haptic device and
is commonly referred to as Haptic Interface Point (HIP) catav. Methods based on this
assumption can be divided into two categories: penaltydasgthods and impulse based
methods.

In penalty based methods the forces applied to the user apofional to the pene-
tration of the haptic device inside the virtual object. g3 shows a common one DOF
implementation of the penalty based method where springdantper elements are used

to generate the interaction forces. The interaction foacesalculated by:

11
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f = KAX+ bAX (2.1)

God object and proxy algorithms were introduced by Zilleg 8alisbury [88] and Ruspini
et al. [74], respectively, as methods to generate interactiocewwith three dimensional
objects. Based on the same principle both methods useduaiMiint, referred to as god
object or proxy, to represent a realistic point of contactrensurface of the virtual object.
Interaction forces can then be generated by placing a spridgdamper between the god
object/proxy and the actual haptic interface position. Réabnd Salisbury [82] enhanced
the performance of proxy method by restricting the proxytam to the edges and vertices
of the object.

Penalty-based methods generate forces based on the ampanetration of the haptic
interface inside the virtual object. Due to the discreteetimplementation of the haptic
simulation, the amount of stiffness that can be renderealthé penalty-based methods are
limited. Impulse based methods solve this problem by applg series of impulses upon
contact and therefore generating the feeling of rigid comt@&n impulse based method
has been employed by Mirtich and Canny [65] for dynamic satiah of contact between
rigid objects. Upon detection of contact a series of impmube calculated and applied to
the objects to avoid interpenetration of objects. Chang@uoidate [21] used the impulse
based simulation for haptic rendering of contact with rigiigects. Kuchenbecket al. [53]
proposed a method for rendering contact using open loog foutses. The approach im-
proves the users’ sense of touch by applying high frequenpylises. Constantinesetal.
[25] combined the penalty based and impulse based methoaigdying impulsive forces
upon contact and penalty and friction forces during contasbdossalami and Sirous-
pour [2] proposed two adaptive nonlinear controllers foeiaction with an impedance- or

admittance-type virtual environment.

12
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2.3 Applications

The growing interest in haptics research has brought alwutipplication in several fields
ranging from medical training to gaming and entertainmdntsurgical training haptic
simulators have been used for laparoscopic surgery ( Wedtste[85], Acosta and Temkin
[3], Hu et al. [50]), minimally invasive surgery ( Basdogatal. [13], Richardset al. [73]),
prostate biopsy ( Wang and Fenster [84]), and needle inseftGerovichewet al. [34]).
These surgical simulators give trainees the opportunifyraatice complex procedures on
the simulator many times before operating on the patient.

In rehabilitation haptic interfaces have been used to hatgpts regain their abilities.
Broerenet al. [16] designed a computer game as a training utility to prambtor re-
habilitation. McLaughlinet al. [61] developed a virtual environment with different levels
of haptic feedback for post stroke rehabilitation. Haptitual reality simulators were
used by Houtsma and Van Houten [49] for post-stroke uppa-liehabilitation. Mali and
Munih [59] designed and built a 2 DOF haptic device with a tamdriven transmission
system. The device can generate forces of up to 10 N and &bsifor finger rehabilitation
exercises.

Kim and Park [51] proposed haptic simulation methods forréual dental training
simulator in which the students could learn dental proceslsuch as drilling and filling
the cavities with realistic tactual feelings. Catal. [19] designed a six DOF haptic device
for dental surgery training system. Detial. [26] proposed a multirate control algorithm
to guarantee the stability of haptic dental training systartwo level up-sampling method
was introduced for high frequency force interpolation.

Haptic technology has been implemented in applicationilfod and visually impaired

people. Levesque [57] carried out a survey on the use ofdgjptithe design of aids for
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the blind. Yuet al. [87] developed a system for making graphs accessible taWsu
impaired people through haptic and audio media. Lécayend. [56] employed force,
thermal and auditory feedback to enable visually impairegte to explore and navigate
through virtual environments.

Force feedback has been used in the literature for eduehtomposes. Minogue and
Jones [63] examined the role of touch in cognition and leeynWilliamset al. [86] de-
veloped a program for teaching simple machine conceptsasitgver, pulley and inclined
plane to elementary school students. Using a 1 DOF forcebtesdslider (FFS) Kretz
et al. [52] developed a software application that allows usersudysthe laws of physics.

Haptic feedback can enhance the users’ experience in vatees} Force feedback joy-
sticks and haptic based games that allow a physical feefitigeaggames have been devel-
oped. The "Haptic Battle Pong”, ( Morris [66]), is a hetwor&rge that uses three-degree-
of-freedom force-feedback and six-degree-of-freedonitiposinput. Andrewset al. [8]
discuss the integration of haptic feedback in a shootee stiyleo game which uses a 3D
game engine. Gourishanketral. [39] worked on developing a haptic device and virtual
environment for playing billiards.

Brewster [15] investigated the possibility of applying bagechnology and virtual
reality to cultural applications. In a museum, for instgnesitors living far from the
museum can see and feel the objects at a distance. Oebac§69] studied the extraction
of biometric features from the measured data in a hapticant®n. Such methods could
be used for user authentication as an alternative to padswother applications of haptics
are in e-commerce ( El-Fat al. [28]), arts ( Frank Dachillet al. [32], Blanchet al. [14]),
scientific discovery ( Brooks [17]), and computer-aidedigie$ Hollerbachet al. [48]).

14
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2.4 Multi-user Haptics

Shared virtual environments over a network have attractgea deal of interest in recent
years. Shared virtual environments have been implementdadadining ( Stansfielet al.
[79]), research and development ( Macedonia and Noll [281)l, gaming ( Shaw and Green
[77]). Despite the growth of the Internet most networkedual reality applications have
been limited to the exchange of textual, audio and visuarmétion. Haptic feedback has
been noticeably absent from most exiting interactive netvapplications. Beside factors
such as the high cost and relative complexity of haptic deyithis is partly due to the
inadequacy of conventional haptic control algorithms faitivuser interaction over large
distances. The emergence of low-cost haptic interfaceséms market use has created a
unique opportunity for the growth of network intensive hepgapplications and has gener-
ated a great deal of interest in this area. The importancaptitifeedback in multi-user
virtual environments has been underlined by an experirhstutdy by Basdogast al. [12]
where the addition of haptic feedback has been shown tofignily improve the sense of
togetherness and task performance. Buttbk. [18] classified the interaction with shared
virtual environments as static, collaborative, and coafi based on how the users can
manipulate the virtual environment. In static environnsargers are able to explore the vir-
tual environment, but cannot modify the environment. CGumlative environments allow
users to take turns in manipulating the virtual objects. By simultaneous manipulation
of objects are not allowed. In cooperative environmentserban one user can interact
with a virtual object at a time.

Several issues arise in haptic rendering of networked aligavironments. Network
delay can drastically affect the sense of co-presence iragedhvirtual environment. In

addition to transmission time of the network medium, lajecan be caused by network
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Destination Distance| Mean round-trip| Delay jitter | Packet rate|
(km) delay (ms) RMS (ms) (Hz)
Bristol, UK 230 14.3 0.34 69.9
Amsterdam, The Netherlands 496 27.6 454 36.2
North Carolina, USA 6062 104 0.038 9.62
LAN - 0.46 0.047 2170

Table 2.1: Characteristics of network communication frén@ University of Manchester
to various locations. Results taken from Maesial. [60]
traffic and the time required for unpacking and processingsages. Moreover, users’
network bandwidth, distance between the users and the nushbeuters in between the
users can affect the amount of delay over a network ( Gutwaj) [4Effects of network
delay on performance in a collaborative virtual environbteve been investigated by Park
and Kenyon [71]. Although users were able to perform the ddftasks with delays of up
to 200 ms, it was observed that users tended to adopt a moweaancbntrol strategy.

Packets aimed for the same destination may be sent throtfghedt routes and may
therefore be subject to different delays. Variance in néti@nsmission time, also known
as delay jitter, can degrade the users’ performance in catpe virtual environments.
Hikichi et al. [45] evaluated the effect of delay jitter on haptic colladtorn over the inter-
net. Shirmohammadi and Ho Woo [78] employed visual cuegdalecorators to inform
the users of delay and jitter. The decorator would changer @#pending on the delay
and jitter over the network. Mars#t al. [60] measured network characteristics including
latency and jitter in 8000 packets sent from the Universitivlanchester, UK to various
locations. Table 2.1 shows some results from their measemtamin addition to delay and
jitter, packet loss is another issue in packet switched oesv

Due to hardware limitations packet transmission is limiagdr the Internet. Multi-rate

haptic control has been proposed in the literature to tabideproblem. Sankaranarayanan
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and Hannaford [76] proposed one client-server and two peer-architectures for multi-
user haptic simulations running at different network ratestoohiet al. [31] employed a
peer-peer multi-rate approach in which high-rate haptideging of local objects were not
affected by the slow packet transmission rate over the m&twohoet al. [23] used wave

variables to provide a stable low-rate haptic interaction.

