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Abstract 

Bilateral (force-reflecting) teleoperation in the presence of network induced commu

nication constraints presents significant challenges in terms of stability and trans

parency of the teleoperator system. It is well-known that the stability of the force 

reflecting teleoperators is compromised in the presence of even small communica

tion delays. Also, stability and transparency are conflicting goals; in particular, high 

force reflection gain provides a better kinesthetic as well as tactile feedback, however, 

it also destabilizes the overall system due to increasing the closed-loop gain. In this 

thesis, a set of results is presented towards stable and transparent force-reflecting 

teleoperation in the presence of communication constraints typical for serial com

munication networks. A small gain approach to network-based bilateral teleopera

tion is systematically developed. The approach is built upon a new version of the 

input-to-output stability small gain theorem for systems which communicate over 

multiple networked channels. Based on this theorem, schemes for bilateral teleoper

ation over networks are developed that guarantee the stability/tracking properties 

in the presence of network induced communication constraints. Projection-based 

force reflection algorithms are introduced that solve the contradiction between sta

bility, maneuvrability, and high force reflection gain; in particular, these algorithms 

allow for achieving the stability for arbitrarily low damping of the master manip

ulator and arbitrarily high force reflection gain Next, the problem of design of the 

network-based teleoperators enhanced by means of virtual environment is addressed. 

The approach proposed is based on a nonlinear sampled-data design framework, and 

uses ideas from model-based control as well as multi-rate sampled data systems. The 

control algorithms and the communication protocols are presented that guarantee 

stability of the overall system under mild assumptions imposed on communication 

process. 
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Chapter 1 

Introduction 

In this chapter, some introductory material is presented that is related to master-

slave teleoperator systems with special emphasis to surgical applications. At the 

end of this chapter, the goals of this thesis are identified and discussed. The chapter 

is organized as follows. In Section 1.1, we introduce master-slave force-reflecting 

teleoperator systems and discuss three conceptually different applications of the 

master-slave teleoperator systems to surgery: remote surgery, micro-surgery, and 

minimally invasive surgery. In Section 1.2, we give a brief survey of the experi

mental results that demonstrate importance of the haptic feedback in telesurgery. 

Notions of transparency and fidelity of teleoperation are discussed in Section 1.3. In 

Section 1.4, a trade-off between transparency and stability in teleoperator systems 

is briefly addressed. Section 1.5 describes the effect of communication delay on sta

bility and performance of teleoperation. General design requirements for telesurgery 

systems are summarized in Section 1.6. Finally, Sections 1.7 and 1.8 discuss thesis 

contributions and thesis structure, respectively. 

1 



Chapter 1. Introduction 2 

1.1 Master-Slave Teleoperator Systems and Their 

Applications to Surgery 

According to Sheridan [1], teleoperation can be defined as the extension of a per

son's sensing and manipulation capabilities to a remote location. A standard tele-

operator system consists of two (or more) robot manipulators called master and 

slave(s) connected through communication channels. The master manipulator is 

moved by a human operator, and the information about master's position and/or 

velocity (and, sometimes, forces applied by the human operator) is transferred over 

the communication channel to the remotely located slave. The slave is designed to 

follow the motion of the master, thus executing the remote task. In bilateral (also 

called bilaterally controlled or force-reflecting) teleoperator systems, the informa

tion about contact forces due to interaction with the environment (and, sometimes, 

position/velocity error) is sent back to the master site and applied to the motor 

of the master. Such a force feedback provides the human operator with a certain 

kinesthetic feeling of the interaction with the remote environment which may help 

to execute complex tasks better. 

In master-slave surgical systems, a surgeon controls the operation from the mas

ter console, while the slave manipulator(s) follows the master command to perform 

a surgery on a patient. Generally, several areas can be identified where it may be 

advantageous to perform a surgery using a master-slave surgical robotic system. 

Below, three such areas are briefly considered: remote surgery, micro-surgery, and 

minimally-invasive surgery. 
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1.1.1 Remote Surgery 

Master-slave teleoperator system may be used to perform surgery in the situations 

where the surgeon (s) and the patient are spatially separated. One can imagine 

a number of situations where the presence of a surgeon on the patient's site is 

impossible or undesirable. Examples include the situations where a patient is in a 

geographically isolated area which is not accessible by a specialized surgeon within 

given time constraints; a surgery performed on a member of a space mission by a 

specialized surgeon located on Earth; a surgery performed on a patient in a combat 

zone, etc. Some of the most challenging problems that appear in this situation is 

based on the inevitable existence of communication delays between the surgeon and 

the patient sites, which results in surgical performance degradation and, in the case 

of force-reflecting teleoperators, delay-induced instability. 

Telesurgery over very long distances is already proven to be feasible. In par

ticular, the first trans-oceanic telerobotic surgery, entitled Operation Lindbergh, 

were performed in 2001 [2; 3], when a group of surgeons located in New York City 

performed a laparoscopic cholecystectomy on a patient in Strasbourg, France. Al

though the operation was a success, several technical challenges were identified. In 

particular, formidable communication resources were committed in order to guaran

tee the quality of service (QoS) requirements. "Though we have demonstrated the 

concept and feasibility of remote telesurgery, we have done so using quite extensive 

(and expensive) telecommunications resources. It is realized that the demonstration 

as conducted in operation Lindbergh does not represent a cost-effective approach, 

nor does it constitute a viable scenario" [3]. In terms of communication resources, 

performing telesurgery over the Internet rather than over dedicated channels would 

greatly increase its accessibility and decrease cost. In particular, telesurgery sys

tems that operate over the Internet would potentially allow global access to highly 
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specialized surgeons, 

1.1.2 Micro-Surgery: Scaled Teleoperation 

Micro-surgery generally involves manipulation of tissue features of very small size, 

often of order of hundreds of microns. Human surgeons normally have very good 

dexterity at the natural human scale, however, their ability to operate deteriorates 

significantly outside the natural scale. In particular, humans have very limited 

abilities to perform precise motions at the very small geometric scale (particularly 

due to the human hands tremor) as well as to feel and control very small forces. 

Hence, significant research efforts were devoted to create telerobotic systems that 

can augment the human capabilities while performing surgery at the micro scale [4; 

5; 6; 7]. In microsurgical master-slave teleoperator systems, the positions (velocities) 

and forces are scaled appropriately between the master and the slave robots. For 

example, in microsurgical master-slave teleoperator system for eye surgery [5], the 

position of the master is scaled down 1 to 100 times before transmitting to the slave, 

while the forces experienced by the slave are scaled up 1 to 100 times before applying 

to the master. In particular, this allows surgeon to feel the interaction forces between 

the microsurgical tool and the eye which otherwise are too small to be felt. Such a 

microsurgical teleoperator system may also perform some accompanying tasks such 

as image augmentation and enhancement, as well as filtering out the hand tremor. 

Overall, development of practical master-slave teleoperator systems for microsurgery 

would allow surgeons to operate at unprecedented level of dexterity [4]. 

1.1.3 Minimally-Invasive Surgery 

The notion of minimally-invasive surgery refers to a wide range of surgical proce

dures that can be performed without major incisions. Minimally-invasive surgical 
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procedures are normally executed through small incisions using long handled spe

cialized instruments, where endoscopic cameras provide the surgeon with a view of 

the internal operation field. The major benefit of this approach comparing to the 

traditional surgical procedures is that it is substantially less traumatic to the patient, 

which implies less pain, quicker recovery, decreased cost due to shorter hospital stay, 

and less cosmetic damage. Currently, however, the applicability of the minimally-

invasive surgical procedures is very limited due to insufficient development of the 

corresponding surgical equipment. Indeed, the current equipment frequently consists 

of one-degree-of-freedom tools that enter the human body through small incisions. 

Since the lateral movement is not possible at the incision, the instrument tip moves 

in the direction opposite to the one of the surgeon hand. Additionally, the surgeon 

normally watches the movement of the instrument on the display across the oper

ation table, which makes the hand-eye coordination very difficult. Overall, the ac

tivities performed by the surgeon during minimally-invasive surgical procedures are 

very unnatural; as a result, every surgeon's motion must be deliberate rather than 

spontaneous as it is in traditional surgery [8]. Also, the surgeon is largely deprived of 

the sense of touch which normally plays a very important role. It is anticipated that 

the use of specialized master-slave force-reflecting teleoperator systems may remove 

the above mentioned obstacles and lead to effective minimally-invasive surgery. 

1.2 Importance of The Force Feedback 

In [9; 10], the roles of the visual and the haptic (force) feedback in applications 

related to minimally invasive (laparoscopic) surgery were evaluated experimentally. 

In the experiments presented, tissue samples with different hardness characteristics 

were grasped with a specially designed laparoscopic grasper, and the subjects were 
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asked to rank these samples from softest to hardest based on visual information, 

force feedback, or combination of the both. During experiments, subject opened 

and closed the jaws of the grasper using keyboard. The visual feedback was pro

vided through video screen where subject was able to view the deformation of the 

samples. On the other hand, the force feedback were received through interaction 

with the PHANToM device. The experiments clearly show that visual and force 

feedback used simultaneously result in better performance comparing to the cases 

where either visual feedback or force feedback were employed separately. (The other 

hypotheses of [9] was that the purely force feedback would provide better perfor

mance comparing to the purely visual feedback; it was not validated satisfactory). 

In [11] (also [12]), the roles of the two components of the haptic feedback (namely, 

the force and the tactile components) in a suturing task were addressed. More 

precisely, in the experiments performed the suture forces applied during the first 

throw of the suture knot were measured and compared in the following three cases: 

i) hand ties, where complete force and tactile information is naturally provided; 

ii) ties performed by an instrument (needle driver) that provides complete force 

feedback but no tactile feedback, this case imitates a perfectly transparent force 

reflecting teleoperator system, and iii) ties performed by da Vinci™ robot with no 

force feedback. The authors addressed the following two hypotheses. The first one 

states that the force magnitudes applied in case ii are indistinguishable from the 

case i, however, the force magnitudes in case iii are different. In other words, this 

hypothesis implies that the suture forces can be controlled more accurately with 

force feedback than without, however, the tactile feedback is not essential in this 

task. This hypothesis, however, was not validated by the experiments. In fact, 

it was found that, even though the forces in case ii are slightly closer to the case 

i comparing to case iii, there still is a significant difference between cases i and 
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ii. In other words, although the performance is improved in the presence of force 

feedback, the tactile feedback is probably crucial in maintaining higher accuracy. 

The second hypothesis was that the repeatability (described in terms of normalized 

standard deviation of the applied forces) in case ii is better comparing to case iii; 

this hypothesis was validated experimentally. The authors conclude that, since the 

current systems of robotic-assisted surgery continue to be limited in terms of tactile 

feedback, a sort of sensory substitution may be a short-term solution. 

1.3 Transparency and Fidelity 

One of the traditional goals of teleoperation is to achieve a complete transparency 

of the interface, i.e., to let the operator feel the task object as if it is being han

dled directly [13]. One possible definition of transparency can be given in terms 

of correspondence between position responses of the master qm and the slave q3 

manipulators as well as the correspondence between the forces exerted by the envi

ronment fe and the forces felt by the human operator fe ("ideal response III" [14]): 

for any forces applied by the human operator fh(-), the identities qm (•) = qs (•) and 

/ e (•) = fe (•) are to be satisfied regardless of the environmental dynamics in contact 

with the slave. A close (but somewhat more convenient for analysis especially us

ing frequency domain methods) definition of transparency can be given in terms of 

impedance matching [15]: the impedance transmitted to or "felt" by the operator 

Zt is equal to the task or environmental impedance Ze, i.e., Zt — Ze. In this case, 

the value of \\Zt — Ze|| can serve as a measure of transparency. 

In contrast with transparency, which is an unconditional requirement to feel the 

remote task "as is", fidelity is a task dependent definition of performance [16]. There 

are several reasons why, instead of optimizing for transparency, a teleoperator might 
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be used to intentionally change the feeling of the environment. Such a change would 

be highly appropriate if, for example, master and slave operate on very different 

length, force, and/or power scales [17]. In this case, the goal is not (just) to enable 

remote manipulation, but rather to extend the capabilities of the human limbs. 

Examples are strength increasing devices like "man-amplifiers" or "extenders" [18] 

on one hand, and dexterity increasing macro-micro bilateral teleoperation on the 

other. The latters are enjoying increasing applications to microsurgery, in particular, 

microsurgical augmentation (see [19] and bibliography therein). 

Other fidelity measures are also possible. For example, as it is pointed out in [20], 

it may be desirable to design a system that helps a surgeon to improve the ability 

to detect the changes in environmental compliance. This observation motivates the 

choice of fidelity measure in the form of a (weighted) sensitivity of the transmitted 

impedance Zt to changes in the environmental impedance Ze, i.e., 

Wx 
dZt 

dZP_ Ze=Ze N 
l_ 

2TT 

+0O 

Wa (ju) 
dZtijoj) 

dZe (jo;) Zc(ju>)-Ze.(ju>) 

du. (1.1) 

where Ze is a nominal environmental impedance and Ws is a weighting function. 

The design goal addressed in [20] is to maximize the minimum of the norm (1.1) 

over a given set of nominal environment impedances Ze subject to robust stability 

and tracking constraints. 

1.4 Stability vs. Transparency Trade-Off 

Stability is a requirement of paramount importance for majority of engineering sys

tems, including teleoperators. One can think of an "ideal" teleoperator system as 

the one which is perfectly transparent and perfectly stable at the same time. The re

lation between stability and transparency is one of the central topics in the literature 
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on the teleoperator system design. In particular, Lawrence [15] studied relation be

tween stability (more precisely, passivity) and transparency for several teleoperator 

schemes, including position-position, position-force, passivated position-force [21], as 

well as "transparency optimized" teleoperator systems architecture proposed in [15]. 

In all these cases, it is found that passivity and transparency are conflicting goals; 

more precisely, using an appropriate choice of design parameters, a teleoperator sys

tem can be made more passive (stable) at the expense of decreased transparency, and 

vice versa. This fact can be illustrated by the following simple example [21]. Con

sider a master-slave teleoperator system described by two-port Hannaford's model 

of the form 

Tm hn hi2 

-Vs J [ h2i h-22 

Suppose the master-slave system is designed to be perfectly transparent. This im

plies that the parameters of the hybrid matrix are hn — /i22 = 0, /i12 = 1, and 

h<2\ = — 1. It can also be obtained by direct verification that the system is passive 

and therefore stable. However, it can also be shown that this system is marginally 

stable, and an arbitrary small disturbance may destabilize it. For example, existence 

of even a small delay in the communication channel destroys the stability properties 

of such a system. Indeed, let T > 0 be an arbitrarily small time delay. In presence 

of communication delay T > 0 the system becomes 

Vm 

T, 

T 

-v. —e 

0 e 

-sT 0 

sT vm (1.2) 

This system is not passive. It can be shown by calculation a norm of a scattering-

operator. Scattering operator of a system can be found based on its hybrid matrix 
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H(s) as follows 

S(s) := 
1 0 

0 - 1 
(H(s) - I) (if (s) +1) - l 

It is well-known fact that the system is passive if and only if ||5(s)|| < 1. Calculating 

the scattering operator for the system (1.2) gives 

1 0 1 T - 1 ersT 1 T 1 ersT 1 
S(s) = 

1 0 

0 - 1 

- 1 er'1 

-e-sT - 1 

1 e~l 

e~sT 1 

- tanh(sT) cosh™1(sT) 

cosh -1 (sT) tanh(sT) 

and its norm 

|[5(,s)|| = sup (|tan (u/T)\ + |sec {uT)\) = oo. 

Thus, S(s) is an unbounded operator, therefore (1.2) is not passive, and the stability 

is not guaranteed. 

For the force-reflecting teleoperator systems, the stability vs. transparency trade

off can also be explained in terms of the closed-loop gain. Namely, for transparent 

teleoperation, the contact force due to environment must be sent to the master 

with high enough force-reflecting gain; however, this would increase closed-loop gain 

and therefore decrease stability margin. In this thesis, the contradiction between 

stability and high force reflecting gain is addressed, and a new solution is proposed 

(Chapter 4). 