25  Stability

Haptic rendering algorithms are implemented using compldrd are therefore sampled-
data systems. The effects of the sample and hold operatistability of the haptic inter-
action has been investigated by Colgettal. [24], Minsky et al. [64]. Abbott and Okamura
[1], Diolaiti et al. [27] addressed issues caused by sensor quantization iic hapdering.

In addition, actuator and haptic device dynamics affectstiability of the haptic interac-
tion.

Gil et al. [36] used the Routh-Hurwitz criterion to study the stapibif 1 DOF haptic
interface and to derive parameter conditions that gareahtestability of the system. Eom
et al. [29] utilized the small gain theorem to design a robust $tabg haptic controller.
Lyapunov analysis ( Diolaitet al. [27]), deadbeat control ( Gillespie and Cutkosky [38]),
and port-Hamiltonian systems ( Stramigietial. [80]) have also been used for stability
analysis of haptic simulations.

In networked haptics, delay, jitter, packet loss and lichbandwidth and packet trans-
mission rate can adversely affect the stability of the ltapteraction and may even result
in unstable systems. The concept of passivity has beenwideld in stability analysis of
tele-operation ( Anderson and Spong [6, 7]) under time dataywas reformulated using

wave variables by Niemeyer and Slotline [68]. A system issidered passive if energy is
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not supplied from within the system. In the context of haptlee condition is restated as:
the energy supplied to the hand being less than or equal enigrgy supplied by it ( Hay-
ward and MacLean [44]). Ariougt al. [9], Carignan and Olsson [20], Ariowt al. [10]
utilized the passivity-based techniques for stabilitylgsia of multi-user haptic rendering.
While these methods can ensure the stability of hapticaeten, they usually yield poor
transparency due to their inherent conservatism.

Gil et al. [37] proposed a stability condition for delayed haptic eys$ including the
effect of delay and virtual damping. Fotoodtial. [31] analyzed the stability of a cen-
tralized and peer-peer multi-user haptic system taking actount the network delay and
multi rate nature of the system. Haptic data compressionsivaied by Ortega [70], and
Hinterseeret al. [46] in order to reduce haptic data traffic for low-bandwidigtworked

haptics.

2.6 Performance Measures

Various methods for the evaluation of the fidelity of haptiteractions have been pro-
posed in the literature. Hannaford [43] asked users to paréopredefined task. Data was
recorded and analyzed and factors such as task complatieraid visual observation of
task errors were used in evaluating the haptic interactidihalabi and Horiguchi [4] em-
ployed mean and standard deviation of the perceived foraecooperative haptic interac-
tion in measuring performance of the system. Root Mean &qiRivIS) and peak position
error and RMS of force applied to the users were compared bg&8anarayanan and Han-
naford [76] for different peer-to-peer and client-servesh@ectures. Kuchenbecket al.
[54] asked subjects to rate the level of realism they en@adtin haptic interaction. These

measures may provide meaningful results in practice. Hewele to their ad-hoc and/or
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subjective nature, they have very limited utility in an attjee analysis of performance as
well as control synthesis.

Griffiths and Gillespie [41] characterized the behavioreétoperator feedback sys-
tems using analytical transparency and tracking measD&sendency of these measures
on tele-operator system parameters were investigatedrfdrpeance measure, referred to
asdistortion was defined by Griffiths [40] which measured the virtual eoniment dynam-
ics and actual closed-loop dynamics perceived by the usetooRiet al. [31] compared
the admittance rendered to the users and the admittance objbct being simulated. Fre-
guency response of the admittances were used as graphiaslires of performance in the

peer-peer architecture.
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Chapter 3

Cooper ative Haptics: Background and

Modeling

From an architectural perspective, prior work on netwoakda haptics can be classified
into two main categories: centralized and distributed hia thapter the two architectures
are introduced and a comparison between them from an esiearch conducted in our
group ( Fotoohet al. [31]) is provided. Also a modeling technique for deriving thystem
dynamics are presented. Although the models presentedsrchiapter are for a two-
user configuration, the same method can be employed in nmgdedihaptic interactions

involving more than two users.
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Figure 3.1: General representation of a centralized dsef-haptic system over a packet
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Figure 3.2: Model of centralized single-axis cooperatigptits.

3.1 Architectures

3.1.1 Centralized

Fig. 3.1 shows the general representation of a centralinettiser haptic system over a
network. In the centralized (client-server) architecsutiee entire haptic simulation runs
on a single server communicating with individual user wtakiens. Data (positions, ve-
locities, etc.) from all workstations (clients) are senttie central workstation (server)
where the interaction forces are calculated and along Wélobjects’ and users’ states are

sent to clients over the network. Fig. 3.2 displays the sialis model of the centralized
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network-based control architecture proposed by Foteodli. [31]. In this model, dynam-
ics of the user and the haptic device are modeled by pointeaaﬁsandmg representing
the combined masses of two users and haptic devimgslienotes the mass of the virtual
object;k's andb’s are stiffness and damping of corresponding virtual cergk's andx’s
are local and network transmitted positiori§;and f$ are the calculated and transmitted

forces applied to the remote user; afjdand fJ} are users’ exogenous force inputs.

3.1.2 Distributed

Fig. 3.3 shows the general representation of a distributed-dser haptic system over a
network. Distributed architectures (peer-peer) involvdtiple copies of the virtual envi-
ronment simulation running on the user workstations. Tha&tpm and velocity of each
user along with those of the shared virtual object are seet the channel to the other
workstation. The two copies of the virtual object are coneedhrough spring-damper
type couplings to maintain synchronization of the objeEtg. 3.4 displays the single-axis
model of the distributed network-based control architexfroposed by Fotookt al. [31].

In this model, dynamics of the user and the haptic device aeted by point massemsi_‘L

and mj) representing the combined masses of two users and hapiiedav,; and mg,

Workstation1 Workstation2

The Internet
Delay, Delay Jitter,
Low Packet Rate
Packet Loss

D i———

- N

B

=

Figure 3.3: General representation of a distributed dsal-haptic system over a packet
switched network.
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Figure 3.4: Model of distributed single-axis cooperatiapftics.

denote the masses of the local copies of the virtual objéstandb’s are stiffness and
damping of corresponding virtual couplerss andx’s are local and network transmitted

positions; and! and f} are users’ exogenous force inputs.

3.2 A Comparison Between Centralized and Distributed
Architectures

The main advantage of a centralized architecture is its l&itypas it only involves one
copy of the virtual environment and requires no synchrdrona The performance of cen-
tralized architectures, however, can largely degrade dulee constraints of the network
communication imposed on the data exchange between thesched the server. Dis-
tributed architectures, in contrast, permit users to atewith their local copy of the virtual
environment at a high control rate with negligible delagréby diminishing the impact of
the network limitations on local interactions. The mainldrege in such architectures is
to maintain the synchronization among copies of the virtu@ironment.

It has been shown by Fotoodtial. [31] that in contact with a virtual wall the maximum
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achievable wall stiffness in the centralized architectsilewer than that of the distributed
architecture. This is in part due to the limited network padkansmission rate. In other
words, in the centralized architecture, a low-rate commatmon channel connects the re-
mote user to the central virtual environment. The downsargf forces and positions of
the remote workstation adversely affects the maximum &abie stiffness in contact with
a virtual wall. The distributed architecture amelioratais hegative effect by allowing lo-
cal high rate rendering of static objects at the expense pbgimg higher computational
power requirements and a need for a synchronization method.

A thorough comparison of the stability and performance sfributed and centralized
architectures were presented by Fotogal. [31]. In the rest of this work the distributed

architecture is selected as a base due to its superiorityjtiogeentralized architecture.

3.3 Modeling

Fig. 3.5 displays a block diagram representation of the waer distributed architecture
introduced in Section 3.1.2. Itis composed of continuametaind multi-rate discrete-time
blocks. User and haptic device have continuous-time dycsmhereas virtual environ-
ment, corresponding couplers and communication link apgemented in a computer and
are therefore discrete-time elements. The maximum packesrission rate over the net-
work is usually well below what is required for haptic rendgr Distributed architecture

solves this problem by allowing virtual environment sintidas to run at a higher sam-
pling rate {Tc) compared to the network transmission rakg.(This approach results in a
multi-rate system in which local high rate feedback loogsraot affected by the relatively

slow communication rate.