1.5 T h e Effect of Communicat ion Delay 

Communication delays are intrinsic for teleoperation over long distances. By obvious 

physical reasons, communication delays can never be avoided despite of any possible 
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technological development, Existence of a delay in the communication channel of a 

telesurgical system imposes several limitations and presents certain technological 

challenges. Here, we consider three aspects of communication delay impact on 

telesurgical performance. The first one is how the delay affects the ability of a 

surgeon to perform operations. The second and third aspects are how the existence 

of communication delay affects transparency and stability characteristics of a high-

performance teleoperator system, respectively. 

1.5.1 The Effect of Time-Delay on Performance 

of Telesurgery 

Generally, the existence of time delays in the communication channels of a teleop

erator system results in a loss of the sense of causality for the human operator. An 

important, question is what is the maximal amount of communication delay that 

does not compromise significantly the ability of a surgeon to operate. This question 

has been addressed in [22; 3]. In particular, the results of [22] suggest that a laparo

scopic surgeon can operate successfully in the presence of communication delay up 

to 700 ms. In [3], similar study has been performed as a part of preparation to the 

first transatlantic laparoscopic cholecystectomy (2001). Surgical experiments were 

performed over a teleoperator system which was subject to different communication 

latency settings. It was generally agreed by participants that the "comfort zone" to 

perform telesurgery was up to 330 ms of round-trip delay, although some surgeons 

felt that they can adapt to delays up to 500 ms [3]. 
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1.5.2 Transparency in The Presence of Time Delay 

The existence of time delay in the communication channel imposes fundamental 

limitations on the performance of the teleoperator system. Indeed, after the human 

operator moves the master manipulator, the corresponding reaction of the environ

ment cannot be felt earlier than the round trip delay time T. This implies that, in 

the presence of communication delay, it is technically impossible to achieve trans

parency in the sense defined by Yokokohjii and Yoshikawa ("Ideal Response III" [14]) 

or by Lawrence (impedance matching [15]). Although the complete transparency 

is not achievable, it is still possible to guarantee certain relaxed versions of trans

parency, such as delayed kinematic correspondence [23]. Another important concept 

related to transparency in presence of time delay is the concept of Virtual Tool in

troduced by Niemeyer [24]. The idea behind this concept is that, in the presence 

of communication delay, it makes sense to pursue a goal of creating a simple and 

predictable dynamics of the teleoperator system rather than trying to completely 

eliminate them (the latter corresponds to the case of perfect transparency). 

1.5.3 Stability in The Presence of Time Delay 

Existence of time delay in the communication channel may create stability prob

lems in force-reflecting teleoperator systems. This fact was first established in early 

experiments performed by Ferrell in 1966 [25]. In this work, it is shown that insta

bility may arise even in the presence of time delay as small as 0.1 sec. Theoretically, 

the time delay in the communication channel creates an unpredictable phase shift 

of the closed-loop system which may destroy stability of passivity-based schemes. 

Since then, significant research effort have been devoted to overcome delay-induced 

instability. The first solution to this problem had been proposed by Anderson and 

Spong in 1989 [21]. Their solution was based on so-called Caley feedback trans-
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formation. This idea was further developed by Niemeyer and Slotine [26], where 

the approach of Anderson and Spong was extended to the case of position-position 

teleoperator architecture, and the feedback Caley transformation was interpreted 

in terms of wave variables. Since then, a number of solutions have been proposed 

based on different ideas, Among these, there are several works that further devel

oped the application of wave-variables concept [27; 28; 24]. In the shared compliant 

control approach [29], a special local force feedback is implemented on the slave side 

which results in improved stability properties. The work of Leung, Francis, and Ap-

karian [30] applies Tioo optimal control and /i-analysis and synthesis techniques to 

design a system which is robust with prescribed time-delay stability margin. In [31], 

independent adaptive motion/force controllers are implemented on both the mas

ter and the slave side to guarantee stable teleoperation in presence of time delay. 

These schemes and some others are analyzed from unified point of view in survey 

paper [32]. 

All the above mentioned schemes, however, have some common limitations. 

First, stability of these schemes are achieved at the expense of transparency de

terioration. Second, stability of all of these schemes is guaranteed only in the case 

of constant communication delay; in fact, stability in presence of time-varying sig

nificantly irregular communication delay is not addressed in the above mentioned 

works. The case of time-varying irregular communication delay, however, appears to 

be of significant practical importance, since this is a common situation when dealing 

with teleoperation over the Internet. It is a well-known fact [33] that the stability 

in the presence of arbitrary constant communication delay does not generally im

ply the stability in the presence of time varying-delay; therefore, time-varying case 

requires separate proof. Recently, a number of works are published which propose 

stabilization schemes for bilateral teleoperation with time-varying communication 
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delay. In particular, partial extensions of wave-variable approach to the case of 

time-varying communication delay were presented in [34; 35]. A wave variable with 

prediction approach is applied to teleoperation over the Internet in [27]. Sliding 

mode control approach in combination with impedance control on the master side is 

presented in [36]. In [37], a control scheme is presented which stabilize teleoperator 

in presence of slowly-varying communication delay, while the fast varying compo

nent is filtered using a Kalman filter. In the paper [38], which describes a real-life 

industrial project of force-reflecting teleoperation over the Internet, a combination 

of buffering mechanism and a predictor is utilized to cope with time-varying delay. 

Overall, there is a large body of work done in developing stabilization schemes for 

bilateral teleoperation with time delay, including time-varying case. However, the 

proof of stability of the above described schemes still requires imposing significant 

constraints on communication process, which may be hard to justify in the case of 

the Internet-based teleoperation. In other words, there is lack of general stability 

results for teleoperator system with significantly irregular communication delays. 

This is one of the central problem addressed in this thesis. 

1.6 Design Guidelines for Telesurgery Systems 

Although different telesurgery systems may have their specifics, a set of general 

design guidelines can be identified. Ideally, the slave device should track the master 

trajectory as precisely as possible, and the surgeon should feel no forces/torques 

other than the interaction between the tool and the tissue on the patient side. These 

general considerations can be specified using the following list of design requirements. 

1. Low damping of the master device. Again, high damping of the master device 

would require the surgeon to apply excessive forces in order to execute the 
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operations and lead to transparency deterioration, since the local damping 

forces would interfere with the forces reflected from the surgical site. 

2. High stiffness of the overall master-slave interconnection. In particular, this 

includes the requirement that the slave must precisely track the trajectory of 

the master, and demonstrate high impedance against the environmental force 

while tracking the master trajectory. 

3. High bandwidth and high enough force reflection gain. Both these are neces

sary to provide the surgeon with a crisp feeling of the contact against obstacles 

on the patient side. 

4. In presence of significant communication delay, it may be desirable to incor

porate some force regulation on the slave side. 

Note that the combination of requirements 1-3 is in natural contradiction with 

the stability of the overall teleoperator system in the presence of time delays. 

1.7 Thesis Contributions 

The thesis deals with different issues that arise in master-slave teleoperator systems 

that operate over wide-area networks. More precisely, we present a set of results 

that aims at achieving stable and transparent force-reflecting teleoperation in the 

presence of network induced communication constraints that include but are not 

limited to irregularity of transmission intervals, existence of time-varying possibly 

unbounded communication delays, and possible packet losses. Specifically, the key 

contributions of this thesis can be identified as follows. 

• In this thesis, the IOS/ISS small gain approach to bilateral teleoperation in 

the presence of network induced communication constraints is systematically 
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developed. The approach is based on a new version of the IOS/ISS small 

gain theorem that is applicable to systems where communication between 

subsystems is performed over multiple channel and is subject to significant 

communication constraints such as time-varying discontinuous possibly un

bounded communication delays and possible information losses. Based on 

this approach, schemes for bilateral teleoperation are designed that guarantee 

stability in the presence of irregular communications. Additionally, tracking 

properties are guaranteed in the case of sufficiently smooth communication 

delay in the forward channel. 

• The projection-based force reflection algorithms are introduced and systemat

ically developed. The idea behind these algorithms is to attenuate the compo

nent of the external forces that is not compensated by the human hand; such 

an attenuation does not affect the human perception of the force, however, it 

removes the component of the force reflection that can potentially destroy the 

system's stability. In particular, the proposed approach allows to achieve the 

stability for an arbitrarily low damping of the master manipulator and arbi

trarily high force reflection gain; thus, it solves the trade-off between stability, 

maneuvrability, and high force reflection gain in bilateral teleoperation with 

time-varying irregular communication delay. 

• A model-based approach to the design of bilateral teleoperators enhanced by 

means of virtual environment in the presence of communication constraints is 

presented. This approach develops ideas from sampled-data nonlinear systems 

design based on partial knowledge of a set of approximate discrete-time models. 

The virtual environment block runs the remote state estimation, identification, 

and trajectory prediction algorithms that are based on an available model of 
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the remote process and delayed possibly corrupted measurements. An essential 

and distinct feature of the approach presented is the simultaneous design of a 

control algorithm and a communication protocol that together guarantee the 

overall scheme stability and performance in the presence of significant network 

induced communication constraints. 

1.8 Thesis Structure 

The thesis has the following structure. In Chapter 2, a new multi-channel version of 

the IOS small gain theorem for systems with multiple time-varying communication 

delays is presented. This theorem is derived specifically for the stability analysis 

of the interconnections where the communication between subsystems is performed 

over multiple channels, and is subject to unknown, time-varying and possibly un

bounded communication delays; moreover, delays in different channels may have in

dependent characteristics. For this type of interconnections, a "multi-dimensional" 

small gain stability condition is established. This theorem is our main technical tool 

that allows investigating the stability of different teleoperation schemes presented 

in the subsequent chapters. 

In Chapter 3, schemes for stable bilateral teleoperation are presented that are 

based directly on the proposed version of the IOS small gain theorem. The schemes 

proposed essentially utilize local control algorithms that make the master and the 

slave subsystems ISS/IOS; the slave algorithm is also designed to make the slave 

track the (delayed) trajectory of the master. We address a general form of force 

reflection term as a (possibly trivial) linear combination of the slave position error, 

slave velocity error and the actual contact force/torque due to environment, and 

prove that the teleoperator scheme proposed guarantees stable contact with the en-
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vironment under mild assumptions on communication delays. Tracking properties 

are also proven under an additional assumption that the communication process in 

the forward communication channel is approximately smooth in some sense. Theo

retical results presented in this chapter are confirmed by experiments. 

In Chapter 4, the trade-off between closed-loop teleoperator stability and high 

force reflecting gain is addressed. To solve this trade-off, projection-based force 

reflection algorithms are introduced. These algorithms use the fact that the human 

perception of an external force depends critically on the direction and the magnitude 

of her/his own forces applied to the master manipulator. The idea behind the 

projection-based force reflection (FR) algorithms, therefore, is to alternate the force 

reflection signal depending on the forces applied by the human operator; it can 

be done in such a way that the human does not feel this alteration, however, the 

resulting induced master motion can be eliminated or reduced to an appropriate 

level. The approach presented allows to achieve an arbitrarily high force reflection 

gain without loosing the overall stability and/or without increasing the damping 

and the stiffness of the master; thus, it solves the contradiction between stability 

and high force reflection gain in bilateral teleoperation with time-varying irregular 

communication delay. The theoretical results presented in this section are also 

confirmed by experiments. 

In Chapter 5, an alternative approach to teleoperation in the presence of delayed 

force feedback is presented. In this approach, a virtual environment is created on the 

master side that duplicates the essential features of the remote slave+environment 

interconnection. In this case, the human operator may use the local force feedback 

generated by the virtual "slave+environment" model in order to obtain certain "feel

ing" the process. Such a local force feedback is not subject to communication delay, 

which restores the sense of causality for the human operator and does not have the 
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destabilization effect of the delayed force feedback. The approach presented is based 

on further development of some ideas from model-based sampled data stabilization 

of nonlinear systems based on a set of approximate models. In particular, we present 

a control algorithm and a communication protocol that deals with teleoperation in 

presence of time-varying unknown communication delays and possible packet losses. 

The theoretical results presented in this section are confirmed by simulations. 

In Chapter 6, the contribution of the thesis is briefly discussed, and future re

search directions are identified. 

Finally, Appendix A presents a complete derivation of the Phantom™ kinematic 

and dynamic models, while communication aspects of telesurgery over the Internet 

are briefly discussed in Appendix B. 



Chapter 2 

Small-Gain Approach to 

Network-Based Teleoperation 

The goal of this Chapter is to present, together with all the necessary preliminaries, 

a new version of the IOS small-gain theorem designed specifically for the systems 

that communicate over multiple networked channels. This theorem serves as the 

main tool for stability analysis of the force-reflecting teleoperator schemes presented 

subsequently in Chapters 3 and 4. The structure of the Chapter is as follows. In

troductory discussion together with some historical remarks on small-gain theorems 

are given in Section 2.1. In Section 2.2, some specific features of the network-based 

teleoperators are discussed that motivate the particular form of the small gain re

sult presented in this work. Section 2.3 introduces main definitions and contains 

preliminary technical material. Section 2.4 presents a mathematical description of 

the network-based interconnections, in particular, constraints imposed on commu

nication process are discussed. The IOS small gain theorem together with its proof 

are given in Section 2.5. An illustrative example is presented in Section 2.6, while 

concluding remarks are given in Section 2.7. 

20 
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2.1 Introduction: Stability and Small Gain The

orems 

The small-gain theorem is possibly one of the most important results in feedback 

systems theory. In its simplest form, it asserts that a feedback system is stable if 

the product of the subsystem's gains is less than one. After its establishment in 

1960s [39; 40], the small gain theorem has found numerous applications in many 

areas of systems and control design. Some important references on this topic in

clude [40; 41; 42; 43; 44], among many others (see also a recent survey [45] devoted 

to nonlinear control applications). In particular, extensions of the small gain the

orem to the case of input-to-state stable (ISS, [46]) subsystems have been devel

oped [43; 44]. In modern control applications, communication between subsystems 

is frequently performed over communication networks, such as local area networks 

(LANs) as well as the Internet; network-based teleoperation is a good example of 

such an application. In particular, in advanced teleoperator systems, the master 

and the slave manipulators may exchange information of different nature such as 

positions, velocities, forces, and video. These signals come from different sensors 

and may be sent asynchronously over multiple network connections which results in 

different delay/packet losses characteristics. 

In this Chapter, we present a version of the IOS Small-Gain Theorem that is 

designed specifically for the stability analysis of the interconnections where the com

munication between subsystems is performed over multiple channels, and is subject 

to time-varying possibly unbounded communication delays. Comparing to the well-

established versions of the IOS (ISS) small gain theorem [43; 44], our work differs in 

at least two aspects. First, we consider multi-input-multi-output (MIMO) subsys

tems where a separate gain function is associated with each input-output channels 
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pair, and address stability properties of the interconnection which is carried out over 

multiple channels in both the feedforward and the feedback paths. For this type of 

interconnections, a "multi-dimensional" small gain stability condition is established. 

This approach results in significantly less conservative stability criteria comparing 

to the traditional one, where the maximal gain over all channels are taken into 

consideration. In particular, in many multi-channel systems such as teleoperators, 

some gains but usually not all of them can be assigned arbitrarily, therefore, using 

the small-gain theorem based on the only one gain function that works for all the 

channels may lead to a wrong conclusion about impossibility to stabilize the system. 

Second, we formulate and prove the 10S small gain theorem for the case where the 

communications between subsystems is subject to unknown, time-varying and pos

sibly unbounded communication delays, and moreover, delays in different channels 

may have independent characteristics. To deal with stability analysis of systems 

with multiple time-varying delays, we use a (multi-channel) extension of the IOS 

notion to systems of functional differential equations (FDEs) analogous to the one 

of the input-to-state stability (ISS) proposed in [47]. We prove that if both subsys

tems are IOS then a "multi-channel" version of the strict contraction ("small gain") 

condition implies that the interconnected system, being considered as a system of 

FDEs, is IOS if the communication delays satisfy certain mild assumptions. We 

show that the fulfillment of these assumptions does not depend on characteristics of 

the communication channels; on the contrary, it can always be guaranteed by im

plementation of certain standard features of the underlying communication protocol 

such as packet numbering and (or) timestamping. 

References relevant to the result presented in this Chapter include [48; 49]. In 

particular, in [48] the ISS small gain arguments are applied to the problem of sta

bilization of nonlinear systems in presence of quantization and bounded communi-
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cation delays, while in (49] small-gain theorems for monotone dynamical systems 

are established that are suitable for treatment of delay-differential equations with 

multiple inputs and outputs. The results presented in this Chapter form a basis for 

the stability analysis of the force-reflecting teleoperation schemes presented in the 

subsequent parts of this thesis. 

2.2 Features of the Network-Based Teleoperators 

2.2.1 Sampled-Bata Implementation 

In the network-based teleoperator systems, the master and slave subsystems nor

mally consist of a mechanical device interconnected with a digital controller. Thus, 

the subsystems can naturally be described as sampled-data systems (possibly with 

quantization). Analytically, a sampled-data nonlinear system can be described ei

ther as a continuous-time system with time-varying delays (as proposed for example 

in [50; 51]), or represented by its discrete-time model [52]. Although both these ap

proaches have their merits and advantages, the continuous-time modelling approach 

seems to be preferable over the discrete-time one in at least two aspects. First, 

modelling of a continuous-time nonlinear plant in the discrete-time domain requires 

exact integration of the corresponding differential equations, which is generally not 

possible for a nonlinear system. Such a lack of exact integration in the nonlinear case 

was the main reason for development of the methods for sampled-data stabilization 

of nonlinear systems based on a set of approximate discrete-time models [52; 53]. 

Second, the continuous-time approach appears to be more complete, because the 

continuous-time plant always exhibits some inter-sampling dynamics which are ig

nored in the discrete-time approach. In particular, stability of a discrete-time model 

does not necessarily imply stability of the corresponding sampled-data system, since 
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the intersampling behaviour of a continuous-time plant may exhibit peaking (see, 

for example [54]). Because of these two reasons, we choose to use a continuous-

time framework, where the components of the interconnection are described by 

functional-differential equations (that, in particular, include retarded differential 

equations with time-varying delays as a special case). 

2.2.2 Multiple Channels 

In advanced master-slave teleoperator systems, the subsystems may exchange infor

mation of different nature, such as positions/velocities of the manipulators, contact 

forces/torques, visual information, as well as some auxiliary signals. These signals 

may be sent over multiple network connnections with different QoS characteristics. 

Also, these signals may have different influence on the processes in the other subsys

tem; for example, in terms of small gain design, the subsystems may have different 

gains with respect to different input signals. It can be shown that modelling of the 

teleoperator system as an interconnection with multiple communication channels 

may lead to significantly less conservative design comparing to the case where only 

one channel in each direction is taken into account. This fact is illustrated by an 

example presented below in Section 2.6. 

2.2.3 Communication Constraints 

Having a network such as the Internet as a communication medium implies exis

tence of certain communication constraints. For example, packets in the Internet 

may follow different routes, and the transmission delay along each route depends 

significantly on current state of that route, existence of congestions, routers queue 

lengths, etc. As a result, transmission delay of each particular packet is unknown 

beforehand and may differ significantly from packet to packet. Also, occurrence 
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of congestions may result in unbounded communication delays and packet drops. 

All these phenomena complicate the analysis and control of systems that include 

networks as a communication medium, and this fact recently stimulated significant 

research efforts in the area of networked control systems (see [55], and bibliography 

therein). 

2.3 Technical Preliminaries 

2.3.1 Basic Notation and Definitions 

Throughout this work, the notion of functional classes Af, Q, /C, A4o, /Coo, and KL 

will be used extensively. These classes are defined as follows (see, for example, [56]). 

By R+ we denote the set of nonnegative real numbers, R + := [0, +oo). A continuous 

function 7: M+ —• R+ is said to belong to class A/* (7 £ N") if it is nondecreasing. 

A function 7 £ Af is said to belong to class £? (7 £ <?) if it satisfies 7 (0) = 0. A 

function 7 G Q belongs to class K. (7 € K) if it is strictly increasing. Furthermore, 

the classes A4o and /Coo are defined as follows: a function 7 £ K (7 £ AT) belongs 

to class Koo (Â oo) if 7 (s) —+ 00 as s —> 00. Finally, 0: R+ x E + —* E + is said to 

belong to class tCL (f3 G KL), if (3(-, b) is a /Coo-class function for each fixed b > 0, 

and /3(a, •) is strictly decreasing for each fixed a > 0. 

2.3.2 Multidimensional Extensions of Q, /C, /Coo-Classes 

Below, we will frequently deal with stability properties of multiple inputs - multiple 

outputs (MIMO) systems. To simplify the notation in MIMO case, it is desirable 

to use an extension of the classes Q, /C, and K^ to the case of multivariable maps 

R^ —> R", where R" is a set of n-tuples of nonnegative real numbers, and m, n G N. 

One possible way to define such an extension is to consider n x m-dimensional arrays 
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of functions r „ : R+ —»• R+, i — 1,2,.,., n, j = 1 , . . . , m. With each such an array, a 

map r : R™ —» R™ can be associated which is defined for each s = (s1; s 2 , . . . , sm)T G 

R™ according to the formula 

( r (s)^ =t max r y (sj), * = 1 , . . . , n. 
3€{l,...,m} 

The map T: R™ —> R" is said to belong to a class Qnxm if all Fy belong to class <?. 

Classes fCnym and /C^xm are defined analogously. 

Some further notations are as follows. Similarly to the scalar case, the com

position of maps Ti G Qnxm and T2 G Qmxp is denoted by T2 o r 2 G Gnxp, i.e., 

T2 o Ti(s) := T2 (ri(s)). For vectors in Rl
+, we use relations <, <, >, > defined 

as follows: given Ui,u2 G R+, we will write ux < u2 if and only if it} < u$* 

for all % G { 1 , . . . , / } , and relations <, >, > are defined analogously. Finally, 

the maximum of ui ,u 2 G R'+ should be understood in the elementwise sense, i.e., 

u := max {u1; u2} G (R+) consists of elements u^ := max I u\ , it2 \ri = 1 > • • • 1 1 -

2.3.3 Input-to-State Stability and Input-to-Output Stabil

ity of Functional-Differential Equations 

The notion of the input-to-output stability (IOS) as well as the related notion of the 

input-to-state stability (ISS) were first introduced for the case of time-invariant ordi

nary differential equations (ODEs) in [57]. Since then, these notions were thoroughly 

developed (see for example [46] and the extensive bibliography therein). In partic

ular, paper [47] deals with the notion of ISS for systems of functional-differential 

equations (FDEs). This paper is of a special interest for our work, since we address 

stability properties of the interconnections where the subsystems communicate over 

network channels that may involve communication delays. To describe such an 

interconnection, a system of FDEs would be an appropriate mathematical object. 
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Below, we use the notation borrowed from [58; 47]. Given functions x: R —* Rn, 

td: R —• R+ , denote xd (t) := {#(«), s € [t - td (t) , £]}. Thus, Xd(t) is a piece of 

trajectory which begins at s — t — td (t) and ends at s — t, rather than simply its 

value at time t. Now, given a function td'- R —»• R+ satisfying tditz) —td{ti) < ti —1\ 

for all ti,t2 E R, consider a system of functional differential equations where both 

the input and the output are partitioned into separate "channels", as follows 

x(t) = F(xd,4
1},...,4l},tj, 

(2.1) 

Here, M « G Rm% i G {1, . . . , !} are the inputs, and yW G W^ j G { 1 , . . . , r} 

are the outputs, E^ro* = m, Xy=1Pj = p. Note that in the special case where 

td(-) = 0, (2.1) becomes a system of ODEs. It is assumed that F and ff^, j = 

{ 1 , . . . , r} are Lipschitz continuous operators in xd, Ud uniformly for all t G R, and 

Lebesgue measurable in i. Ti'aditional definition of the IOS deals with system with 

one input and one output, so that the stability is characterized by a single IOS gain 

function (although benefits of using different gain functions for different inputs were 

mentioned, for example, in [43]). For a MIMO system of the form (2.1), however, it 

may be desirable to use a definition of IOS (ISS) where separate gain functions are 

specified for each pair of the input-output channels. We present such a definition 

using the multidimensional extension of the classes Q, /C, and /Coo introduced above. 

Below, we use the notation |a-'d(t)| := sup |#(s)| which is adopted from [47], 
se[t-t4(t),t} 

and we denote u j := \ud i , . . . , i u d i 
T i T 

e R!
+, y + := [\y{1}\,---,\y{r}\] e ror 

where | • | denotes the vector oo-norm. A multi-channel version of the IOS notion 

for systems of FDEs of the form (2.1) can be defined as follows. 
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Definition 1. (IOS/ISS for FDEs) The system of the form (2.1) is input-to-

output stable (IOS) at t = t0 e R with td (to) > 0, IOS gains T e Grxl, restrictions 

Ax e M+, Au G M!+, and offset 5 £ W+ if the conditions |a?d(£o)| < Ax, and sup ud < 
t>t0 

Au, imply that the solution of (2.1) are well-defined for alH > to, and the following-

properties hold: 

i) uniform boundedness: there exists a function (3 e /C^ 1 such that 

supy+(i) < max<0(\xd(to)\),T ( supuj f t ) ) ,8>; 
t>to I V*>to / J 

ii) convergence: 

limsupy (t) < max < T I limsupuj(i) j ,S > . 
t—>oo [_ \ t—too / J 

The system (2.1) is said to be input-to-state stable (ISS), if the above conditions 

hold for y + := |x-|. •. 

Remark 1. As mentioned above, in the special case where £</(•) = 0, system 

(2.1) becomes a system of ODEs. Similarly, the above defined multi-channel notion 

of IOS/ISS can be specialized to the case of systems of ODEs by imposing the same 

restriction, i.e., £<*(•) = 0. Throughout this work, we will use the above notions for 

systems of FDEs as well as systems of ODEs; in the latter case, td(-) = 0 is assumed. 

2.4 Network-Based Interconnections 

Consider two systems of FDEs £», % G {1,2}, of the form 

_ IP. ( I1) ft> W iVi} A 
Xi — Pi [Xid, Uid , . . . , Uid , Wid , . . . , Wid , t) , 

AV _ TH1}(T-,V{1} V{U} W{1} w{vi} A 
Hi — n i \^idi U'id •) • • • ) aid > wid > • • • > wid ' l J ' 

An} _ TTM (T., 7|{i} Ah} {1} {vi} , \ 
i/i — ^ t \x'i,d, Uid i • • • ) uid ) " V ) ' • • J ">»<* > c J > 

(2.2) 
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Figure 2.1: Network-based interconnection 

where the inputs are categorized into the controlled inputs u and disturbances inputs 

w, r\ = l2 = p G N, r2 = li = q G N, ul5t?2 G N. As before, both t id(t), i G {1,2}, 

are assumed to satisfy 4 ^ 2 ) — tici(ti) <t2 — ti for all £i,£2 G E. 

Remark 2. In the special case where tuit) = 0 and/or £2d60 = 0, the cor

responding subsystem(s) becomes a system of ODEs. Our choice to describe sub

systems Ej, i G {1,2} in terms of FDEs is based on the fact that, in many cases, 

the subsystems that communicate over a network are implemented in sampled-data 

fashion. Such a sampled-data system can naturally be represented as a system of 

FDEs with uniformly bounded td{-) (more precisely, as a system of retarded differ

ential equations with time-varying uniformly bounded delays) [50], • 

Below, we consider the interconnection of E1 ; E2 where the communication be

tween the subsystems is performed over multiple communication channels which are 

subject to constraints typical for serial communication networks, such as the exis

tence of unknown time-varying possibly unbounded communication delays as well as 

possible packet losses. More precisely, consider the interconnection of Ei, £ 2 whose 

inputs and outputs are related according to the formulas 

uf{t) = 0, uf(t) = 0 f o r i < T 0 , (2.3) 
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and 

nt(t) < * 2 (y2
+W) , n+(t) < *x (yt(t)) for t > T0 (2.4) 

where To € K is the time instant when a connection between the subsystems has 

been established, \£i E QPXPJ \p2 £ Qqxq, and yi", y% are delayed versions of y~l, 

Y2, defined as follows 

rt(t) 
J/P (*-»(*)) 

V?} ( i - r « ( i ) ) 

yf« := 
tf' 

# (i-^W) 

(2.5) 

The assumption below is imposed on communication delays r j , r6 . 

Assumption 1. The communication delays r i , rt, : [To,+00) —> R+, i £ 

{ 1 , . . . ,p}, j £ { 1 , . . . , g}, are Lebesgue measured functions with the following prop

erties: 

i) there exist r* > 0 and a piecewise continuous function r*: E —» M+ satisfying 

r* (£2) — f* (ii) < <2 — *ij such that the inequalities 

r„ < j6minp} {rP(t),r^}(t)} < ^max^ { ^ ( i ) , ^ ) } < r* (t) (2.6) 

je{l',...',9} J6{l'...',4} 

hold for all t > 0; 

ii) 
t - max (rf

{i}(t),T,p} (£)}->+00 as t->+00. • (2.7) 
ie{i,...,9} 

Assumption 1 is not a restrictive one. In particular, part i) implies the existence 

of an upper bound r*(t) for delays Tf(t), r^{t), which is possibly a time-varying 

unbounded function of time that does not grow faster than the time itself. Note that 

the lower bound r* > 0 always exists in any practical (not necessarily networked-

based) feedback system due to natural transmission/propagation constraints. From 

mathematical point of view, however, the existence of a positive lower bound is a 
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purely technical assumption which allows to simplify formulation and proof of the 

small-gain theorem, in particular, to avoid dealing with well-posedness issue. As

sumption 1, i) can always be satisfied in real world communication networks by 

using standard techniques such as sequence numbering and (or) timestamping. For 

example, a sequence number can be assigned to each outgoing packet at the sender 

side, while at the receiver side, the control signals are applied to the system's in

put in order according to their packet's sequence number. In this case, the packets 

with sequence numbers less than those already applied to the system's input are 

considered to be outdated and has to be discarded. As a result, the control signals 

are applied to the input in the same order as they were sent (possibly with some 

packets lost). Mathematically, this implies that t — r(t), where r(-) is the corre

sponding communication delay, is a nondecreasing function of time t. Now, suppose 

we have n communication channels with the corresponding communication delays 

Ti(-), i £ { 1 , . . . , n}, such that t — n (t) are nondecreasing functions of time. De

note rmax (•) = rnaxT, (•), then min (t — r, (£)) = t — rmax (t) is also a nondecreasing 
i i 

function of time, i.e., h — rmax (ti) <t — rmax (t) holds for all t>tx. Rewriting the 

last inequality, we see that rmax (t) — rmax (h) <t — t\ holds for all t>ti, i.e., the 

Assumption 1, i) is satisfied with an upper bound r*(-) := rmax (•). 

On the other hand, Assumption 1 can also be satisfied by using timestamps and 

by assigning a maximal packet lifetime T^x < oo, so that all packets "older" than 

rmax are to be discarded on the receiver's side. In this case, Assumption 1, i) holds 

with r* (t) :=t — T0 + rmax (T0) + Tmax, where rmax (•) := maxTj (•). To prove this, 
i 

pick an arbitrary t > TQ. Suppose there are no packets arrived to the receiver over 

i-th channel during the time interval [T0, £], then we have n it) <t — T0 + rmax (T0). 

Otherwise, let ti £ [T0,t] be the last time instant (within the interval [T0,t]) when 

a new packet arrives to the receiver over i-th channel. Then, n (ti) < Tmax, which 
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implies that n (t) < t — t\ + Tmax < t — T0 + Tmax- In both these cases, we have 

n (t) < t — T0 + rmax(T0) + Tmax := r* (t). Clearly, the function r* (•) satisfies 

r* (t2) — T* (h) = t2— ti, i.e, T* (•) is an upper bound that satisfies Assumption 1, 

i). 

Finally, for the above described schemes with time-stamping and (or) sequence 

numbering, part ii) of Assumption 1 simply means the existence of communication 

between the subsystems on a semi-infinite time interval. To clarify this statement, 

assume the converse, i.e., there exists a sequence Sj —• +00, j = 1,2,..., and 

ti < +00 such that 

Sj-nis^KtL (2.8) 

holds for some i G { 1 , . . . , n} and for all sj. For the scheme with sequence numbering, 

it is shown above that t — Ti (t) is a nondecreasing function of t, therefore, (2.8.) is 

equivalent to supt>To {t — n(t)} < ti- The last simply implies that the packets 

which are sent after th would never be received by the other subsystem, i.e., no 

communication exists between the subsystems during the time interval (<£,, 00). For 

the scheme with timestamping, on the other hand, it is shown above that if a packet 

arrives to the receiver at some instant tarr G [To,+00) then 

Ti (Sj) < Sj - tarr + Tm&x (2.9) 

holds for all Sj > tarr. Combining (2.8) and (2.9), we see tnat tarr ^ £.£• -r -tmax; t.e., 

no packets would arrive to the receiver after t = ti, + Tmax. Overall, Assumption 1, 

ii) is always satisfied unless the communication between the subsystems is totally 

lost on a semi-infinite time interval. 
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2.5 Small-Gain Theorem 

The stability properties of the interconnection of Ei and E2 are addressed in this 

work under the assumption that both the subsystems are IOS. Below, this assump

tion is presented formally. 