The method of subsystem resampling was used by Foteicdli [31] to derive the
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Figure 3.5: Distributed control architecture; state petatis, shown by dashed blocks, are
added to improve performance.

dynamic equations of the multi-rate system of Fig. 3.5. ia thethod modeling and anal-
ysis are conducted in discrete-time. The method of subsystsampling in modeling
multi-rate discrete-time systems is founded on two assiomgt First, the two samplers
are synchronized and second, the slower sampling rate igteger multiple of the faster
sampling rateTqow = NTfag. The zero-order-hold blocks in Fig. 3.5 generate contiistou
time signals by holding the sample value constant over thgbag interval {I;). For this
reason the continuous dynamics of the hand and haptic dawécérst discretized using
a zero-order-hold (ZOH) continuous to discrete transfdioma The system dynamics are
divided into two subsystems on the basis of their sampliteg rfBhese two sampling rates

correspond to packet rate and control rate, and are denpf&dabdT,, respectively. State
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space difference equations of each subsystem are comrstratots sampling rate.

Xi[ki + 1] = Aixi [ki] + Biui[ki]

vilki] =Cixi[ki] + Diu[ki], i=t,c (3.1)

At this stage the network/computation delay can be integratto the system. In order to
connect the two subsystems, they must operate at the sanpdirsanate. Therefore, the
faster subsystem is downsampled to the slower sampling Tatesystem matrices for the

downsampled fast system are given by Fotalal. [31]:

A =AY
Bt = AN1B; + AN2B; + - + AcBc + B
CG=C: Di=D (3.2)

The two subsystems are then combined to form the overalldi;mequations of the sys-
tem. The steps for modeling the distributed control archites are shown in Fig. 3.6. The

state-space matrices of each subsystem are presentedemdip\.
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Chapter 4

Per for mance M easur es and Par ameter

Optimization

4.1 Performance Measures

Fotoohiet al. [31] compared the perceived admittance by the users inalexgd and dis-
tributed architecture to that of the object being simulatedhis case a pure mass in inter-
action with spring-damper. Obviously, in an ideal case thersishould feel the combined
dynamics of the virtual object and the environment with r&taition. To obtain the per-
ceived admittance, given the linearity of the model, it carabsumed that only one user
is in contact with the virtual object. The single-axis modg&the resulting distributed ar-
chitecture along with the ideal system are shown in Fig.a}.a0d (b), respectively. Here,
ky represents the stiffness abg denotes the damping of the virtual environment. The

perceived admittance of the objelt, is defined as the ratio of the user hand velodl‘t;o
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Figure 4.1: (a) Single user in distributed architecturgT{ive ideal system.

the user’s input forceflh in Fig. 4.1(a).

h(jw) = 5 (jw) (4.1)

Bl

Similarly, the ideal admittancehgeqy, is defined as the ratio of the ideal velocityo the

input forcef in Fig. 4.1(b).

- <

hideal (jw) = < (jw) (4.2)

In free motionk,, andb,, are set to zero. In contadt, can be assigned a very large value
to simulate contact with a rigid wall. The subsystem resamypapproach can be used
to obtain the difference equations governing the dynamidckesystem. The frequency
responses of the system for a typical set of control cougaigs are displayed in Fig. 4.2.
Table 4.1 contains the parameters used in obtaining theatse

Although the user’s perceived admittance of the envirortrieean objective measure

of performance, it is not sufficient in evaluating the effeetess of the system. In the
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kll = k22 = 3000 I\Vm bll = b22 =20 N'S/m

k21:400 N/m bglz 2 N-s/m
m) =m) =0.1kg Mo = 0.4 kg
Tc=1/1000s N=38
n=1 Meq = M} + mo = 0.5 kg

Table 4.1: A set of system parameters used to produce thiéssraskig. 4.2.

distributed control architecture the multiple (e.g. twopies of the virtual object must be
synchronized in order to ensure consistency among the ¢opaés of the virtual environ-
ment. Therefore, another performance index should be defiva reflects the ability of
the system to synchronize these virtual objects. Positexking of the two copies of the
virtual object can provide a measure for evaluating the Byortzation ability of the dis-
tributed architecture. For this reasapjs defined as the ratio of the position of the virtual

objectsx, to the user’s input forcé] in Fig. 4.1(a).

i (j0) =5 (j) (4.9
1

Similarly, the ideal position response is defined as th® mitithe ideal positiorx to the

user’s input forcef in Fig. 4.1(b).

—| X

Jideal (W) = < (jw) (4.4)

Fig. 4.3 displays the frequency responseg; @ndg;qey iN free motion with the parameters
in Table 4.1.

In the distributed architecture user’s position is senbssthe channel, where through
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Figure 4.2: User’s perceived admittance in distributedhiéectureh; (jw) and ideal ad-
mittanceh geq (jw) in free motion

virtual couplings the appropriate force is calculated appliad to the object. These cou-
plings reduce the discrepancy caused by the user’s foraeoffter factor in evaluating the
performance is the ability of the system to synchronize the&al objects in the presence
of a disturbance a model of which is shown in Fig. 4.4. In tlgsife, f4 is the disturbance

onmyz. di is defined as the ratio of the position of the virtual objegtgo the disturbance

fg.

. Xoi .
& (jo) = 7 (j0) (4.5)
Fig. 4.5 displays the frequency responsédfj w) in free motion.
The virtual objects position along with the perceived atknite of the environment and
the ability of the system to synchronize the objects in thesence of disturbance provide

a complete measure for evaluating the transparency of steldited architecture and will
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Figure 4.3: Object positiog; (jw) and ideal positiom 4ey (jw) in free motion

be used in the next section to formulate an optimization lerab

4.2 Parameter Optimization

The values of virtual coupling parameteks;, bi1, Koz, bo, K12, b12, in the distributed
control architecture can significantly affect the perfonoa and stability of the system.
While these parameters have been chosen empirically bya&amkrayanan and Hannaford
[76], and Fotoohiet al. [31], there is no guarantee that such selection would yiedd t
best achievable response. In this section, an optimizatioblem will be formulated for
choosing the best set of virtual coupling gains in terms efrisponse transparency and
system stability. This provides an objective and clear raadm for the control synthesis

in the distributed network-based haptics.
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Figure 4.4: Effect of disturbance on the virtual object’spion.

The frequency responses of admittance and virtual obj@ctsition defined in Sec-
tion 4.1 were used as a graphical tool for evaluating theoperdnce in a distributed ar-
chitecture. Equations (4.6), (4.7), and (4.8) convert thmnigtance error and position
discrepancy due to user’s force and disturbance into ga#iné measures suitable for the

use in a cost function.

f1=/0"|h1<jw>—h|dem<jw>|vv1<w> do. (4.6)
o= [ lo1(10) - g2 (100w (@) o @)
fo= [ b (i) — o) ws (@) doo 4.8)
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Figure 4.5: Response to disturbar€jw) in free motion

where f; represents the admittance erréy,is the virtual objects discrepancy arfigirep-
resents the discrepancy in response to disturbdnce, andd; have been defined in Sec-

tion 4.1, andw;’s are normalizing factors chosen as:

Wi (@) = [Nigeal (jo)] 11 (@)

W (W) = W3 (@) = |Gigea (jw)| 1 (@) (4.9)

wherel(w) is a frequency dependant gain used to give relevant impoetém different
frequencies.

The goal is to find the virtual coupling gains= [Ki1, b11, Koz, bo2, K12, b12], that mini-
mize the objective functions defined in equations (4.63)(4The system is assumed to be
symmetric, i.ey = [k11, b11, Ko2, bo2, K12, b12] = [ko2, D22, Ko1, bo1, k21, b21]. The result-

ing multi-objective optimization problem can be formulhtgsing the following methods.
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A. Weighted Sum Method

minimize f(y):zaifi(y), ieQ={123....k}

subjectto  stability

where f(y) is the weighted sum of objective$§,s. aj’s are weighting factors as-
signed to the corresponding objective functions. This metbonverts the multi-
objective problem into a single-objective problem suigégliolr standard optimization
algorithms. The solution should avoid gains that make ttsesy unstable. Hence,
stability is imposed as a constraint on the optimizatiorbfgm. A drawback of
this method is the need to find appropriate weighting factmrsfor each objective

function.