Assumption 2. The systems Ei, E2 are IOS with restrictions A^, Aui, Awi 

and offsets Si, i G {1,2}, respectively, where A^i, Ax2 € R+ , A„i G R+, Au2 G R+, 

(Ji G Rp
+, 82 G M.q+, and Awi G M+% i G {1,2}. More precisely, there exist fa G /C^1 , 

fa e IC£\ Tlu e Gpxq, T2tt € Gqxp, Tlw e Gpxv\ and r2 l 0 e ^ x t ' 2 , such that for 

each i G {1,2} and each to e R, the conditions |ajj(to)| < A^, supu/" < AM;, and 

supw+ < A ^ imply that the corresponding solution of E,; is well-defined for all 
t>t0 

t G [to,+oo), and the following inequalities hold 

supyf < max \ Pi {\xid (t0)\), supTiu (uQ , supTiw (wfd) , ^ I , (2.10) 
t>to I *>*o t>t0 J 

lim sup yf < max < lim sup Tiu (ufd) , lim sup Tiw (w^ ) , Si > .• (2.11) 
t—»+oo t *-++oo t—>+oo J 

Remark 3. The form of Assumption 2 (i.e., the stability with finite restrictions 

and a nonzero offset), in particular, allows the subsystem to be implemented as 

a sampled-data system with quantization. Indeed, for a nonlinear sampled-data 

system with quantization, the global stability cannot generally be achieved. On the 

contrary, the existing design methods (such as the controller emulation approach 

as well as the design based on approximate discrete-time models) generally lead to 

stability with some finite restrictions and some nonzero offset [59], which exactly 

meets the requirements imposed by Assumption 2. • 

Below, we use the notation x + := (|a;i|, \x2\)
T G R+, y + := (ytT, ytT) e 

R^+9, and w + := (wfT, w^ r ) G R++t '2. The following small gain theorem is the 

main result of this section. 
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Theorem 1. Suppose the system (2.2) - (2.5) satisfies Assumptions 1, 2, and 

there exist 5, A G R+-, 0 < S < A, such that the following small gain condition holds 

Tlu o * 2 o T2u o ^ ! (s) < s for all s G (S, A). (2.12) 

If A > A*, where 

A* := max { ft (A a l ) , Tlu Q * 2 o ft (Ax2), Tlu o * 2 o T2w (Aw2), Tlw (A+J , <J } , 

(2.13) 

then the system (2.2) - (2.5), is IOS at t = T0 in the sense of Definition 1 with 

fcCTo) := tu(T0) + t2d(T0) + r* (T0) + r* (T0 - r* (T0)), (2.14) 

restrictions Ax := (Axl,Ax2f G E^, Aw := ( A ^ , A ^ 2 ) T G M+1+l'2, and offset 

So •= (ST, (r2u o * i (£))T) G Rp
+

H. More precisely, the conditions 

xJ(T0) < Ax, sup wj" < Aw 

imply that the following inequalities hold 

sup y + < max I 0 (x j (T0)) , r w ( sup wj J , J0 \ 
t>TQ I \t>r0 / J 

where /3 G G(p+q)*'2 and 1^ G £(P+*)X(^+^) are defined as follows 

lim sup y + < max < r „ I lim sup w j 
t—»+oo ^ \ t—*+oo 

0:= 

r 

(3X r l u o * 2 o & 

r2„o^ l 0ft ft 

Tiw T1U o *2 o r2«, 

r 2 u o # ! o r l u , r2TO 

(2.15) 

(2.16) 

(2.17) 
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2.5.1 Proof of Theorem 1 

Consider the system (2.2) - (2.5), and suppose 

\xu (T0)| < A-ri, |rc2d (TQ)\ < Ax2, sup |w£,| < Awl, sup |w+d| < Aw2, 
te[r0,+oo) t6[r0,+oo) 

(2.18) 

where Axi, A22, Aw l , A?i)2 satisfy (2.13). Since uf(t) = 0, and u%(t) = 0 for t < To, 

Assumption 2 together with (2.1.8) as well as causality arguments imply that 

yJCTo) < m a x { A ( | ^ ( r o ) | ) , r i w ( w + ( T o ) ) , ^ } 

< max {0i (AM-) , Tiw (Awi), 5i} 

holds for i G {1,2}. Taking into account (2.3), (2.4), as well as Assumption 1, i), 

we see that 

sup u+ < W2 (max{p2 (Ax2), T2w (Aw2)}), 
te[Ta-td(To),T0+T*] 

sup u^ < * ! (max {A (Axl), Tiw (Awl)}) , 
t£[T0~td(T0),To+T*} 

which implies that all the inputs of the system (2.2) - (2.5) are uniformly essentially 

bounded on [To — td (To) ,To + r*]. Due to the IOS assumptions imposed on the 

subsystems, this implies that the solutions of (2.2) - (2.5) are well-defined for all 

t G [T0,Tmax), where Tmax > T0 + T* > T0. Furthermore, the following inequality 

holds 

sup y+ d <A*, (2.20) 
t€ [TQ,Tmax) 

where A* < A is defined by (2.13). To prove (2.20), assume the converse. Then 

there exists T\ G [T0,Tmilx — r*) such that 

sup y £ < A* (2.21) 
tepb.Ti] 

and 

sup ŷ ~ > A*. (2.22) 
te[T0,Ti+r»] 
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However, from (2.10), (2.14), and (2.18), together with Assumption 1, i), we see 

that 

{ 01 (A*!), Tlw {Awl), r l u o W2 o 02 (Ax2), 
( 

r l u o *2 o r2w (Aw2), T1U o *2 o r 2 u o ^ SUp y + 
Ve[T0,Ti] 

Taking into account (2.12), (2.13), (2.21), we get 

, .Pi (Aj;l) , Tlw (Awl),I\uo^2op2(Ax2), , 
sup yf < max < ^ := A*, 

t€[T°'ri+T*) [ r l M o * 2 o r 2 w ( A w 2 ) , A , 
(2.23) 

which contradicts (2.22). This contradiction proves (2.20). 

Next, let us show that Tnlax = +oo. To prove this, assume the converse, i.e., 

Tmax < +oo. Since both the subsystems are assumed to be IOS, the last implies 

that 

sup max {ui"(i),U2"(t)} = 4-co, 
te[To,Tmax) 

which may only be possible if 

sup max{y+(£),y+(i)}=:+oo. (2.24) 
te[To,Tmax—Tr) 

Combining (2.10) with (2.3), (2.4), it is easy to see that (2.24) necessarily implies 

that sup yf(t) = +co, which contradicts (2.20). Thus, Tmax = +oo. In 
t€ [To ,Tmax—r») 

particular, (2.20) becomes 

sup y+ ,<A*, (2.25) 
te\To,+oo) 

Now, the proof can be easily finalized as follows. Combining (2.10) with (2.4)-

(2.5), (2.19), and using Assumption 1, i), one gets 

,0i (\xid (To)|), r l u , sup w+ (t) , r l t t o * 2 o p2 {\x2d (To)I), 
\t>To J 

^T° rlu o *2 o r2w sup w+ (t) , r l u o *2 o r2u o ̂  sup y + 
I \*>2o J \t>T0 J 

(2.26) 
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and taking into account (2.25) and the small-gain condition (2,12), it is easy to see 

that 

Pi (kw (T0)\}, r l w ( sup w+d(t) J , 
\t>T0 / 

Tlu oV2oj32 (\xM (To)\), T l u o # 2 o T2w (sup w+d (t)) , S 
\t>To / 

(2.27) 

On the other hand, combining (2.10), (2.3), (2.4) with (2.27), and taking into ac

count (2.19), we get 
.& (|xM (<b)|) , r 2 „ o * x 0 01 (\Xu (T0)\), 

sup y j < max { r2« ° * i ° r i « ° * 2 ° A (x2 (T0)), T2w o * x o r l t l ) f sup w£, ) , 
t>T0 I . . . v> ib / 

r 2 . « o ^ o r l u o $ 2 o r 2 w supwj, , r2 m supwjd 
\*>2o / \t>T0 

Under the assumptions of the theorem, however, we have 

T2u o ^ o Tlu o * 2 o 02 (\x2d (to)\) < max {02 ( |sM (£0)|), T2u o * ! (5)} . (2.28) 

Indeed, note first that the small gain condition (2.12) imply 

T2u o * ! o Tlu o ^ 2 (s) < s (2.29) 

for all s G (r2„ o * 2 (8), r2w o * x (A)). Also, (2.13) imply that 

r2w o *! o r l u o *2 o p2 {\xM (to)|) < r2.a o *! (A*) := A ; . (2.30) 

Now, if Aj(k2d(<o.)'|) < AJ, then (2.28) follows from (2.29). Otherwise (i.e., if 

@2 (\x2d (*o)|) > AJ), the inequality (2.28) follows from (2.30). Analogously, 

T2u o * ! o Tlu o * 2 o T2w ( sup w+rf) < max J T2w ( sup w+) ,T2uo^1(S)\. (2.31) 
t>T0 { t>T0 J 

Taking into account (2.28), (2.31), we get 

( fo (\x2d (To)|) , r 2 u o * ! o A (|a;w (To)|), 
sup y j < max < / \ / \ 
t>T0 T2u O # ] O Tlw SUp W+ , T2w SUp W+ , r 2 t t O * ! ($) 

K \t>T0 J \t>T0 J 
(2.32) 
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Finally, combining (2,27) and (2.32), and using the notation (2,17), we get (2.15). 

To prove convergence, note that Assumption 1, ii), implies that 

limsupu^ < limsup^2 (yg") r l imsupuj < limsup\&i (y^) , (2.33) 
t—>+oo t—»-(-oo t—*+oo t—>+oo 

Substituting the above inequalities into (2.11) and taking into account (2.12), (2.25), 

we get 

lim sup y j < max < T2u ° * i o Tlw (lim sup wj,) , r 2 w (lim sup w+d), r 2 u o * x (8) 
t—*+oo (_ t—++oo t—»-+oo 

The convergence of y^ can be shown analogously. This completes the proof of 

Theorem 1. • 

2.6 Example 

The IOS small gain theorem presented above will serve as the main tool for sta

bility analysis of the network-based teleoperator schemes described in the next two 

Chapters. The purpose of the following very simple example is merely to illustrate 

that the proposed multi-channel version of the small-gain theorem may indeed lead 

to less conservative stability conditions comparing to the more traditional "one-

channel-in-each-direction" approach. Consider a teleoperator system which consists 

of a master and a slave manipulators connected through a communication channel. 

A human operator moves the master, and the information about the master trajec

tory is sent to the remotely located slave. The slave is designed to follow the motion 

of the master. When slave is in contact with the environment, the information about 

contact forces is sent back to the master and applied to master's motor to make the 

human operator feel the interaction. Suppose the master manipulator is equipped 

with a local "PD+gravity compensation" control algorithm; the closed-loop master 
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subsystem is then described by the following equations 

Hm(qm)qm + Cm(q.m, qm)qm + Km(qm + A.mqm) = fh + fe, 

where qm is the position of the master, Hm(qm), Cm{qm,qm) are the matrices of 

inertia and Coriolis/centrifugal forces, Km = K^ > 0, ATO = A^ > 0 are controller 

parameters, fh is the force applied by the human, and / e is the force reflection term. 

It is easy to check (for details, see [60]) that the system is ISS, and the gain from 

fh to (qm,qL)T (denoted by 7[/e-*(</m>9m)] e *Q c a n b e m a d e "arbitrarily small" by 

art appropriate choice of Km, Am; however, the gain from fe to the "output" qm 

(denoted by 7[/e~*gm] G iC ) cannot be assigned arbitrarily. On the other hand, let 

the "slave+environment" interconnection be described as follows 

xs =. •t's{xSlqm,iqm,qm), 

Je = : ^syXs^qm^qm^qm)': 

where xs is a state of the "slave+environment" subsystem, qm, qm, qm are delayed 

versions of the master position, velocity, and acceleration, and fe is the contact 

force due to environment which plays the role of the output of the subsystem; fe 

is then sent Over the communication channel, and its delayed version fe is applied 

to the motors of the master. (Normally, gm, qm are recovered from qm using some 

sort of estimation/filtering process rather than directly sent over the communication 

channel, but this is not important for our purposes). Suppose the control system 

is designed on the slave side such that the "slave+environnient" subsystem is ISS. 

In most situations, the system can be designed such that the gain from qm to fe 

(denoted by 7^ . j G /C ) can be made negligible (arbitrarily small), however, the 

gain 7[(gm4 )_>/j G /C significantly depends on environmental damping/stiffness, and 

cannot be made small without deterioration of the slave's tracking properties. For 

this system, using traditional approach (one gain that works for all input/output 



Chapter 2. Small-Gain Approach to Network-Based Teleoperation 40 

pairs) one gets the following small gain condition 

max{^[(4mAm)-*U]^lL^fe)} omaxh[f^(cm,gm)hl[fe^m}} (*) < s, 

which is not satisfied if J^^ )_/e] ° 7[/e-»ft»] 1S n ° t a strict contraction. Thus, in 

this case the traditional form of the IOS small gain theorem does not guarantee 

stability. On the other hand, using "multi-channel" approach proposed, one gets 

the small gain condition of the form 

7[(*»A„H/e] 70™-/.] 
7[/e-»(«m,«m)] 

T[/e-+«fm] 
(*) 

:= max {7[W„,„<D-/e] ° 7[/e-(Wm)],7tfm^/e] ° 7[ / e -^]} (*)• < «, 

which can always be satisfied (possibly with some restriction and offset) by choosing 

7[/e-»(sm,<7m)]j 7[|.-»/ei
 e ^ "sufficiently small". Thus, the multi-channel version of 

the small gain theorem guarantees stability, while the traditional version does not. 

2.7 Conclusion 

In this Chapter, we have presented a version of the IOS small gain theorem that 

is designed specifically for stability analysis of the interconnections where the com

munication between subsystems is performed asynchronously over multiple channels 

and is subject to constraints typical for communication networks. In particular, it 

allows to handle multiple time-varying possibly discontinuous and unbounded com

munication delays. The assumptions imposed on communication delays can always 

be satisfied in real world communication networks using techniques such as times-

tamping and (or) sequence numbering. The presented version of the IOS small-gain 

theorem will be applied later to the stability analysis of the force-reflecting teleop-

erator schemes. 



Chapter 3 

Small-Gain Based Schemes for 

Stable Bilateral Teleoperation 

3.1 Introduction 

In this Chapter, we present schemes for bilateral teleoperation over networks that 

are based directly on the IOS/ISS small-gain result presented in Chapter 2. Schemes 

with general type of force-reflection term are considered; more precisely, the force-

reflection term is assumed to be proportional to a (possibly trivial) linear combina

tion of the position error and velocity error on the slave side as well as the actual 

contact force due to environment. Two types of control algorithms are proposed 

that guarantee stable contact with the remote environment in the presence of time-

varying, discontinuous and possibly unbounded communication delays; also, arbi

trarily precise tracking can be achieved if the communication process in the forward 

communication channel guarantees sufficiently smooth transmission of the master's 

trajectories. The theoretical results presented in this Chapter are supported by 

experiments. 

41 
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The Chapter is organized as follows. A mathematical model of the network-based 

teleoperator system is described in Section 3.2, In Section 3.3, control schemes 

for stable force-reflecting teleoperation are presented. Force reflection scheme is 

presented in Section 3.4, and the assumptions imposed on environmental dynamics 

are described in Section 3.5. Section 3.6 presents stability results, while tracking 

properties are studied in Section 3.7. In Section 3.8, proofs of the stability/tracking 

results are given. Experimental results are presented in Section 3.9. Finally, some 

concluding remarks are given. 

3.2 Mathematical Model of The Teleoperator 

System 

3.2.1 Master and Slave Manipulators 

Throughout this chapter, we consider a teleoperator system that consists of a master 

and a slave manipulators described by the following set of Euler-Lagrange equations 

H-m [Qm) Qm + &m \Qmi Qm) Qm + Gm Win) — um + Jh ~~ Jr> (3-1) 

Hs (qs) q, + Cs (qs, qs) qs + Gs (qs) = us - fe. (3.2) 

Here, qm G QTO, qs E Qs are positions of the master and the slave manipulators, 

respectively, which belong to compact connected configuration manifolds Qm , Qs. 

For simplicity, assume Qm = Qs C W1. In the above equations, Ht (qt) G R n x n 

are matrices of inertia, C, (qi,q~i) G Mnxn are matrices of Coriolis/centrifugal forces, 

and Gi (g,) £ Rn are vectors of potential forces of the master (i = m) and the slave 

(i = s) manipulators, respectively. Also, fa G W1 is the force (torque) applied by the 

human operator to the master, fe E I P is the environmental force (torque) applied 
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to the slave, fr £ Wn is the force reflection term on the master side, and um,us € Mn 

are the control inputs of the master and the slave respectively. The dynamics of 

the master (3.1) and the slave (3.2) manipulators are assumed to satisfy a set of 

standard properties described, for example, in [61, Section 2.1] 

3.2.2 Communication Constraints 

In this thesis, we generally address the situation where the communication between 

the master and the slave manipulators is subject to network-induced communication 

constraints. Following the considerations presented in Chapter 2, these constraints 

are described in terms of time-varying discontinuous and possibly unbounded com

munication delays. It is also assumed that the communication between the parts of 

telerobot is subject to an error that is due to quantization as well as measurement 

noise. Thus, let Tf,Tb: M+ —>• R + be the communication delays in the forward 

(from master to slave) and the backward (from slave to master) communication 

channels, respectively. Specifically, we assume that the master's position is trans

mitted to the slave side with communication delay r/ (t) and is subject to quanti

zation/measurement noise error 5q(t), i.e., the signal 

Qrn(t):=qm(t-rf(t)) + 6q(t) (3.3) 

is available for use in the control algorithm on the slave side. Analogously, a force 

reflection signal fr is transmitted back from the slave to the master side with commu

nication delay 'Tb(t), and is some subject to quantization/measurement noise error 

6f(t) , so that the signal 

fr--=fr(t-Tb(t))+Sf(t) (3.4) 

can be used for the force reflection on the master's side, where / r is the force 

reflection signal measured on the slave side. In general, it is assumed below that 
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communication delays r/(-) , r& (*) satisfy Assumption 1; however, when dealing 

with tracking properties of the teleoperator system, some additional "smoothness" 

assumptions will be imposed on the forward communication delay -ry (•)• Signals 
A A 

5q(t), 8f(t) are assumed to be essentially bounded uniformly for all i e R . 

3.3 Control Schemes 

The following control schemes are utilized. For the master manipulator, we will 

consider two types of control algorithm. The first control law utilizes the well known 

"PD+gravity compensation" control strategy 

um = Gm (qm) - Km (qm + Amqm), (3.5) 

where Km, Am G R n x n are symmetric (i.e., K,m = K^, A,m = A^J positive definite 

(i.e., xTKmx > 0, xTAmx > 0 for all x G Mn \ {0}) matrices. On the other hand, 

the following more detailed version of control algorithm 

Urn :== " T O \Qm) •R-mQm *-'TO \Qmi Qm) **-rriQm i t*m \Qm) " m \Qm H" **mQm ) (3-6) 

will also be taken into consideration. The control algorithm for the slave manipulator 

has a form 

ua - Ha (qs) (g2a0 (qm - &) + As (f2 + gax (qm - f x) - q„)) 

+CS (qs, qs) ( 6 + As (6 - Qs)) + G8 (qs) - K, (qs - & + Ag (qs - £i)X3-7) 

where Ks, As e Rnxre are symmetric positive definite matrices. Furthermore, £i, £2 £ 

Rn are estimates provided by the following "dirty-derivative" filter 

£1 = & + goti (qm - £t), (3-8) 

£2 = g2ao(qm-(i), (3.9) 
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where ao, cti are positive constants such that the roots of p(s) = s2 + ais + CXQ have 

negative real parts, and g > 0. 

The rationale behind the proposed control schemes is as follows. Our goal is to 

design a control law that makes both the master and the slave subsystem input-to-

state stable; the overall stability of the teleoperator system then follows by appli

cation of the small gain arguments. In particular, both master control algorithms 

(3.5) and (3.6) make the master subsystem input-to-state stable. The difference 

between these control laws is that the algorithm (3.6) allows to assign an arbitrary 

ISS gain to the closed-loop master subsystem, which generally implies that stronger 

stability results can be achieved when using this control algorithm (for example, 

compare the statements of Theorem 2 and Theorem 3 below). On the other hand, 

the slave control algorithm (3,7), (3.8), (3.9) is essentially a passivity-based tracking 

control algorithm that also makes the interconnection of the slave and the environ

ment input-to-state stable with respect to delayed master trajectory qm(t). The 

filter (3.8), (3.9) has two main functions: first, it provides estimates for the first and 

second derivatives of the reference trajectory qm(t), and second, it provides a smooth 

approximation of the reference trajectory in the case when (due to irregularity of 

the forward communication delay 7/(-)) the reference trajectory on the slave side 

Qm(t) := qm(t — Tf(t)) is nonsmooth. 

3.4 Force Reflection 

In this section, we define the force reflection signal fr. In teleoperator systems, the 

force reflection signal may come from different sources. Two of the most common 

schemes are where the force reflecting term is proportional to tracking (position 

and/or velocity) error on the slave side (so called position-error based schemes), or 
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to the actual contact force due to environment experienced by the slave manipulator 

(contact force reflection). In this proposal, we consider a general form of the force 

reflection term described as follows. First, let us define the "output" of the slave-

environment subsystem, according to the following formula 

ys = Ai/ e + A2 {qs - £1) + A3 % - £2), (3.10) 

where Ai, A2, A3 are symmetric (A» == Af, % — 1,2,3) nonnegative definite matrices 

satisfying At + A2 + A3 = I. Thus, the "output" (3.10) is a weighted combination 

of the contact force due to environment fe, slave position error qs — £1, and slave 

velocity error qs — £2- Now, the force reflecting term fr is defined according to the 

formula 

Mt)=Kfya(t), (3.11) 

where Kf > 0 is the force reflection gain. 

Remark 4. The choice of Als A2, A3 in equation (3.10) depends on the source 

of the force reflection signal. For example, if the force reflection on the master 

side is based on direct measurement of the contact force due to environment, the 

appropriate choice would be Ai = I, A2 = A3 = O, while for the position error based 

schemes, where the force: reflection on the master side is proportional to the slave's 

position error, we have A2 = I, Ai = A3 = O. Generally, using the appropriate 

choice of matrices Ai, A2, A3, the force reflection signal can be made proportional 

to either the actual contact force due to environment, position error, velocity error, 

or an arbitrary linear combination of all the above signals. • 
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3.5 Environmental Dynamics 

In this proposal, we assume that the environment is described as a dynamical system 

of the following form 

(3.12) 
i Jext i £/ ! 

where xe G W is a state of the environment, fe G R" the contact force due to envi

ronment applied to the slave manipulator, qs, qs are the position and velocity of the 

slave manipulator, and fext is an arbitrary measurable essentially bounded function 

that represents an equivalent of all external forces imposed on the environment; qs, 

qs, fext all play the role of the inputs of the environmental dynamics. The right-

hand side of (3.12) depends on time t, i.e., the environment is possibly time-varying. 

We assume that Fenv (•) is locally Lipschitz in xe, qs, qs, fext, measurable in t, and 

essentially bounded on any compact set of xei qs, qs1 fext uniformly for all t € M. 

Additionally, it is assumed that Genv(-) is continuous in xe, qs, qs, fext uniformly for 

ail* G R and satisfies Genv (0,0,0,0, t) = 0 for all t G R. 

Our general assumption is that the environmental dynamics (3.12) are input-

to-state stable. Under the above assumptions imposed on Genv(-), this also implies 

that the system (3.12) is input-to-output stable. For simplicity, it is additionally 

assumed that the corresponding IOS gains are linear. More precisely, the following 

assumption is imposed on the environmental dynamics (3.12). 

Assumption 3. The environmental dynamics (3.12) is input-to-state stable. 

Moreover, there exist 0e G /Coo, 7/ > 0, j e > 0 such that the contact force due to 

the environment, fe(t), satisfies the following properties: 

i) uniform boundedness: for any t0 G R 

sup | /e(t) | < max ( & (xe(to)) ,7e (sup £ g ) ,7 / (sup \fext(t)\) ) ; (3.13) 
t>to I \*>«o W / \t>to J J 
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ii) convergence: 

limsup |/e(t) | <max< j e (limsup ffl J ,7 / (limsup \Jext 
(3.14) %—*-[-oo ^ \ i™>4-oo £~-H-oo 

3.6 Stability 

In this section, general stability results for the force-reflecting teleoperator system 

are established. We address a general situation where the communication between 

the master and the slave manipulators is performed over an unreliable communica

tion channel. In fact, in many telerobotic applications, it may be desirable to always 

transmit the most recent available information about the master's position to the 

slave side. In this case, if some packets of information are lost during the transmis

sion, they are usually not sent again. In general, this results in discontinuity of the 

communication delay function, which may imply the discontinuity of the reference 

trajectory for the slave manipulator. Although in this case perfect tracking cannot 

be achieved because of such a discontinuity of the reference trajectory, however, as 

shown below, the proposed control scheme guarantees the overall stability which is 

uniform with respect to time delay in the communication channel. To formulate our 

results, let us introduce a set of state variables as follows 

x * : = ( 9TOJ 3 n n S I ) S2 1 Qs iQsiXe J ) ( 3 . 1 5 ) 

where qs := qs — £1, and qs := qs — £2) and where we use the notation 

xd (t) := {x(s), s G [t — td (t), t]} introduced in Chapter 2, with t^: R —* E + defined 

below. The input of the teleoperator system is defined as follows 

u :- (flfLJlSjy, (3.16) 

where 5q, 8f are errors due to quantization/measurement noise in the forward (3.3) 

and backward (3.4) communication channels, respectively. 

file:///Jext
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The following theorems describe stability properties of the closed-loop bilateral 

teleoperator system. First, let us formulate a stability result for the system with 

master control algorithm given by (3.5). 

Theorem 2. Consider the bilateral teleoperator system (3.1), (3.2), (3.3), (3.4), 

(3.11), (3.12) with control law (3.5), (3.7) - (3.9). Suppose the delays T/ (••), TJ, (•) in 

both the forward and the backward communication channels (3.3), (3.4) satisfy As

sumption 1. Suppose also that the environmental dynamics (3.12) satisfy Assump

tion 3. Then there exist KS > 0, K) > 0 such that Amin (K3) > KS, Kf G [0,K}) 

imply the closed-loop teleoperator system is input-to-state stable at• t — 0 with 

td = max (r/(0) + r6 ( - r / (0) ) , T*(0) + rf (-rfc(0))} . • (3.17) 

For the master control algorithm given by (3.6), the following stronger result can 

be obtained. 

Theorem 3. Consider the system (3.1), (3.2), (3.3), (3.4), (3.11), (3.12) with 

control law (3.6) - (3.9). Suppose the delays r/ (•), r& (•) in both the forward and 

the backward communication channels (3.3), (3.4) satisfy Assumption 1. Suppose 

also that the environmental dynamics (3.12) satisfy Assumption 3. Then, given 

Kf € [0, -t-oo), there exist nm > 0, «s > 0 such that Amjn {Km) > Km, Amin (K8) > KS 

imply that the closed-loop teleoperator system is input-to-state stable at t = 0 with 

td defined by (3.17), for all Kf e [0,K}). • 

Remark 5. Both Theorem 2 and Theorem 3 state stability results for the 

force-reflecting teleoperator system with irregular communications. The difference 

between these two results is essentially the following: Theorem 2 states that there 

exists an admissible upper bound for the force reflecting gain such that the overall 

system is stable, while Theorem 3 implies that an admissible upper bound for the 

force reflecting gain can be assigned arbitrarily by an appropriate choice of the 
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master's local feedback gain matrix Km. The reason for a stronger result to be 

obtained in Theorem 3 is that a more detailed master control law (3.6) is used. • 

3.7 Tracking 

Besides contact stability, good free space tracking performance is important for 

majority of teleoperation tasks. In this section, we address tracking properties 

of the bilateral teleoperator system described above. Generally, in order to show 

that the slave tracks the (delayed) master trajectory, one needs to impose certain 

smoothness assumptions on communication delay T/ (•) in the feedforward channel. 

Indeed, "significant" discontinuity of the communication delay r/ (•) generally results 

in discontinuous reference trajectory for the slave manipulator for which rigorous 

tracking results cannot be obtained. Thus, to deal with tracking problem, one should 

assume that the discontinuity of the signal qm is limited in some sense. One possible 

approach is to assume that "nominal" communication process in the feedforward 

channel (3.3) can be described by a smooth communication delay function T/ (•), 

while all the discontinuities (that, in particular, may correspond to discretization, 

jitter, packet loss, etc) are considered as disturbances and, therefore, are included 

in 5g. More precisely, let us introduce the following assumption. 

Assumption 4. The forward communication delay ry: E —> M+ is a continu

ously differentiable function of time t with the following properties: 

i) - T i < ^ < 1 for some Tx > 0; dt 

ii) ^ (*2) - ^ ( * l ) < T 2 |*2 — *i| for some T 2 > 0 and for all t\,ti G R; 

iii) t — Tf(t) —> +oo as t —> +oo. • 

Informally, we will say that the communication process in the forward channel 

is "approximately smooth" if qm can be represented in the form (3.3) where 77 (•) 
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satisfies Assumption 4, and 8q is sufficiently small. Note that, for sufficiently fine 

quantization, an approximately smooth communication can be achieved in practice 

by combining a reliable communication protocol and a buffering mechanism [38]. 

Below, we study the stability and tracking properties of the controlled telerobotic 

system under the assumption that the communication protocol in the forward com

munication channel (from the master to the slave) guarantees that r/(-) satisfies 

Assumption 4. In this case, let us introduce some additional notation. Denote 

Qa
m(t) = qm(t-rf(t)), t(t) ••= ftC(t). (3.18) 

Roughly speaking, q^, q^ represent a "smooth component" of the delayed master 

position and its time derivative, respectively. Further, for the purposes of this 

section, it is convenient to decompose the input of the telerobotic system into two 

separate "channels", as follows 

«{ 1 } :=(/J, /1,^)T , «{2}:=V (3-19) 

Also, let us define an output of the closed-loop teleoperator system, according to 

the following formula 

V'-=(%,8, £,£)*, (3-20) 

where £i = q^ — £i, £2 = Qm — £2- The output (3.20) essentially consists of the filter 

tracking error (£f ,£jT)T and the slave tracking error (gj, qs ) T . Below, the tracking 

properties of the closed-loop system will be described in terms of the IOS gain from 

input u^} to output y. More precisely, the following result is valid. 

Theorem 4. Consider the bilateral teleoperator system (3.1), (3.2), (3.3), (3.4), 

(3,11), (3.12) with control law (3.5), (3.7) - (3.9). Suppose the communication delay 

Tf (•) in the forward channel (3.3) satisfies Assumption 4, while the communication 

delay rb (•) in the backward channel (3.4) satisfies Assumption 1. Suppose also that 
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the environmental dynamics (3.12) satisfy Assumption 3. Then there exist KS > 0, 

K*f > 0 such that Amin (Ks) > KS, Kf G [Q,K}) imply the closed-loop teleoperator 

system is input-to-state stable at i = 0 with td defined by (3.17). Moreover, the IOS 

gain from input u^ to output y can be made arbitrarily small by an appropriate 

choice of the parameters Ka, As and g. • 

In the case of master control algorithm (3.6), the following result is valid. 