B. Goal Programming Method

minimize  f(y) = zai fily), ieq
|
subjectto ajfj(y) <9 & stability , jeQ»

QlLJQz:Q:{l,Z,?)...,k} & Q1NQ,=0

In the goal programming method a set of objective functidpsare selected and
a target value is assigned to each. In order to satisfy thet@nts, the selected
objective functions must be less than the assigned tardge¢sa This method at-
tempts to minimize a weighted sum of the remaining objeduivestions, fi. The

goal programming method simplifies the problem by consimgisome of the ob-

jective functions and limiting the search region. Howeware must be taken in
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selecting the appropriate target values to avoid overicaingng the problem ( Gass

[33]).
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Chapter 5

Predictive Synchronization and

Feedforward Scheme

In this chapter a discrete-time state predictor is emplédg@uprove the stability and trans-
parency of the haptic simulation. In addition a feedforwemdtrol scheme is proposed to

improve coherency between copies of the virtual object.

5.1 Predictive Synchronization

The effect of communication delay on transparency and Igtaloif haptic interactions
were investigated by Alhalabi and Horiguchi [5], and Waa@l. [83]. In the distributed
architecture, time delay causes inconsistency betweeadpies of the virtual object. A
smith predictor was used by Cheorfgal. [22] to compensate for the negative effects
of delay on object synchronization in such environments. igcr@éte-time model-based
predictor is proposed here to reduce inconsistency bettiearopies of the virtual objects.

It is anticipated that the state predictor will improve therfprmance and stability of the
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haptic interaction by estimating the virtual objects’ statihead of time. At each site, the
predictor provides an estimate of the future values of tleallgirtual object position and
velocity over the prediction horizon. These values are tin@nsmitted to the other side
of the communication channel and are used in virtual coafdlel, by2) to produce the
synchronizing control action.

In order to construct a discrete-time state predictor wetrinss derive the state space
equations of the virtual object. In this work, the virtualj@dt is a box and is modeled as
a mass-damper system as presented in Chapter 3. Howevapphmach is identical for
designing a predictor for virtual object with different dymics.

The state space dynamics of a mass-damper system are given by

Xo(t) = AoXo(t) + Bolo(t) (5.1)
Yo(t) = CoXo(t) + Dolo(t)

where

Xo 0 1 0
><O = ) 7AO = b 7BO - 1 (52)
Xo 0 ™ o
10 0
C:0: 7D0: 7u0:[f0]
01 0

In the above equations the state veckgy,s the vector of object position and velocity;
fo, the net force applied to the box, is the input and outputesstiate vector itself.

Discrete-time state-space dynamics of rigid single-bady&l objects can be derived
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using the ZOH continuous-to-discrete transformation enftillowing form:

Xob [K+ 1] = AopXop [K] + Bop fop [K]

Yob [K] = CopXon K] + DopUop (K] (5.3)
where

Aop =T Bop = ([ €*1dn) By (5.4)
CoD = C:0 DoD = Do

Assuming that the net force is constant over the predictaizbn, a prediction of the state

vector over a time horizon af sample times can be obtained by
%ob [K+ N = Al Xop (K] + (AD5 *Bop + Alp?Bop + - - +AopBap + Bap ) fon K] (5.5)

Although the net force on the object will not be constant dberprediction horizon, the
assumption can provide reasonable results when the net flmes not change abruptly
over the prediction horizon. A block diagram representatibthe predictor is shown in
Fig. 5.1.

Fig. 5.2 displays the proposed predictive scheme for shaaptic interaction using a
distributed control architecture. This is a modificatiortieé control architecture in Fig. 3.4
where instead of the actual object stateg, the predicted stategg, are calculated and
transmitted over the channel. The measures defined in Settiocan be similarly em-

ployed to evaluate and optimize the performance of the sysighis case.
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Figure 5.2: Predictive scheme.

5.2 Feedforward Predictive Scheme

Fig. 5.3(a) shows a single axis model of the distributed sEheiith predictive synchro-
nization. The dashed block indicates virtual objeatgs, and the force exerted to it by user

1, m*{ f»1 denotes this force which can be computed from one of theviitig schemes.
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Figure 5.3: (a) The distributed architecture with statelion. The dashed box displays
the force applied to virtual object at side 2 from user at didéb) Feedback scheme. (c)
Feedforward scheme.
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5.2.1 Feedback Scheme

Fig. 5.3(b) displays the force calculated by the feedbables®. the spring-damper cou-
plings ko1 andby; provide a coupling between the user at the remote side anth¢he
copy of the object. The forcdj1, is directly dependant on the virtual object’s state and is

determined by the following equation:

fo1 = freedback = Ko1 (X — Xo2) + D21 (X! — Xo2) (5.6)

The advantage of this method of force generation is thateabdlfack connection tends to
reduce the error between haptic device’s posiu'@nand virtual object’s positiorx,p. The
force is generated by a PD controller, spring-damper, betviiee virtual object’s position
and the haptic device position transmitted from side 1. Métwcommunication delay
imposes a restriction on how large the coupling can be chosen

In this scheme copies of the virtual object may or may not lmmtact with each user.
Whether or not a virtual object is in contact with a user dejseon the position of the
virtual object and the user and is determined by the collisietection module. As shown
in Fig. 5.4, small discrepancy between the copies of theiairbbjects may lead to one
object being in contact with a user while no contact has besscted between the user and
the other copy of the object. Therefore, the error betweerctpies of the virtual object
and nonlinearity of contact may result in a significant défece between the forces applied

to the objects.
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Figure 5.4: The force applied to virtual object 2 in feedbaokl feedforward methods as
user 1 loses contact with one object due to discrepancy ket copies.

5.2.2 Feedforward Scheme

Fig. 5.3(c) displays the feedforward scheniig. denotes the force on a copy of the virtual

object caused by the remote user and is calculated by:

f21 = freedforward = Ko1(X] — Xo1) + 21 (X} —Xo1) (5.7)

In this method the force caused by the local interaction cheasser with its own copy
of the virtual object is transmitted over the network andligglto all other copies of the
virtual objects. Forces generated by this method are nettyrdependant on the position
of the virtual object on which the force is applied. Upon @dé&ten of contact between a
user and its own local copy of the virtual object the locaémattion forces are calculated
and transmitted over the network. This force is then appgbe| other copies of the virtual
object, thereby, diminishing the need for a collision detacmodule between remote users
and local copies of the virtual object. In addition discrepabetween copies of the virtual

object will not result in a difference between the forcesligoito them as shown in Fig. 5.4.
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5.2.3 Feedforward/feedback Scheme

A feedforward/feedback scheme combines the two methods.fdrce applied to the re-

mote virtual object is calculated by:

f21 = Kteedforward ffeedforward + Kfeedback T f eedback (5.8)

With a proper selection of the gaingeedforward aNAKseedhack, It iS possible to take advan-
tage of both the feedforward and the feedback schemes. Omamtethe feedback scheme
reduces the error between each copy of the virtual objectramebte users through the
spring-damper coupling. On the other hand the feedforwelndrse reduces the undesired
effects caused by nonlinearity of contact. These gains eadded as an optimization pa-
rameter to the optimization problem formulated in Chapter dan be chosen empirically.

In this work we have choset} eedback = 1, andKseed forward = 0.5.
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Chapter 6

Design Examples

An example on designing a two-user haptic platform for a gigemmunication delay
is presented in this chapter. The virtual coupling gainshm distributed architecture of
Fig. 3.4 and the predictive and feedforward predictive sedeof Chapter 5 are optimized
for a round trip delay of 176ms(= 11). This is approximately the delay encountered in
our experiments between Mcmaster University and Oranga&tgpGA, as will be seen in
the next chapter. Furthermore, an analytical comparistwdsn the optimized schemes
with respect to the objective functions defined in Chaptexrgrovided here.

The goal programming method described in Section 4.2 is testmmulate the prob-
lem. The system parameters used in our analysis have beerdi@i Chapter 3 and

Chapter 5. These parameters are presented in Table 6.1.

m} =m) =0.1kg Mo = 0.4 kg
Tc=1/1000s N=28
n=11 Meg = M} +mo = 0.5 kg
Kteedback = 1 Kfeedforward = 0.5

Table 6.1: Set of system parameters used in the optimizatimsiem.
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A. Objective Function: The goal programming method simplifies the objective func-
tion by constraining some of the objectives to be less thaarget value. In our case,
position discrepancy factordz(y) and f3(y), are kept in the objective function, whereas,
the admittance measuré,(y), is moved to the constraint. Although other configurations
are possible, this selection is made because the posisoregiancy factors and admittance
measure are somewhat opposing objectives. Thereforergasonable to constraint one
objective and optimize the other one.