Theorem 5. Consider the system (3.1), (3.2), (3.3), (3.4), (3.11), (3.12) with 

control law (3.6) - (3.9). Suppose the communication delay r/ (•) in the forward 

ehannel (3.3) satisfies Assumption 4, while the communication delay T& (•) in the 

backward channel (3.4) satisfies Assumption 1. Suppose also that the environmental 

dynamics (3.12) satisfy Assumption 3. Then, given K*f G [0,+co), there exist 

Km > 0, KS > 0 such that Amin (Km) > Km, Amin (Ks) > KS imply that the closed-

loop teleoperator system is input-to-state stable at t = 0 with td defined by (3.17), 

for all Kf G [0, AT )̂. Moreover, the IOS gain from input u^ to output y can be 

made arbitrarily small by an appropriate choice of the parameters Ks, As and g. • 

Remark 6. The results of Theorems 4, 5 can be given the following interpreta

tion. In addition to the input-to-state stability of the overall teleoperator system, 

it can be shown that the slave tracks the delayed master trajectory with error that 

depends on magnitude of the forces applied as well as magnitude of the quantiza

tion/measurement error terms 8g, 8f. If the term 5q is negligible, which corresponds 

to the case of "approximately smooth" communication in the forward communica

tion channel, then an arbitrarily precise tracking can be achieved by appropriate 

choice of the feedback matrices and the filter constant g. More precisely, if dq « 0, 

then for a given maximal magnitude of the external forces, and a maximal magni

tude of the quantization/measurement error in the backward channel, the following 

two properties of the closed-loop teleoperator system can be guaranteed uniformly 
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for all Tf (•), T6 (•) by an appropriate choice of the feedback matrices Km, Ks and 

the filter constant g: i) the dirty-derivative filter gives an arbitrary precise estimate 

of the delayed trajectory of the master, and ii) the slave manipulator tracks the 

trajectory provided by the dirty-derivative filter with error less than or equal to a 

prescribed bound. 

3.8 Proofs 

Proof of Theorem 2 and 3 

Below, proofs of both Theorem 2 and Theorem 3 will be given through a sequence of 

propositions. Both these proofs follow the same line of reasoning. First, we show the 

proposed control laws make both the master and the slave subsystems are input-to-

state stable. Then, proofs are finalized by application of the small gain arguments 

(Theorem 1). Let us first formulate two results that describe stability properties of 

the master subsystem equipped with control laws (3.5) and (3.6), respectively. Let 

us define a state and input of the master subsystem, as follows, 

xM-=(ql,qm) > (3-21) 

uM := fh - fr- (3.22) 

First, we address the ISS properties of the subsystem "master manipulator (3.1) + 

control law (3.5)". The following result is proven in [62]. 

Proposition 1. The closed-loop master subsystem (3.1), (3.5) is input-to-state 

stable. • 

Next, consider the master subsystem with control law (3.6). Substituting (3.6) 

into the equations of the master manipulator (3.1), and using the variable em = 

qm + Amqm, we get the following equations of the closed-loop master subsystem in 
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terms of state variables qm, em: 

Qm = ~AmQm i Cm? (6.2,0) 

em = H^1 (qm) [-Cm (qm,em - Amqm) em - Kmem + fh- frJ . (3.24) 

Note that the state (3.21) can be obtained from (gm, e^) by the following nonsin-

gular coordinate transformation 

-«rH;:ffe)-
Let us also define the following two outputs for the system (3.23), (3.24): 

{1} / T -T\T {2} » / 0 o c x 

VM := {QmiQm) = XM, VM •= Qm- (3.26) 

The following proposition describes the IOS/ISS properties of the closed loop master 

subsystem (3.23), (3.24). 

Proposition 2. Given 7„,, > 0, there exists Km > 0 such that if the matrix 

Km satisfies Amj,„ (Km) > nm, then the closed-loop master subsystem (3.23), (3.24) 

with state (3.21) and input (3.22) is input-to-state stable, and the corresponding 

ISS gains are less than or equal to 7m . Moreover, there exists 7m £ JC independent 

of 7m and satisfying 

limsup ,m K } < +oo, (3.27) 
s->0+ S 

such that the 10 S gain from % to yff are less than or equal to 7™ . • 

Proof Consider the ISS Lyapunov function candidate 

Vm •= nem^m (<im) eTO + ~qmqm- ( 3 .28 ) 

Since the matrix Hm (qm) is positive definite for all qm G Qm [61], it can be easily 

checked using (3.25) that there exist o,\m > 0, a.2m > 0, a.\m < a.im such that 

aim (|<Zm|2 + |gTO|2) <Vm< a2m (I I +\qm\). (3.29) 
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Calculating the time derivative of Vm along the trajectories of the closed-loop master 

subsystem, taking into account the skew-symmetry of Hm — 2Cm (see [61]), and 

completing the squares, one can get that the following estimate 

2\ 

Vm < 2 \emKm,Gm + Qm^-mQm) + 2\min(Km) ( Jh J'r 

holds if Xnin (Km) > 0 is sufficiently large. This implies [63] that the system is 

ISS, and the corresponding ISS gains can be assigned arbitrarily low by increasing 

Xmin (Km) > 0. Finally, the IOS property with respect to output yff as well as the 

inequality (3.27) can be checked by straightforward calculations which are omitted 

here due to space reasons. • 

Next, consider the closed-loop slave subsystem (3.2), (3.7). Denote 

& : = & - & , <L : = & • - & , ea:=qa + Atqa. (3.30) 

In these notations, the equations (3.2), (3.7) can be rewritten as follows 

es = H'1 (qs) (-Cs (qs, qs) es - Kses - fe) (3.31) 

qs = -Asqs + es- go>i (qm - ft). (3.32) 

Keeping in mind that 
- l 

is AsJ \ 0 1 / V* 

one can define a state of the closed-loop system as follows 

T 

(3.33) 

Xs := (£,£) • (3-34) 

Proposition 3. The closed-loop slave subsystem (3.31), (3.32) with state (3.34) 

and inputs fe, <Ji := g (qm — ft) is input-to-state stable. Moreover, given 7S > 0, 

there exists KS > 0 such that Amjn (Ka) > KS implies the ISS gain with respect to 

input fe is less than or equal to %. 
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Proof. Consider the ISS Lyapunov function candidate 

V = ^Hs(qs)es + ~qJqs, (3.35) 

Taking into account (3.33), we see that 

o-mm (\qs\ + \qs\j < V < amax (j4s |
2 + \qs\

2J (3.36) 

for some o w , amax > 0. Calculating the time derivative of V along the trajectories 

of the system (3.31), (3.32), and completing the squares, we get 

V < -e^'Kses + e/^fe + qT {-ksq + es + cast) 
(o.ot) 

< - f e J X e , - ^Asqs + , - ! _ | / e |^ + _ J _ |e- |* + _l_a2 ^ 

Taking into account (3.33), and applying the results presented in [63], one get that 

(3.37) implies the input-to-state stability of the closed-loop slave subsystem (3.31), 

(3.32). Further, it is easy to see that the ISS gain with respect to the input fe can 

be assigned arbitrarily low by increasing Amjn (Ks) > 0. • 

Next, consider the interconnection of the closed-loop slave subsystem (3.31), 

(3.32) with the environment described by equation (3.12). This interconnection has 

inputs £ = (£f, £2') ) fexti a n d q\n, and a state of the interconnection can be defined 

as XS+E '•= ($,qj 1 x'e) • According to Proposition 3 and Assumption 3, both the 

subsystems are ISS, and the corresponding small gain stability condition has a form 

lels < 1. (3.38) 

According to Proposition 3, j s > 0 can be assigned arbitrarily by an appropriate 

choice of Ks, therefore condition (3.38) can always be satisfied. 

Now, consider the filter (3.8), (3.9). Define a new set of coordinates <; = 

("nis£) '-~ (d^I^2) • I n the new coordinates the equations (3.8), (3.9) become 

c = gA<; + g'2Bqm, (3.39) 
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where 

A:--
-Otolnxn ®nx»i 

, B J = (3.40) 

Proposition 4. The system (3.39) is ISS with ISS-Lyapunov function V = 

£TP<T, where P = PT > 0 is the (unique) solution of the matrix Lyapunov equation 

A1 P + PA = - I . • (3.41) 

The proof of the above proposition is straightforward. 

Now, the proofs of Theorem 2 and Theorem 3 can be finalized as follows. First, 

note that the interconnection of the filter (3.8), (3.9) and the "controlled slave + 

environment" (3.31), (3.32), (3.12) systems has a cascade structure and, therefore, is 

ISS as a cascade interconnection of two ISS subsystems. Let ys defined by (3.10) be 

the output of the "filter + controlled slave + environment" interconnection, and let 

IPSE > 0 be the corresponding IOS gain (from input qm to output ys). According 

to Proposition 1, the master subsystem with control law (3.5) is ISS. Let, therefore, 

7m > 0 be the corresponding ISS gain. Applying the small gain result (Theorem 1), 

we see that the small gain stability condition has a form 

7 m • Kf • JFSE < 1, 

which implies that the overall system is stable for all Kf G [0, Kj), where K*f — 

(7m • 1FSE)~X- This proves Theorem 2. To prove Theorem 3, note that in the case 

of master control law (3.6), according to Proposition 2, the master gain %n > 0 can 

be assigned arbitrarily. Therefore, given Ki > 0, JFSE > 0j 'the overall teleoperator 

system is stable for all Kf £ [0, i f | ) whenever j m < (Kf • JFSE)'1- This completes 

the proof of Theorem 3. • 
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Proof of Theorem 4 and 5 

First, note that the assumptions of Theorems 4, 5 are strictly stronger that the 

ones of Theorems 2, 3; thus, the stability parts of both Theorem 4 and Theorem 5 

follow directly from the results of Theorem 2 and 3, respectively. It remains to 

prove that the IOS gain from input «W to output y can be made arbitrarily small 

by an appropriate choice of the parameters K8, As and g. By assumption, the 

forward communication channel is described by equation (3.3), where 77 (£) satisfies 

Assumption 4, i) - iii). Furthermore, by Assumption 4 , ii), we see that the first time 

derivative of r/ (•) is an uniformly Lipschitz function, therefore (see for example [64]), 

d2Tf/dt2 is well-defined for almost all t > 0, and satisfies 

sup \d2Tf(t)/dr\ < T 2 . 

Let us denote g^(t) := qm (t - r/(i)), <?™(£) := qm (t — Tf(t)). We have 

d cw^^c^cw^i-^P) 
and 

d2 

1 -
drfit) 

dt 

1-2 
Zau^Tf C(t) dt2 ' 

where the last equality is valid for almost all t>0. Using Assumption 4, i), ii), we 

get 

&(* ) < T i &(*) 

and 

QUt) {|<t(*)|,|C(*)|}, 

(3.42) 

(3.43) < 2T2max<^ 

where Tt := T t + 1, f 2 := [(Tx + l )2 + T2] . 

Now, consider the equations of the filter (3.8), (3.9). Denote £i = q^ — £i, 

£2 = q.m — £2, and, analogously to the proof of Theorems 2, 3, let us introduce a 
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new set of coordinates c" = (^ f ,^ ) :.= (g^f,^!) • m *n e n e w coordinates, the 

equations (3.8), (3.9) become 

t = gAs + Bfm + g2B5q, (3.44) 

where matrices A, B are defined by (3.40). Using the ISS Lyapunov function can

didate V = <?T.P<?, where P = PT > 0 is the solution of (3.41), it is trivial to check 

that the system (3.44) with inputs qm, 8q is input-to-state stable, and the ISS gain 

IVA _»f] > 0 corresponding to input qm can be assigned arbitrarily small by choosing 

sufficiently large g > 0. 

As a next step, recall that the "slave+environment" interconnection is ISS (and 

IOS) if (3.38) holds. Therefore, the "filter+slave+environment" subsystem (3.12), 

(3.14), (3.31), (3.32), (3.42)-(3.44) with state ( g j i l ^ f , inputs & , t , t , Sq, 

and output ys is IOS (and ISS) as a cascade connection of two IOS (ISS) subsys

tems. Moreover, Proposition 3 implies that the gain with respect to input / e can 

be assigned arbitrarily small. Taking into account Assumption 3, one sees that 

the ISS gain with respect to input fext can be made arbitrarily small by choosing 

-̂ min (^Q > 0 sufficiently large. Also, combining (3.43) with the ISS properties of 

the filter (3.44), we see that the IOS gain J\^m_y\ > 0 from the "input" q^ to 

the output ys can also be assigned arbitrary small by choosing g > 0 sufficiently 

large. The rest of the proof is similar to the corresponding parts of the proofs of 

Theorems 2 and 3. •. 
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Figure 3.1: Experimental setup 

3.9 Experimental Results 

In this section, some results of experimental evaluation of the above proposed small 

gain based schemes for bilateral teleoperation over networks are presented. More 

precisely, we evaluate stability and performance of the position error based scheme 

described by equations (3.1), (3.2), (3.3), (3.4), (3.11), (3.12) with control law (3.5), 

(3.7) - (3.9); the corresponding stability result is given by Theorem 2. The teler-

obotic system used in our experiments is shown in Figure 3.1. It includes two 

Phantom Premium 1.5A robotic arms with 3 degrees of freedom positional sens

ing which are provided by SensAble Technologies, Inc.. The master manipulator 

is equipped with standard passive stylus and thimble gimbal, while the slave has a 

marker attached to its last link. As a preliminary step, modelling and parameter 

identification procedures of the Phantom Premium 1.5A devices were performed. 

A complete account of these procedures is given in Appendix A. As a result, the 
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following model of the Phantom Premium 1.5A is obtained 

Mn 0 0 

0 M22 M23 

0 M32 M33 

ri ri si 
W l W2 W3 

Cl\ G-X2 C 2 3 

Qn 0 0 

Qi 

Q2 

<?3 

+ 
KfviQi + Kfd signgi 

G2 + ify^ife + I /̂c2 signg2 

G3 + A'/^fe + iiT/c3 sign g3 

where r» are joint torques, M„ are the elements of inertia matrix, Cy are elements of 

the matrix of Coriolis and centrifugal forces (torques), Gt are elements of the gravity 

vector, and KfV) KfC are viscous and Coulomb friction coefficients, respectively. In 

the above equations, 

Mn = TTI + 7T2 cos2 g2 + (TT3 + TT5) sin2 g3 + 2TT6 cos g2 sin g3, 

M22 = 7T4 + 7T5 - 27T6 sin(g2 - &), 

M23 = M32 = TT5 - 7r6 sin(g2 - 93), 

M33 = 7T5, 

Cn = - (7T2 sin g2 cos q-2 + 7r6 sin g2 sin g3)g2 

4-.((7r3 + 7T5) sin g3 cos g3 + 7r6 cos g2 cos g3)g3, 

C12 = — (TT2 sin g2 cos g2 + TT6 sin g2 sin g3)gi, 

C13 = ((7r3 + 7r5) sin g3 cos g3 + TTQ cos g2 cos g3)gx, 

C21 = (7r2 sin q-2 cos g2 + 7r6 sin g2 sin g3)gi, 

C22 = 7r6 cos(g2 - g3) (g3 - g2) 

C23 = 7T6 cos(g2 - gs) (g2 - ft) 

C31 = F-AnQi = -(7T3 + 7T5) sin g3 cos g3gi - TTS cos g2 cos g3g!, 

G2 = 7r7cosg2, Gs = 7r8sing3, Kfvl — 7r9) Kfv2 = 7Ti0, A7«3 — TTH, 

AT/el = ^12, Kfc2 — 7I"13, -K/C3 = 7T14-

It is worth noting that in the software implementation used in our experiments, the 

position in joint space is measured in units of radians, while the joint space input 

(torque) is a numerical value between -32768 to 32767. The parameter identification 
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procedure gives the following values of the parameters 7TI,... ,5TI4 of the master 

manipulator: 7TX = 50, TT2 = 60, 7r3 = 48, TT4 = 80, 7r5 = 9, w6 = 8, TT7 = 235, 

TT8 = 270, TT9 - 25, TT10 = 22, jTii = 110, TT12 - 82, 7r13 = 160, 7r14 = 90. For 

the slave manipulator, the parameters are identified as follows: n\ = 32, ix^ = 34, 

7T3 = 20, 7T4 = 74, 7T5 = 1, 7T6 — 2, 7T7 = —926, 7T8 = —685, 7T9 = 15, 7T10 = 15, 

7TJI — 90, 7Ti2 = 80, 7Ti3 = 112, 7Ti4 = 55. Throughout this section, the parameters 

of the control law (3.5), (3.7) - (3.9) are chosen as follows Am — diag{2,2,2}, 

A8 = diag{5,5,5}, Km = diag{10,10,10}, Ks = diag{300,300,300}, g = 10, 

«i = 4, «o = 4. 