The solution of the optimization problem must reduce disarey between the two
copies of the virtual object in free motion and in contact.eases of free motion and

contact are described as follows:

1. Free motion: This is representedigy= 0 N/m andb,, = 1 N.s/m. The small non-
zero environment damping is employed to eventually stophjects when the users

are no longer in contact.

2. Contact: Users should be able to bring the virtual objettscontact with a static
object such as a wall in the virtual environment. This casedsleled by setting
the environment stiffness tq, = 1000 N/m; the environment damping is chosen as

bw =10 N.s/m.

The final objective function is the sum of the objective fuocs described above.

f(y) = fatree(y) + fatree(Y) + focontact (Y) + facontact (¥) (6.1)

wheref, and f3 correspond to position discrepancy between the copiesafittual object
due to user’s force and disturbance, respectively, as defm€hapter 4. The subscripts,

free and contact, respectively represent the cases of free motion and doasadefined
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above.
B. Constraints: The perceived admittance measuiigy), which was defined in Chap-

ter 4, is included as a constraint in the optimization proble

Stability is the other requirement of the design and is idelliin the constraints. In

order to have a realistic stability analysis the followirages are considered.

1. Users in contact: The system has to be stable in free métijpa= 0 andb,, =

1 N.s/m) and in contact with a walk( = 1000 N/m andb,y = 10 N.s/m).

2. Users not in contact: The system has to be stable when argen®t in contact with
the virtual object. This condition is derived by setting t&er and object virtual
couplings in Fig. 3.4 and Fig. 5.2 to zero, ilgg = kop = k1o = ko1 =0 N/m, by1 =
boo = b2 = bp1 = 0 N.s/m. The remaining virtual couplings are those between the
two objects, i.ekq1, bo1, ko2, bop. Therefore, this requirement restricts the acceptable

region for the virtual coupling gains between the two olgect

The discrete-time models of the systems are derived usiagnhlti-rate approach de-
scribed in Chapter 3. Ideally the optimized system shoubdipe stable interaction over a
range of user’'s dynamics and a range of virtual environmieois free motion to contact
with a stiff virtual wall. However, the resulting robust bikty problem becomes extremely
difficult to solve due to the nonlinear dependence of theesgshatrices on the optimiza-
tion parameters. The nonlinearity is caused by the subsystsampling method after
downsampling of the fast subsystems, as described in Gh&pte

In order to have a stable system all the poles of the resultiagrete-time system
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(eigenvalues of the state matrix) must lie inside the undei

max(|eig(A)]) <1

The nonlinear dependance of these poles (eigenvaluesgamptimization parameters re-
sults in a nonlinear constraint in the optimization prohleim order to provide stability
robustness to changes in parameters and to avoid margstable systems the condition

can be restricted to having all poles (eigenvalues) in alemalcle inside the unit circle.

max(|eig(A)]) <o

whered is the radius of the circle.

MATLAB ® Optimization ToolboX™ was employed to solve the nonlinear constrained
optimization problem. Due to the nonlinear dependance p$itaints and objective func-
tion on the design parameters it is difficult to investigéie tonvexity of the problem and
the resulting solutions might be local minimums. Randonmr@deaethods such as those
described by Brooks [17] ,and Price [72] can be used to sdart¢he global optimum and
are not considered here. The resulting virtual couplinggiand corresponding objective
functions are shown in Table 6.2 and Table 6.3, respectivty 6.1 shows the frequency
response of the admittance perceived by the user in all sshanfree motion and in con-
tact. The frequency response of the virtual objects’ pasgidue to user’s input force is
shown in Fig. 6.2. Fig. 6.3 shows the frequency responseeotittual objects’ positions
in response to a disturbance.

The optimization problem attempts to minimize the positiliscrepancy between the

copies of the virtual object in the three schemes while caimshg the error in admittance
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Virtual Couplings
n=11 K11 = Koo | b11=b2p | Kox = Koz | o1 = Dop | ko1 = k12 | b1 =byo
N/m N.s/m N/m N.s/m N/m N.s/m
No Prediction 2259 30 12.6 1.3 81.9 3.1
Prediction 2000 29.8 47.1 1.9 105.7 9.1
FF + Prediction| 1999 24.1 35.5 0 9.8 1

Table 6.2: Virtual coupling gains for round trip delay of 1i§.

Free Motion Contact
n=11 f1 f2 f3 f1 f2 f3
No Prediction || 0.60| 0.38| 0.87|| 0.41| 0.87| 0.96
Prediction 0.59| 0.20| 0.21 | 0.43| 0.77] 0.90
FF + Prediction|| 0.41| 0.20| 0.37| 0.46| 0.57| 0.91

Table 6.3: Objective functions for round trip delay of 176ms
perceived by the user. Based on a comparison of the positsanegpancy measures be-
tween the first two schemes, it is seen that the predictiverselsignificantly improves the
position tracking measurd,, and disturbance measutg,in free motion. In addition, the
predictive scheme allows higher virtual coupling gainsasetn the virtual objects without
sacrificing stability.

The addition of the feedforward control further improves position tracking measure,
fo, in contact. It also improves the admittance rendered tasee, f1, in free motion by
reducing the amount of damping felt by the user as seen in@ig. The performance
measures are derived from the linear model of the haptiesystTherefore, the ability of
the feedforward scheme in reducing object discrepancy auenlinearity of contact, as
discussed in Chapter 5, is not reflected in these performareesures. The optimization
results show that the addition of the prediction and feedfod mechanisms significantly

improve the performance of the cooperative haptic simutet this design example.
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mittanceh, 4eq (j) in free motion (left figure) and contact (right figure).
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Figure 6.2: Object positiog; (jw) and ideal positiomgeq (jw) in free motion (left col-
umn) and contact (right column). (a) Without prediction), {(sith prediction; (c) Feedfor-
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Chapter 7

Experimental Setup and Results

A platform for two-user haptic interaction over a networklesseloped in this chapter. It is
comprised of impedance-type haptic devices, virtual @mirent simulators for distributed
haptic simulations, graphical display and network comroation blocks. The platform
provides an environment in which users from across a WAN cdlalworate in a shared
virtual environment with haptic feedback. The elementshed platform are described in
this chapter.

The control schemes proposed in previous chapters are nmepled in the two-user
experimental setup to verify the effectiveness of our agginan practice. The results of

the haptic experiments using this platform are also presentthis chapter.

7.1 Experimental Setup

Fig. 7.1 displays the building blocks of the haptic simuftetbone side of the multi-user
platform. Elements of this haptic simulator along with thetwork blocks used in our

experiments are briefly described in this section.
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Figure 7.1: Building blocks of the multi-user distributealttic simulator. The two sides of
the communication channel are identical.

7.1.1 Haptic Devices

In the two-user experiments two planar two-degree-ofdfoee Quanser pantographs pro-
vide haptic feedback to the users. Each pantograph is adtigttwo DC motors. Two
Quanser QPA linear current amplifiers power the motors. Mshaft angles are measured
by optical encoders with 20,000 counts per revolution. bteoto block direct visual feed-
back from other users these haptic devices have been plackifeeent locations in our

lab.

7.1.2 Virtual Environment Simulator

The Virtual Environment (VE) Simulator includes the dynamof the virtual objects. It
also performs rendering of forces to be applied to the ussisvatual objects. The VE
simulator updates the states of virtual objects based ofotiees calculated. In the dis-
tributed architecture, the VE simulator is implementedlycon each workstation to pro-
vide high-rate haptic feedback to the users. Different nexlof the VE simulator are

briefly described here.
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Collision Detection Module

The Collision Detection Module is responsible for detegtamy contact between users and
the virtual object. It also detects collision between thaalyic virtual objects, i.e. virtual
box, and static virtual objects, i.e. virtual wall. Upon tthetection of collision a flag is
set and along with contact information, e.g. side and anfyt®motact, is sent to the force

calculation module.

Force Calculation Module

The Force Calculation Module (FCM) calculates the forceset@pplied to virtual objects
and users. The FCM constantly monitors the contact infaomdtom the Collision De-
tection Module. When no contact has been detected the ¢dlatgds not set and no force
is calculated. Upon the detection of a contact between aamka virtual object the FCM
determines the forces to be applied to the virtual objectthadiser. According to New-
ton’s third law the forces applied to the virtual object ahd tiser are equal in magnitude
and opposite in direction. A penalty based force generatiethod has been employed in
this work. Forces are calculated based on the amount of atioet of the haptic device
into the virtual object as shown in Fig. 2.3. Virtual spridgmper couplings convert this
penetration to contact forces.