In the experiments presented below, the end-effector of the master manipulator 

is initially located approximately at the origin of the task space coordinate frame; 

in particular, x(0) « 0 m . Starting from approximately t — 10 seconds, the human 

operator quickly moves the end-effector of the master along the negative direction of 

the X-axis, then returns it back to the origin and immediately releases. Figure 3.2 

shows an example of the movement of the master manipulator which is intended by 

the human operator. When slave follows the master's trajectory, it hits an obsta

cle which is located approximately at x = —0.25 m. The obstacle is a rigid wall 

with very high stiffness. The quick movement together with a contact with a rigid 

environment create a strong destabilizing effect; the goal of the experiments pre

sented is to evaluate the resulting response of the master-slave teleoperator system, 

in particular in the presence of communication delay and jitter. The form of the 

experiment described above is chosen because, as our preliminary experiments show, 

the instability only arises during free motion after the operator releases the mas

ter manipulator rather than during contact with the environment. In other words, 

no instability was observed in the experiments if the operator still held the master 

at the end. This observation is actually consistent with what found by other re-
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searchers [65; 15]: a rigid grasp of the control handle is likely to stabilize the system 

while a loose grasp or the release of the master tends to make the system unstable. 

Below, we present examples of experimental results for different values of force 

reflecting gain as well as different communication delay characteristics. According 

to the theoretical considerations presented above, it is expected that there exists an 

admissible upper bound for the force reflecting gain such that the overall system 

is stable for all communication delays, as long as the force reflecting gain satisfies 

this bound. It is also naturally expected that for small (negligible) communication 

delays, the stability is preserved for higher values of the force reflecting gain com

paring to the case of significant communication delays. Both these hypotheses are 

confirmed by our experimental results. In particular, responses of the teleoperator 

system for the case of negligible communication delays are presented in Figures 3.4-

3.7; these figures correspond to the values of the force reflecting gain equal to 500, 

1500, 3000, and 4000, respectively. As expected, the system is stable for low values 

of the force reflection gain, and unstable for high ones. Also, it can be seen from 

Figures 3.4-3.7, that the border of stability in terms of admissible FR gain in the 

case of negligible communication delay lies somewhere between 3000 (still stable, 

Figure 3.6) and 4000 (unstable, Figure 3.7). 

On the other hand, we also address the case where significantly large irregular 

communication delays are present in both the forward (from master to slave) and 

the backward (from slave to master) communication channels. More precisely, we 

consider a situation where both the forward r/ (•) and the backward T& (•) communi

cation delays are modelled as random variables with normal (Gaussian) distribution 

characterized by its mean Tav and standard deviation a (the following standard no

tation r (•) ~ N {Tav, o
-2) is used). Example of such a communication delay function 

(with Tav — 1 sec, and a — 0.02) is shown in Figure 3.3. It is worth noting that 
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normally distributed communication delay functions are considered here just as an 

example, while other forms of communication delays are also possible, due to the fact 

that our stability results are proven under a very general assumption on communi

cation delay (Assumption 1) which, in particular, does not specify exact form of the 

probability distribution function. Experimental results for 77 (•), T{,(-) ~ N (Tav, a2), 

Tav = 1 sec, a — 0.02, are shown in Figures 3.8-3.10; these figures correspond to 

FR gains equal to 500, 1000, and 1500, respectively. Although the qualitative pic

ture is the same (i.e., the system is stable for low FR gains, and unstable for high 

ones), the border of stability in this case is significantly lower comparing to the 

case of negligible communication delays; namely, it lies somewhere between 1000 

(stable, Figure 3.9) and 1500 (unstable, Figure 3.10). It is interesting to note that 

further increasing the communication delay does not lead to decreasing the admis

sible FR gain; in particular, the system with FR gain equal to 1000 remains stable 

for significantly higher values of communication delay. Example of the response 

for rf (•) ,7i(-) ~ n(Tav,a
2), Tav = 2.5 sec, a = 0.05, and FR gain equal to 1000 

is shown in Figure 3.11; one can see that it is stable, and the performance of the 

response is visually very similar to the one with Tav = 1 sec, a = 0.02. 

Overall, the experiments performed confirm that, for the small-gain schemes pro

posed in this chapter, there exists an upper bound for the force reflecting gain such 

that the force-reflecting teleoperator system is stable for all FR gains that satisfy 

this bound, regardless of the communication delay characteristics. An important 

question is how to improve this bound without losing the overall stability. This 

problem is addressed in the next chapter. 



Chapter 3. Small-Gain Based Schemes for Stable Bilateral Teleoperation 65 

Master X-trajectory generated by the human operator 
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Figure 3.2: Example of the master trajectory generated by the human operator 
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Figure 3.3: Example of communication delay function, r (•) ~ N (Tav, a2), Tav = 1 

sec, a = 0.02 sec 
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Figure 3.4: Teleoperator system response, Delays 0, FR gain=500: X-trajectories, 

master and slave (top); Contact X-Forces (bottom) 
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Figure 3.5: Teleoperator system response, Delays 0, FR gain=1500: X-trajectories, 

master and slave (top); Contact X-Forces (bottom) 
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Figure 3.6: Teleoperator system response, Delays 0, FR gain=3000: X-trajectories, 

master and slave (top); Contact X-Forces (bottom) 
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Figure 3.7: Teleoperator system response, Delays 0, FR gain=4000: X-trajectories, 

master and slave (top); Contact X-Forces (bottom) 
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Chapter 4 

Projection-Based Force Reflection 

Algorithms 

4.1 Introduction 

This chapter address the problem of design of force-reflecting network-based teleop-

erator systems that achieve stable teleoperation in presence of high force reflecting 

gain. It is a well-known fact that, in bilateral teleoperation, stability and trans

parency are conflicting goals [15]. In particular, high force reflection gain provides 

a better kinesthetic as well as tactile (i.e., related to the sense of touch) feedback, 

however, it also tends to destabilize the overall system due to increasing the closed-

loop gain. To solve the contradiction between the overall stability and high force 

reflecting gain, we introduce an approach where the force reflecting term is shaped 

based on forces applied by the human operator. This approach uses a simple ob

servation that a human operator can feel a force only when pushing against it, and 

the magnitude of the force felt by a human is exactly equal to the magnitude of the 

component of the external forces that is compensated by the human hand. Based 

74 
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on this observation, we introduce a class of projection-based force-reflection algo

rithms. The idea behind these algorithms is to attenuate the component of the 

external forces that is not compensated by the human hand; such an attenuation 

does not affect the human perception of the force, however, it removes the compo

nent of the force reflection that can potentially destroy the system's stability. The 

proposed approach allows to achieve the stability for an arbitrarily low damping of 

the master manipulator and arbitrarily high force reflection gain; thus, it solves the 

trade-off between stability, maneuvrability, and high force reflection gain in bilateral 

teleoperation with time-varying irregular communication delay. 

The chapter is organized as follows. A trade-off between stability and high force 

reflection gain in bilateral teleoperation with communication delay is discussed in 

Section 4.2. In Section 4.3, projection-based force reflection algorithms are intro

duced. A general stability result for bilateral teleoperator systems with projection-

based force reflection algorithms is presented together with its proof in Section 4.4. 

In Section 4.5, we demonstrate that the use of projection-based force reflection algo

rithms leads to improved performance of the small-gain based schemes for bilateral 

teleoperation presented in Chapter 3. In Section 4.6, a human force estimator is 

designed that can be used in a projection-based force reflecting algorithm instead of 

direct measurement of the human force/torque. Experimental results are presented 

in Section 4.7, while in Section 4.8 some concluding remarks are given. 

4.2 Trade-Off' Between Stability and High Force 

Reflection Gain 

The design of high performance teleoperator systems often involves trade-offs be

tween conflicting design objectives. One such a trade-off that arises in force-reflecting 
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teleoperators is between the overall stability and high force reflecting gain. Higher 

force reflecting gain generally implies improved h'aptic perception of the remote ob

ject, however, it also increases the closed-loop gain which leads to instability. The 

mechanism of such an instability is analyzed in great details in [66]. According to 

this work, the instability can be explained in terms of so called induced master mo

tion. The induced master motion is the movement of the master manipulator due 

to the force signal reflected from the slave side. This movement results in deviation 

of the master trajectory from the one intended by the human operator, and since 

the master trajectory is then used as the reference trajectory for the slave manip

ulator, the induced master motion creates similar reaction of the slave subsystem, 

etc. Essentially, such an interaction forms a control loop, and the corresponding 

closed-loop gain is directly proportional to the force feedback gain; as a result, high 

force feedback gain leads to instability of the teleoperator system. 

To the date, several approaches have been proposed in the literature to deal 

with trade-off between stability and high force reflection gain. The most obvious 

solution is to increase damping of the master manipulator using local feedback. 

This improve the stability of the system, however, the increased master damping 

itself leads to transparency deterioration, since in this case the human operator 

feels the stabilizing action of the local controller rather than the pure interaction 

with the remote environment. Increased master damping also makes the system 

"sluggish" and nonresponsive even when the slave moves in free space, and requires 

the human operator to apply excessive forces for manipulation. Other approaches 

include low-pass filtering of the slave reference trajectory [67] as well as low-pass 

filtering of the reflected force [68; 69]. Both of these approaches, however, also 

result in transparency deterioration. Filtering the reference trajectories prevents the 

slave from following quick master movements, which makes the system to be felt 
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less responsive. Filtering of the reflected force, on the other hand, also decreases 

transparency, since the high-frequency band of the reflected force contains haptic 

information which is especially important during contact with hard objects. 

Another approach, which has recently been proposed in [70], is based on the 

idea that the component of the master movement caused by the force reflection 

can be estimated and consequently canceled from the reference trajectory of the 

slave. Thus, the force reflection term is applied to the motors of the master and 

therefore felt by the human operator, however, the corresponding master reaction is 

removed from the feedback loop, thus avoiding possible instability. This approach, 

nevertheless, has at least two shortcomings. First, effective decomposition of the 

master movement into the one caused by the human force and the one due to 

force reflection is generally impossible when dealing with a nonlinear model of the 

manipulator. Second, some fundamental characteristics of the human response to 

the force disturbances are not taken into account in this approach. Indeed, as shown 

experimentally in [71], human tends to increase the impedance (stiffness as well as 

damping) of the muscles in presence of force disturbances while performing the 

mechanical tasks like moving a manipulator. This will result in that the increased 

damping and stiffness of the human hand will compensate, to a certain extent, the 

reflected forces, and the resulting deviation of the master trajectory will be smaller 

than the one calculated using the master model. The subsequent cancelation of the 

calculated master reaction from the slave reference trajectory, therefore, may lead 

to unpredictable movements of the slave and possible instability. 

In the next section, we introduce the projection-based force reflection algorithms 

that solve the trade-off between stability and high force reflection gain without 

having any of the shortcomings mentioned above. 
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4.3 Projection-Based Force Reflection Algorithms 

The idea behind the projection-based force reflection algorithms is based on the 

following simple observation: the force felt by the human operator is exactly the 

component of the external forces that is compensated by the human hand. It is 

clear that, since this component of the external force is compensated, it does not 

create the induced master motion. On the Contrary, the induced master motion is 

created by the residual component of the external forces which is not compensated 

by the human hand counter-force and, therefore, not immediately felt by the human 

operator. The combination of these observations leads us to the idea that the 

force reflection term may be altered depending on the forces applied by the human 

operator. More precisely, since the human operator feels the forces that are directed 

against her/his own, and the magnitude of the forces felt is not greater than the 

magnitude of the human forces exserted, this implies that all the external forces 

outside these direction and magnitude constraints can be attenuated or, in the 

ultimate case, completely filtered out; such an alteration will not be felt by the 

human operator, however, the potentially harmful induced master motion may be 

avoided or, at least, limited to an appropriate level that does not destroy the overall 

stability. 

Below, we address a force reflection scheme where the force signal applied to the 

motors of the master fr is described by the following formula 

^ a(|/en-«|) . [I-a] (j 
Yenv | j n 

Jr = r~ j Jenv H T~ j (penv V*'*-) 
I Jenv I I (Penv I 

Here, fenv is the force signal that is arrived directly from the slave subsystem, cj>env 

is the signal generated by the projection-based force reflection algorithm described 

below, and a e Q is the corresponding weighting function; the last a should be 

chosen to satisfy [I — a] £ G, where I : R+ —• R+ is the identity function, l ( r ) = r 
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for all r > 0. The signal <penv can be obtained using the force reflection algorithm, 

as follows 

4>env := Sat J &J± f I fh, (4.2) 

where fh is a measurement/estimate of the human force applied to the master ma

nipulator, ei > 0 is a sufficiently small constant, and 

I a if a > x 

x iia<x<b 

b i£x>b. 

Algorithm (4.2) can be explained as follows. Assuming |jfo > ei and 

0 ^ flnvfh/ \fh\ < 1 (is.; the saturation in (4.2) is not achieved), it is easy to see 

that (j)env is the projection of fenv onto the direction of fh. By placing the lower sat

uration limit at 0, one guarantees that —4>env and fh are directed against each other; 

on the other hand, the upper saturation limit at 1 implies that \4>env\ does not exceed 

\fh\ (i.e., \4»env\ £ IAD- Finally, sufficiently small ei > 0 removes the singularity at 

fh = 0. Thus, algorithm. (4.2) calculates the component of the environmental force 

that is directed against the human force, and makes its magnitude bounded by the 

magnitude of the human force. Therefore, according to the considerations presented 

above, substitution of (j>env for fenv in the force reflection scheme would not make a 

difference in terms of the human force sensing; however, contrary to the latter, the 

former does not generate the induced master motion. 

The above presented algorithm calculates (penv as the projection of fenv onto 

the subspace spanned by the human force estimate fh; as a result, <penv is always 

collinear to fh. It is possible to construct another similar force reflection algorithm, 

where the resulting vector 4>env would preserve the direction of the environmental 

force fenv, however, its magnitude would depend on the magnitude of the projection 
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of fh onto the subspace spanned by fenv. Such an algorithm is described by the 

formula 

(penv '•— Oat { • j ~ —- c- > fenv (4-3) 

I max < fenv , ei > J 

Note that algorithms (4.2) and (4.3) give the same result if fenv is collinear to fh-

It is also possible to use any convex combination of the algorithms (4.2) and (4.3). 

Remark 7. It can be easily checked that 0cm) generated by any of the algorithms 

(4.2), (4.3), satisfies the inequality 

fh-knv <\fh\- (4,4) 

This property will be utilized below, where we formulate and prove stability results 

for systems with force-reflecting algorithms that satisfy an inequality more general 

that (4.4). • 

4.4 General Stability Result 

In this section, we address stability properties of bilateral teleoperator system with 

force reflection algorithms described above. More precisely, we define a class of 

force reflection algorithms that, in particular, includes algorithms (4.2) and (4.3), 

and prove general stability result for teleoperator system with any force reflection 

algorithm from that class. 

We assume that the closed-loop "master manipulator plus local master con

troller" subsystem is described as a general nonlinear system of the form 

(4.5) 
Vm ^ m \p^mi ^m) ; 

where xm is the state of the master subsystem, and um is the master input. We 

impose general regularity assumptions on Fm and the output map Gm; namely, it 
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is assumed that both Fm(-, •), Gm(-, •) are locally Lipschitz in their arguments. The 

input of the master subsystem is the external force input 

Um = fh-fr, (4.6) 

where fh is the force/torque applied by the human operator, and fr is the force/torque 

reflection signal. The output ym of the master subsystem contains an arbitrary set 

of signals that are to be transmitted to the slave side, these may consist of mas

ter positions, velocities, forces/torques, as well as arbitrary combinations of them. 

During the transmission, the output ym is subject to time-varying communication 

delay r/ : R+ —• M+; the transmitted version of the master output is then applied 

to the input of the slave subsystem, as follows 

ua(t):=ym(t-Tf(t)). (4.7) 

The closed loop "slave plus environment plus local slave controller" subsystem is 

also described as a nonlinear system of the form similar to (3.1), i.e., 

yB = Gs(xs,us), 

where state of the slave+environment interconnection, us is the input, and 

ya is the output of the slave subsystem. Again, both Fs and Gs are assumed to 

be locally Lipschitz functions of xs, us. The output ys of the slave subsystem is 

again an arbitrary force signal which is to be transmitted to the master subsystem. 