The maximum achievable stiffness in penalty based mettwlitsited due to stability
constraints caused by sensor quantization, discreteitimpeementation of the controller
,and limited computational update rate ( Kuchenbeeked. [53]. In order to provide a
more realistic sense of rigid contact it has been suggestd€ubhenbeckegt al. [54],
Lawrenceet al. [55] to apply large impulse forces to the haptic interfacéhat moment

of contact for a short duration of time. The purpose of thigdois to prevent the haptic
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device from penetrating deeper into the virtual object lpyidly reducing the velocity of
the haptic device and therefore providing a sense of rigisn&rom the conservation of

momentum one can write

/OT F(t)dt = myve (7.1)

wherem, is the combined mass of user’s hand and haptic devicevatsl the normal
component of the contact velocity relative to the virtuajeah. In writing Eq. (7.1), it
has been assumed that the user comes into contact with anadjieor a relatively large
mass and thatn, is constant and known. Adaptive methods such as those pdins
Abdossalami and Sirouspour [2] eliminate the need for ateuknowledge of the user’s
hand and haptic device dynamics by replacing it with the dyina of an adjustable mass-
damper tool.

Assuming a constant force is applied fdy sample times, Eq. 7.1 becomes

MhVe
TeNe

FCTCNC - ranC = FC - (72)

Care must be taken in selectiNg such thafF; does not exceed the maximum haptic device

force. In our experiments; = 2.

Virtual Object Simulator M odule

The Virtual Object Simulator Module is responsible for upadgthe states of dynamic vir-
tual objects. The states are governed by the state spacendynaf the object and are up-
dated based on the forces calculated in the Force Calculstomiule and the current states

of the object. Odel (Euler) has been used as the integratidime in Matlab/Simulink to
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Figure 7.2: Virtual environment snapshot.

simulate the object dynamics.

7.1.3 Real Time Operating System

Quanser QuaR© generates the real-time code from SimuliinkAs suggested by Bas-
dogan and Srinivasan [11] a 1kHz haptic update rate is magdao provide a realistic
haptic interaction with the VE. All elements of the haptimsiator described in this chap-

ter except for Graphics and Network Communication run aatgdate of 1kHz.

7.1.4 Graphics

MATLAB ® Virtual Reality ToolboXM provides visual feedback to the users. To trick
the eye into perceiving motion an update rate of 32 framesg@eond is required for the

graphic simulator. A snapshot of the virtual environmerghiswn in Fig. 7.2.
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7.1.5 Network Communication

The network communication interface enables geographidatributed workstations to
communicate over the Internet. The network interface nmaks into account the real-time
requirements of the haptic simulation. This section dessrthe network communication

elements used in our experiment to connect the workstations

Protocol

Among the many Internet protocols User Datagram Protoc@lRVis more suitable for
real-time applications ( Forouzan [30]) and is thereforedush our experiments as the
communication protocol. The following properties makesRJB suitable protocol for

time-sensitive applications such as haptic simulation.

e Connectionless protocol
¢ No hand-shaking dialogue
e Small packet overhead by removing the checksums

e Compatibility with packet broadcast and packet multicast

However the low latency transmission comes at a cost. UDRatajuarantee that packets
reach their destination or that they arrive in the order they were transmitted. It also has

no strategy for resubmission of lost packets or for reordeout of order packets.

Communication Rate

The packet transmission rate depends on network conditadsremains around 100-
200Hz for acceptable communication. In our experimentscthramunication rate was

set to 125Hz to maintain reliable communication betweemihkstations.
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Packet Mirror Server
Orange Country, CA

Figure 7.3: Experiment network setupons from http://www.devcom.com/.
Packet Mirror Servers

A packet mirror server is a computer running our packet miprmgram. It provides a
communication path between our workstations. All commaitida between the two work-
stations must pass through one of the packet mirror seréues packet mirror server can
be chosen anywhere in the world to make arbitrary Internetlitions. The packet mir-
ror program enables us to construct actual Internet coiumecbnditions, i.e. delay, jitter,
etc., between our lab and another location in the world withioe need for the experiment
setup to be present in that location. Fig. 7.3 shows the tser-network setup used in
our experiments. Packets are transmitted over the Intéoreetserver in Orange County,
CA where they are reflected back to the control workstatiomdaMaster University. The
round-trip delay from our workstations to the packet miserver was measured around
90ms with negligible jitter and data loss. Therefore, thaltmund-trip delay between the

two workstations is approximately 180ms.
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Virtual Couplings
n=11 K11 = Koo | b11=b2p | Kox = Koz | o1 = Dop | ko1 = k12 | b1 =byo
N/m N.s/m N/m N.s/m N/m N.s/m
No Prediction 2259 30 12.6 1.3 81.9 3.1
Prediction 2000 29.8 47.1 1.9 105.7 9.1
FF + Prediction| 1999 24.1 35.5 0 9.8 1

Table 7.1: Virtual coupling gains for round trip delay of 1.
7.2 Experimental Results

The effectiveness of the three proposed schemes have baetined in comparative ex-
periments and the results are presented in this sectiorvifithal coupling gains have been

optimized in Chapter 6 and are presented again in Table 7.1.

7.2.1 FreeMotion

Position of the virtual objects along y-axis in free motidntlee distributed, predictive
and feedforward predictive schemes are shown in Fig. 7.4¢apand (c), respectively. In
order to compare position discrepancy among copies of thieaviobject in free motion
the users were asked to move the box toward each other. Usesfare displayed on the
same figure. The addition of feedforward and prediction raagms improved position
tracking between the copies of the virtual object in freeioroais was expected from the
analysis presented in Chapter 6. In particular the premtidiilock used in the last two
schemes allows larger coupling gains between the copiéeafittual objects. The system
becomes unstable if the same coupling gains are used wigthediction. By comparing
the user force profile in Fig. 7.4(a), (b) and (c), it is seeat tass force is required to move

the object in the feedforward predictive scheme comparéaedirst two schemes.
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7.2.2 Contact

The distributed, predictive and feedforward predictiveesnes were examined in contact
with a virtual wall with a stiffness ok, = 1000 N/m and damping olf, = 10 N.s/m. The
position of the copies of the virtual object along the y-awithe three schemes are shown
in Fig.7.5. While all schemes were able to provide stablaadrwith the virtual wall, the
addition of the prediction and feedforward mechanismsiBagmtly improved the position
tracking as was expected from the analysis presented int@h&apln contact with a virtual
wall the feedforward control applies larger forces to thema&e object comparing to the

forces that the feedback control can provide without capsiatability.
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Figure 7.4: Position of the box in free motion. (a) Withouggiction; (b) With prediction;

(c) Feedforward + prediction.
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Chapter 8

Extensionto Three Users

This chapter builds upon the two-user architecture desigmehe previous chapters and
extends the results to a three-user platform. The additiantbird user to the existing
two-user architecture is investigated. The goal is to shmneffectiveness of the proposed
methods in haptic interactions involving more than two ss@ue to its superior perfor-
mance and stability in the two-user haptic interaction,fdesiforward predictive scheme

has been employed in this chapter for extension to threes.user

8.1 Extendingthe Architecture

In the distributed architectures, each user interacts igtlocal copy of the virtual object.
Virtual spring-damper couplers synchronize the multigpies of the virtual object. The
addition of the third user to the existing two-user archiiee requires another copy of
the virtual object as well as virtual coupling gains to symactize the three copies and to
provide force feedback to the third user. Figs. 8.1(a), &by (c) display three possible

topologies for adding Side 3 to the existing two-user aeddtitre. ny, n2, andng are the
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Figure 8.1: (a) Star topology with Side 1 as the central wiatken. (b) Star topology with
Side 2 as the central workstation. (c) Fully connected togyl (d) Single axis model of
one side of the three-user setup in the fully connected tapol
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number of sampling rate delays in the three communicatiamicéls.

Figs. 8.1(a) and (b) show the star topology in which all wtakens are connected
to a central workstation. Local copies of the virtual objast connected to the central
workstation’s copy by virtual spring-damper couplings.these schemes the position of
the haptic interfaces must pass through the central wadrstep get to other workstations.
In addition, there in no direct coupling between all copiethe virtual object. The central
workstation plays an important role in the star topology anithe event of failure in any of
the communication channels the associated workstatidie/itompletely disconnected.

Figs. 8.1(c) shows the fully connected topology in whichrgugo workstations are
connected through a separate communication channel. Thmuaaication of data in this
topology is not solely dependant on one communication oblaaumd in the event of fail-
ure in one channel the workstations will be connected thnailng remaining channels.
However the fully connected topology requires more commation channels between the
workstations and will generate more network traffic. Duehe teliability of the fully
connected topology it will be used in the rest of this chafiieextension to three users.

The addition of the third workstations necessities addéleirtual couplings to connect
the three virtual objects together. Fig. 8.1(d) displaysdimgle-axis model of one side of
the three-user architecture. In this figumb represents the combined mass of the user and
haptic device at Side im,; denotes the mass of the local copy of the virtual object at 8id
k's andb’s are stiffness and damping of corresponding virtual cerg)k’s, X's, andx’s are
local, predicted, and network transmitted positions respely; fih is the user’s exogenous
force input at Side i; and j, k € {1,2,3}, i # ] # k. a single network sampling raie
has been assumed among all the workstations.

A symmetric architecture has been assumed,ki.e= Kji andky ij = ko ji fori, j €
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{1,2,3}, i # j. This is a reasonable assumption since the communicatiay detween
every two workstations is the same in each direction. Thdimate modeling approach
represented in Chapter 3 can be used to derive the state-spaations of the three-user

architecture.

8.2 Performance M easures and Parameter Optimization

Our goal in this section is to define a set of objective fumithat can be used in op-
timizing the extra virtual coupling gains in the three-usechitecture. Since the third
workstation is being added to the existing two-user archite, the optimization prob-
lem optimizes only the virtual coupling gains associatethwiie third workstation, i.e.
Y = [Ka3, b33, Ko13, bo13, K13, b13, Ko23, Do23, Koz, b23]. The system is assumed to be symmet-
ric, i.e. [Ko13, Po13, k13, D13, Ko23, Bo23, ka3, b2g] = [Koa1, Dosi, ka1, ba1, Kosz, Bos2, ka2, bs2]. The
rest of the virtual coupling gains are those found by theiaglthe optimization problem
in Chapter 6.

Similar to the objective functions defined in Chapter 4, tilofving objective functions

are employed in optimizing the three-user architecture.

Perceived Admittance The perceived admittance of the object at Sidbs3js defined as
the ratio of the user hand velocivg to the user’s input forcég‘ , .e. hg(jw) =

%(]w). Similarly, the ideal admittanceh;geq , is defined as the ratio of the ideal

velocity v to the input forcef, i.e. higeq (jw) = ¥ (jw). The admittance measure is

formulated as
n - -
flz/0 Ihs () — Pydear ()| Wi (@) doo. (8.1)
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Position Discrepancy The ability of the system to synchronize multiple copieshef vir-
tual object is reflected in this measure, igg(jw) = ’]f'—;,i (jw). Similarly, the ideal
position responsaigeal, IS defined as the ratio of the ideal velockyo the input
force f, i.e. gigea (jw) = ¥ (jw). The virtual object discrepancy measure is formu-

lated as
= [ 5800 - 00 +lgs(j0) - g (W) we(@) do. (82)

Disturbance Response This measure represents the ability of the system to syncteo
the virtual objects in the presence of a disturbance, dg.jw) = ’;'—;i (jw). The

disturbance measure is formulated as
m1 . . . .
fa= |5 (da(io0) —dh (joo)| +[ds (00) ~ o (j0) s (@) deo. (83)
wherew;’s are normalizing factors chosen as:

W1 () = |higea (jo)] 1 ()

W (@) = W3 (@) = [gideal (J@)| "1 () (8.4)

andl(w) is a frequency dependant gain used to give relevant impetemdifferent fre-
guencies. The above objective functions can be used in fatmg a multi-objective opti-

mization problem similar to the one defined in Chapter 4.
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8.3 Design Example

The control gaing = [Ka3, b33, Ko13, D013, K13, D13, Ko23, bo23, ko3, b23] in the three-user archi-
tecture of Fig. 8.1 are optimized for round trip delayspf 11 (176ms)n, =7 (112ms)nz =
5 (80ms). The rest of the system parameters are presentadle. B.1. The virtual cou-
pling gains in Table. 8.1 are those found in Chapter 6 by apting the two-user archi-
tecture. The goal programming method described in Chapieruéed to formulate the
problem. In this method;(y) and f3(y), are kept in the objective function, whereas, the

admittance measuré; (y), is moved to the constraint.

minimize f(Y) = f2free(y> + f3free(Y) + f200ntact (Y) + f300ntact (y> (8-5)

The resulting virtual coupling gains and correspondingotiye functions are shown in
Table 8.2 and Table 8.3, respectively. Fig. 8.2 shows thguracy response of the admit-
tance perceived by the third user in free motion and in canfidwe frequency response of
the virtual objects’ positions due to user’s input forcehswn in Fig. 8.3. Fig. 8.4 shows

the frequency response of the virtual objects’ positionggponse to a disturbance.

k]_]_ = k22 = 2000 I\Vm b]_]_ = b22 =241 N'S/m
Ko12 = Ko21 =355N/m  bgio =bo21 =0N's/m
k12:k21:9.4 N/m b12:b21:1 N-s/m
m' =0.1kg mei = 0.4 kg

Tc=1/1000s N=28

Table 8.1: Set of system parameters used in the three-userizgtion problem.
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n =11, Virtual Couplings
n=7, ka3 bs3 Ko13=Ko31 | Do13=Dbo31 | Kiz=ks1 | b1z=Ds1 || Ko2z=kozz | bozz=1D032 | koz=ks2 | b2z =Dz
n=>5 N/m | N.s/m N/m N.s/m N/m N.s/m N/m N.s/m N/m N.s/m
1916 28 48.6 0.2 60 1.2 53.1 0.7 35.5 0.5

Table 8.2: Virtual coupling gains for; = 11,n, = 7,n3 = 5.

ng =11, Free Motion Contact
=717, fl f2 f3 f1 f2 f3
ns=>5 | 0.49| 0.06| 0.13| 0.45| 0.43| 0.86

Table 8.3: Objective functions for, = 11,n, =7,n3 =5.
8.4 Experimental Results

A three-user haptic system has been set up to examine thaivedfeess of the proposed
design. This three-user platform consists of one PHANTOB®hRum 1.5A Haptic Device
by SensAble and the two Quanser pantographs used in theg®rosystem. Although
the PHANTOM provides three-degree-of-freedom force feettbits movement along the
z-axis has been disabled to be consistent with the two peajtbg as shown in Fig. 8.5.
Due to limitations of PHANTOM in rendering high forces the&b coupling between the
phantom and the virtual object have been reducekkto= 600N/m, andbsz = 10N.s/m.
The three workstations have been located in separate eghitlour lab to avoid direct
visual feedback between the users.

Although it was possible to use network packet reflectormaShapter 7 in the ex-
periments, this setup requires three packet reflector eavel therefore constant artificial
delay was employed to emulate the communication delaysadst

Fig. 8.6 displays the position of the three copies of theuairbbjects in free motion

and the forces applied to the users as the users pushed thteveard each other. The
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Figure 8.2: User’s perceived admittance in the three-usteps (jw) and ideal admit-
tanceh;gea (jw) in free motion (left figure) and contact (right figure).

positions of the copies of the virtual box along the y-axisantact with a virtual wall with
a stiffness ok, = 1000 N/m and damping ob,, = 10 N.s/m are shown in Fig. 8.7. The
dashed line shows the position of the virtual walyat —0.06m.

The three-user haptic system was able to provide stabléchafgraction with the vir-
tual box in free motion and contact, as expected from theyarsgbresented in Section 8.3.
The same approach can be employed to extend the architegtorere than three users.
For instance, a fourth user can be added to the existing-tigeearchitecture by keeping
the virtual coupling gains used in this chapter and optingA set of virtual coupling gains

associated with the fourth user.
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Figure 8.3: Object positiog; (jw) and ideal positiom 4eq (jw) in the three-user setup in
free motion (left column) and contact (right column).
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column) and contact (right column).
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Figure 8.5: PHANTOM Premium 1.5A Haptic Device by SensAbhel ahe coordinate
frame assigned to it.
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Chapter 9

Conclusions and Future Work

9.1 Conclusions

The fidelity and stability of haptic interaction in netwobased virtual environments de-
grade due to network impediments such as time delay, detay jimited packet transmis-
sion rate, and packet loss. This work was primarily conagmuigh the effect of network
communication delay on the performance and stability ofpeoative haptic simulations
over a WAN.

A recent study conducted in our group by Fotoehil. [31] compared the perfor-
mance and stability of centralized and distributed cordrohitectures over a Local Area
Network (LAN). It was demonstrated in their work that a disfited control architecture
can improve haptic fidelity in free motion and in contact wiid environments over a
centralized control architecture by allowing high-ratedback with local copies of the vir-
tual environment. A distributed control architecture wagpéoyed in our work due to its
superiority in network-based haptic simulations. Higteracal simulation of the virtual

objects and low-rate communication over the network rasudt multi-rate discrete-time
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system. The subsystem resampling approach in modeling-ratgtsystems was used to
obtain the mathematical description of the system.

In the distributed architecture, virtual coupling gains&yronize multiple copies of
the virtual object and provide feedback to the users. Thaegbf these virtual coupling
gains affect the performance and stability of the haptiation. In order to improve the
interaction transparency, an optimization problem wastdated for selecting the virtual
coupling gains. Quantitative measures of user’s perceadedittance and position discrep-
ancy between multiple copies of the virtual object were @ygdl as objective functions in
formulating the optimization problem.

The control architecture was modified by introducing a pr&oin mechanism to com-
pensate for the negative effects of the time delay on pedana and stability of the haptic
simulation. Based on the virtual object’s dynamics, thelmt@n mechanism predicts the
position and velocity of each copy of the virtual object otrez prediction horizon. This
prediction is sent over the communication channel instéaideoobject’s states. To further
improve the transparency of the haptic simulation, a femedod mechanism was designed
to reduce the discrepancy between the multiple copies ofitheal object due to distur-
bances and contact nonlinearities. Numerical analysisedlsas experiments conducted
with a two-user haptic platform over the Internet demortsttéhe effectiveness of the pre-
diction and feedforward mechanisms in improving the ugegiseived admittance as well
as the position tracking between copies of the object inifineéon and in contact with a
virtual wall.

The predictive-feedforward architecture was extendedttwee-user platform to show
the effectiveness of the proposed methods in haptic sitoakinvolving more than two

users. An optimization problem similar to that defined fag tivo-user architecture was
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formulated for finding the new virtual coupling gains asst&i with the third user. Exper-
iments carried out on a three-user platform verified stabjsib interaction in free motion

and in contact with a virtual wall.

9.2 Suggestionsfor Future Work

The following topics are a number of potential directionsftdure research:

e A single network sampling rate was assumed in this resedrchulti-user haptic
interaction workstations can have different network ratesed on their hardware and
network characteristics. The effect of multiple networtegin cooperative haptic

interactions can be investigated in future.

¢ In the proposed predictor, the net force applied to the dhjas assumed constant
over the prediction horizon. This assumption is only validew the net force does
not change abruptly over the prediction horizon. More stialiprediction models
have to be developed in future. In addition, a predictiorhefwser’s hand position

can improve the transparency of the haptic simulation.

e The state prediction and optimization of the gains werequeréd for a constant net-
work delay and no packet loss. However, depending on neteamkitions, network
delay may be subject to jitter and can change over time. Toyggsed control frame-
work can be extended to the case of variable time delay. Tloraiatof delay can be
estimated by attaching time stamps to the packets or by aasgepautine running at
a lower rate than the communication rate. In addition, leskets can be recovered
through extrapolation of the previous packets. The effestioh mechanisms on the

stability and transparency of the haptic simulation cambestigated.
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e The extension to four or more users can be implemented usngus network
topologies, e.g. star, ring, line, fully connected, etce €ffect of different topologies

on stability, performance and network traffic can be ingzged.
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Appendix A

State-space Representation

The state-space equations of the system of Fig. A.1 is dkrivéhis section. Discrete-
time and multi-rate nature of the system as well as the coatiputand communication
delays are considered in deriving the equations. The sfaee equations of the three-user

architecture introduced in Chapter 8 can be derived usiegdéime approach.

A.l SingleMass

It is useful to derive the state-space equations of a singlesrsystem of Fig. A.2. The

matrices will be used in constructing the state matriceb®flystem of Fig. A.1.

A.1.1 Continuous-time

X (t) = AX(t) 4+ Bu(t) (A.1)
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where
X 01 0
X = A= B= (A.2)
X 00 1
10 0
C= ,D= ,u=[f]
01 0

wherem is the mass of the object,andx are position and velocity of the object, respec-

tively, andf is the net force applied to the object.
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A.1.2 Discrete-time

X(k+1) = ApX(k) + Bpu(k) (A.3)
y(k) = CpX(K) + Dpu(k)

where

AD:eAT BD:(fOTeA”dn)B

(A.4)
Cob=C Dp=D

Applying the above transformation to the system of Eq. (Atli9 discrete-time state-space
representation of a single mass is

1T L

Ap = ‘| Bp= ZTm (A.5)
0 1 I
10 0

Cp = ,Dp =
01 0

A.1.3 Augmenting Computation Delay

Computation delay can be augmented into the discrete-timgehof the mass derived

in SectionA.1.2. The new state transition matrices ance stattors for one sample time
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X
>
f Computation ﬂ]
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Figure A.3: Single mass with one sample computation delay.

computation delay are

X 1T K 0

~ ~ Ap Bp ~
X=1x| A= 01 &|.Bo=|0 (A.6)

0O O
fq 0O 0 O 1
) 100 . o _
Cp = |:CD DD} = 7DD: U= [f]
010 0

wherefy is the one sampled delayed input.

A.2 Sidel

Considering one sample computation delay, the net fargegpplied to the userhy!, at
sidel can be found from Fig. A.4.

fag = f1— ke (X! — Xo1) — b1 (3 — Xo1) (A.7)
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Figure A.4: Single-axis model of sidel of the two-user haptistem.

The net forcefqp, applied to the objectrf), at sidel1 can be found from the same figure. The

opposite position references at the two sides must be cenesidn writing the equations.

for = —Ki1(Xor —X7) — b11(%o1 — X4) — Ki2(Xo1 +8) — b1a(Xo1 +35)  (A.8)

—Ko2(Xo1 + Xo02) — Bo2(Xo1 + Xo2) — KaXo1 — bwXo1

Replacing Eqg. (A.7) and (A.8) in discrete-time model of 8atA.1.3 and A.1.2 and com-

bining the dynamic equations of the two masses one can déev&ate-space matrices of
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the system.
[ x{ ] [ x5 ]
Y Y
Xsdel = | f1q| » Usidel = |Xo2
Xo1 Xo2
[ Xo1 R
_ - )
1 Te ﬁﬁ 0 0
1
0 1 n—:cﬁ 0 0
1
Asidel = —k]_]_ —b]_l 0 k]_l bll
2 2 2 2
mkin mbir 01— (kir+kiotkoz+ k) To— za-(Dra+biz+bop)
_%kll %bn 0 —%(kll‘i‘ K12+ ko2 + k) —%(bll‘f‘ b12+ bo2) |
0 0 0 0 0
0 0 0 0 0
Bside1 = 0 0 0 0 1
TC2 TC2 C [of
T 2mor kiz — 2mo; b12 2mg1 2mg; boz O
—%kﬁ —%bﬂ —%koz —mgPa2 0
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Figure A.5: Single-axis model of side2 of the two-user hapgistem.

Cside1 = , Dside1 = M
4x5

o O o Bk
o O P+ O
o O O O

o [l o o
L= o o o

A.3 Side?

The system matrices of side2 can be written in the same wages By placing the appro-

priate virtual coupling gains and removing the input force.

-
X2 B h'
X1
)'(h
2 h
X1
Xsde2 = | foq | » Uside2 =
Xo1
Xo2 )
) _Xol_
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Asider =

Bside2 =

Csde2 =

0
0
ka2
1—2Ei2(k22+k21+k01+kw) Te
— & (ka2 + ka1 + ko1 + ki)
0 0 0
0 0 0
0 0 0
T byg —2T°,T,; Kox —ZT—nc,jzbol
—%bn —%kol —%bol_
00O 6
1 000
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0 010 4x4
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A.4 Downsampling and Merging

The two subsystems can be downsampled by the followingftyemation

A =AY
Bt = AV 1B+ AN2Bc + - - + AcBs + B
C=C. Di=Dc (A.9)

whereN = .
C
At this stage the communication delay can be augmented isytsiem matrices and

the resulting subsystems will be merged.

'&sidel 0

0 0 Bsder(:,1:4)
0 |Asgez| O |Bsge2(:,1:4) 0
A= |C4qer| O 0 0 0 ;
0 |Cyde2| O 0 0
0 0 | 0 0
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The state vector is consisted of the two sides’ velocities@sitions.

Xsige1 (K)
Xside2(K) X o
" . X
Xsidet(K—1) X1 .
A z R
X = |Xgae2(k—1) | - Xdde = | fig | » Xsidei = =12
Xoi
Xoi _
v, : Xoi
Xside1(k—n) | Xoi | -
| Kside2(k—n) |

where 0 and are zero and identity matrices of appropriate dimensiohs. férce applied
at sidel,f, is the input to the system. Depending on the output of istéhe matrixC can

output any of the states ,aimd= [0].
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