This force signal may contain information about contact forces due to environment, 

position errors, velocity errors, or any other signals that depend on the state of the 

slave+environment subsystem or its inputs. Last but not least, these signals can be 

multiplied by arbitrary coefficients, which, in particular, corresponds to an arbitrary 

force reflection gain. The transmission of ys to the master side is also a subject to 
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time-varying communication delay r& : E+ —• M+, according to the formula 

fen„(t):=ya(t-n(t)) (4.9) 

Based on fenv, the force reflection signal fr in (4.6) is then generated according to 

the formula (4.1), where <j)env is the outcome of a projection-based force reflection 

algorithm (such as (4.2) or (4.3)). 

In order to formulate and prove a general stability result for teleoperator system 

with projection-based force reflection, a number of assumptions is imposed on the 

system (4.5)-(4.9). First, the input-to-state stability of both the master and the 

slave subsystems is assumed, as follows. 

Assumption 5. Both the master (4.5) and the slave (4.8) subsystems are 

input-to-state stable in the sense of Definition 1 (with I = r = 1 and td(-) = 0). • 

Remark 8. Due to regularity (local Lipschitzness) assumption imposed on Gm, 

Gs, the input-to-state stability also implies the input-to-output stability of both the 

master and the slave subsystems. Note that, contrary to Assumption 2 wrhich is used 

in the proof of the general small-gain result (Theorem 1), neither ISS nor IOS gains 

are specified in Assumption 5; only the existence of these gains is assumed. As a 

result, such an assumption allows significant flexibility in design of local controllers 

for both the master and the slave subsystems; in particular, the ISS property (with 

possibly high ISS gain) of the master subsystem can be achieved, for example, by 

using local PD controller with arbitrarily low damping and stiffness coefficients [62]. 

• 

Second assumption is imposed on communication delays T/(-) , n(-); this is es

sentially an "one-channel" version of Assumptions 1. 

Assumption 6. The communication delays Tf,n : M+ —• R+ satisfy Assump

tion 1 (with To = 0 and p = q = 1). • 
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The next assumption describes the class of the force reflecting algorithms. The 

assumption is a generalization of the property described above in Remark 7. 

Assumption 7. There exists rj £ K such that 4>mm in (4.1) satisfies the inequal

ity 

\fh-knv\<v(\h\)-» (4-10) 

Note that, according to Remark 7, both the projection-based force reflection 

algorithms (4.2) and (4.3) satisfy Assumption 7 with r}(-) = !(•)-. 

The fourth and last assumption is related to the force measurement/estimation 

process on the master side. In the results presented below, we do not restrict our 

consideration to the situation where the human force/torque is perfectly measured. 

On the contrary, we consider the human force measurement/estimation as a process 

whose accuracy may depend on a values of the human force and its derivatives as well 

as on disturbance level. More precisely, a sort of input-to-state stability assumption 

is imposed on the human force measurement/estimation process, as follows. 

Assumption 8. Human force (torque) measurement/estimation process satis

fies the following estimate 

' PQfh(o)-fh{o)\,t), 

7/0}(sups€[0!t)|A(s)|J,..., 

7/rJ"(supie[0ft)1/;[r}(s)|), 

^ 7ti»(supse[0it)Ms)|J 

for all t > 0, where fh is the human force applied to the master, f^* is its i-th 

derivative, w are the external disturbances that affect the measurement process, 

/ ? m e K X , 7 } 0 } , . . . M , 7 ? , € / C . . 

Remark 9. Assumption 8 allows to address schemes where the direct input-

force measurement is performed in presence of sensor noise as well as a wide range 

of schemes that utilize different input estimation techniques [72]. In particular, 

\fh(t)-h(t)\<maxi (4.11) 

fW 
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the specific form of inequality (4.11) is motivated by the fact that the accuracy 

of estimates provided by input observers normally depends on derivatives of input 

(first derivative in the cases of high-gain and sliding mode input observers, second 

derivative for "dirty-derivative" filters, etc.) • 

Consider now the closed-loop teleoperator system (4.5)-(4.9). Our main stability 

result can be formulated as follows. 

Theorem 6. Consider the closed-loop force reflecting teleoperator system (4.5)-

(4.9) with force reflection algorithm (4.1). Suppose Assumptions 5-8 are satisfied. 

Then there exists a* € K.^ such that if «(•) G Q in (4.1) satisfies a(s) < a*(s) for 

all s > 0 then the closed-loop force reflecting teleoperator system with state 

_ ( T ,T\T 

and input 

u ^/J,.. . , (jf}) V ) T 

is input-to-state stable in the sense of Definition 1 with td defined by (3.17). • 

Proof of Theorem 6 is based on a version of a small-gain theorem for systems 

with delays presented in Chapter 3. First, let us note that 

\um\ = \fh ~ fr\ < \fh ~ fh\ + \fh ~ fr\-

Assuming without loss of generality that r?(-) in (4.10) satisfies rj(s) > l(s) for all 

s > 0, one gets 

I f. _ t I = I A _ «(l/en,|) 1 _ jl-a](|&»»,|) 1 \ < a ( \ f \) I I f. _ P - ^ O ^ I ) 1 I 
\Jh Jr\ — \Jh if | Jenv •? , *-penv\ _^ ^\\Jenv\) ^ \Jh .? > </>enu 

\Jenv j \<Penv\ \<Penv \ 

< a(|/en,|) + V(\fh\) < a(\fenv\) +!j(2|A - fh\) + v(2\fh\). 

(In the sequence above, the inequality 

l A _ f - ° 1 ( l A - l ) j ^ . l < , ( l A i ) 

file:///Jenv
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follows from (4.10) because [I — a] (|0em)|) < \4>env\, and | • | is a convex function). 

Overall, 

\um\ < a(\fenv\) + fj(\h ~ h\) + ^(2|A|), 

where fj(s) := r] (2s) + s. Taking into account (4.11), one sees that the gain from 

\fenv\ to \um\ is less than or equal to a(-). Now, let 7'm,7s G K, be IOS gains of 

the master (3.1) and the slave (3.2) subsystems, respectively. Prom (4.7), (4.9), it 

follows that the closed loop system gain is 7m °7s° <*(•)> a n d therefore, the small-gain 

stability condition for the system under consideration has a form 

7m ° 7 s ° OL{S) < l(s) for all s > 0. (4-12) 

The condition (4.12) is met if a(s) < a*, where 

a*1^) '-= 7m ° 7s(s) + s. 

The statement of Theorem 6 now follows from the small gain result (Theorem 1). • 

One of the most interesting features of the result presented in the above The

orem 6 is that it does not impose any restrictions on the ISS (IOS) gains of the 

master and slave subsystem. Instead, given the master and the slave gains, the 

overall stability can always be achieved by an appropriate choice of the weighting 

function a(-) G Q in (4.1). As one can see from the formula (4.1), a(-) € Q and 

[I — a] (•) € Q determine the relative weights of the terms fenv and <f>env, respectively, 

in the force reflection signal fr. Both these terms provide the haptic feedback to the 

operator; however, the difference between them is that, contrary to fenv, the term 

ij)env does not create the induced master motion that can potentially destabilize the 

overall teleoperator system. Thus, the choice of a(-) determines the gain between 

the force reflection signal and the resulting induced master motion. In particular, if 

£*(•) = 0 in (4.1), the induced master motion is eliminated completely; in this case, 



Chapter 4. Projection-Based Force Reflection Algorithms 86 

the stability is guaranteed simultaneously for all gains as long as both the master 

and the slave subsystems are stable. Thus, the design of stable force reflecting tele-

operator system with communication delay is essentially reduced to the design of 

two stable subsystems. Theoretically, the choice a(-) = 0 disconnects the feedback 

loop in terms of induced master motion; i.e., the corresponding closed loop gain be

comes equal to zero. In particular, this allows to achieve stability for arbitrarily low 

damping and stiffness of the master manipulator and in presence of arbitrarily high 

force reflection gain, which has numerous advantages in terms of better operability 

and transparency. On the other hand, a nonzero a(-) implies that the force reflec

tion term may create some induced motion of the master manipulator; however, 

the amount of this motion is not sufficient to destroy the overall stability as long 

as ct(-) is small enough. It seems conceivable that certain small enough amount of 

the induced master motion may be useful in some teleoperation tasks; for example, 

it may impel the otherwise inactive human operator to apply forces against it. It 

can also be noticed that a small amount of the induced master motion may improve 

force regulation. 

4.5 A Scheme with Direct Human Force Measure

ment 

The main purpose of this section is to show that the force-reflecting algorithms 

described above may significantly improve performance of the small-gain schemes 

for network-based teleoperation presented in Chapter 3. In particular, we show that, 

using the projection-based force reflecting algorithm, stability/tracking properties of 

the force-reflecting network-based teleoperators can be achieved for arbitrarily high 

force reflecting gain and arbitrarily low damping/stiffness of the master manipulator, 
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which fundamentally improves transparency of the teleoperator system. 

Consider a force-reflecting teleoperator system where the master and the slave 

manipulators are described by the Euler-Lagrange equations of the form (3.1), (3.2), 

respectively. The control schemes used in this section are the same as the ones used 

in Chapter 3. Namely, it is assumed that the master manipulator is equipped with 

local control algorithm described either by (3.5) or by (3.6), while the local slave 

controller consists of controller (3.7) and filter (3.8), (3.9). Also, it is assumed that 

the master position is sent over the communication channel to the remotely located 

slave according to the formula (3.3). The communication process in the forward 

communication channel is described by equation (3.3). Regarding the communica

tion in the backward channel, it is convenient to change the notation slightly, as 

follows. Let the following signal 

fenv{t) = Kfya(t), (4.13) 

be transmitted to the master side according to the formula 

fenv(t) := fenv (t ~ Tb(t)) + Sf(t). ( 4 .14 ) 

In the above expressions, ys is the "output" of the slave-environment subsystem de

fined by (3.10), Kf > 0 is the force reflection gain communication delay r& (t) is the 

communication delay in the backward channel, and $f(t) is quantization/measurement 

noise error. The signal j e n v is then processed by the force reflection algorithm 

(4.1),(4.2) or (4.1), (4.3), and the output fr is reflected to the motors of the master 

according to (3.1). The state and the input of the closed-loop teleoperator system 

are defined by (3.15) and (3.16), respectively. The following theorem describes sta

bility properties of the teleoperator system with projection-based force reflection 

algorithm. 
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Theorem 7. Consider the system (3.1), (3.2), (3.3), (3.4), (3.11), (3.12), where 

the master control algorithm is described by either (3.5) or (3.6), and the slave 

control law is (3.7)-(3.9). Suppose the delays 77 (•), r& (•) in both the forward and 

the backward communication channels (3.3), (3.4) satisfy Assumption 1. Suppose 

also that the environmental dynamics (3.12) satisfy Assumption 3. Then, given 

K*f G [0,+oo), there exists a* (•) G /C^ such that if a(-) G Q in (4.1) satisfies 

a (s) < a* (s) for all s > 0, then the closed-loop teleoperator system is input-to-

state stable at t = 0 with td defined by (3.17), for all Kf G [0, Kf). • 

Proof of Theorem 7 follows directly by combination of arguments from the 

proofs of Theorems 2, 3, and Theorem 6. • 

Remark 10. Theorem 7 implies in particular that, if any of the projection-based 

force reflection algorithms (4.1), (4.2) or (4.1), (4.3) is utilized, the stability of the 

overall teleoperator system can be achieved for an arbitrarily low damping/stiffness 

on the master side {i.e., arbitrary Km > 0, Am > 0) and arbitrarily high force 

reflection gain (arbitrary Kf > 0 in (4.13)), by an appropriate choice of the weighting 

factor a. Note that a higher force reflection gain provides stronger haptic cues to 

the human operator; on the other hand, higher master damping/stiffness lead to 

transparency deterioration since these forces interfere with environmental forces 

reflected. Thus, Theorem 7 implies, in particular, that the proposed force reflection 

algorithm substantially improves transparency of the teleoperation. • 

4.6 A Scheme without Human Force Measure

ment 

The above presented FR algorithms utilize an estimate fh of the force fh applied 

by the human operator to the master manipulator. If a direct force measurement 
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on the master side is not available, fh can be obtained using some sort of input 

estimation technique. Different types of input estimators can be employed. One 

possible approach is to construct a high gain input observer designed as follows [72]. 

Suppose we deal with a system of the form 

z = y + u, 

where z and y are known (measured) signals and u is an unknown input to be 

estimated. Then, the following input observer 

(4.15) 

u = 'yz — w, 

provides an estimate u of the unknown input u, where w is an auxiliary variable, 

and 7 > 0 is an observer gain which determines the transient response as well the 

ultimate bound of the estimation error. More precisely, the estimate u satisfies the 

following inequality 

\u(t) - u(t)\ < J\u(0) - u(0)f er* + S U P * 6 [ 0 ' ^ ( S ) | 2 , (4.16) 
72 

which implies that the estimation error satisfies a form of the input-to-state stability 

property. In the case of the master manipulator described by (3.1), signals z, y, and 

u can be chosen as follows: z = Hm (qm) qm, u = fh, and 

V = Hm \Qm-i Qm) Qm *~Jm \Qmi Qm) Qm ^ m \Qm) Jr > V-mi 

171 

where Hm (qm, qm) e Rnxn, H£} (qm, qm) = (dH$} (qm) /dqm) qm,i,je{l,...,n}, 

and um is the master control input determined by the control algorithm used. The 

above choice of z, y, u results in the observer of the form 

w = -yw + 7 (Jim (qm, qm) qm - Cm (qm, qm) Qm ~ Gm (qm) - fr + «mj4.17) 

Qrrn 

fh = lHm{qm)qm-w, (4.18) 

file:///Qm-i
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and estimate (4.16) becomes 

\h(t) - fh(t)\ < ^ |A(0) - / h ( 0 ) | 2 e - ^ + 7 - 2 s U P s e M |A(*)| 

< V^max {|A(0) - /fc(Q)| e^l\rl sup^tj | A(*)|} 
(4.19) 

The last inequality implies that the estimate /&, obtained by observer (4.17), 

(4.18) satisfies Assumption 8; therefore, Theorem 6 can be used to guarantee the 

overall stability of the teleoperator system. 

4.7 Experimental Results 

In this section, examples of experimental evaluation of the teleoperator system with 

the proposed projection-based FR algorithms are presented. In the experiments 

described below, the teleoperator system addressed is built according to position-

error based scheme described by equations (3.1), (3.2), (3.3), (3.4), (3.11), (3.12) 

with control law (3.5), (3.7) - (3.9). This is the same scheme as the one used 

during the experiments presented in section 3.9; all the parameters are also equal 

to the parameters given in section 3.9. Additionally, the teleoperator system under 

consideration is equipped with projection-based force reflection algorithm of the 

form (4.1), (4.2), where the estimate of the human torque is provided by high-gain 

torque observer described by (4.17), (4.18), with gain 7 = 20. 

In general, the experiments performed clearly indicate that the proposed force-

reflection algorithms substantially improve the admissible force-reflecting gain with

out loosing the overall stability of the teleoperator system.This improvement is 

achieved in the case of small (negligible) communication delays as well as in the 

case of significantly large irregular communication delays; it is worth noting, how

ever, that in the latter case the improvement is somewhat more dramatic. The 

results of the experiments for negligible communication delays for different values 
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of the weighting coefficient a are shown in figures 4.1-4.5; in these figures the force 

reflecting gain is equal to 4000. In particular, figure 4.1 shows the position and force 

response of the teleoperator system for a — 1, which corresponds to the direct force 

reflection (this is because the weight of the projection-based term is 1 — a = 0). 

The resulting response is clearly unstable, which is in good accordance with the 

experimental data for direct force reflection algorithms presented in section 3.9. On 

the other hand, figure 4.2 shows the analogous response of the system with a = 0.5. 

(i.e., the weights of the direct force reflection and projection-based force reflection 

are equal); one can see that the response is perfectly stable. Indeed, since the opera

tor releases the master immediately after returning back to origin, the corresponding 

projection of the reflected force onto the estimated vector of the human force be

comes (approximately) zero, and so does the projection based force reflection term, 

which results in improved stability. The natural question, of course, is how does this 

type of force reflection affect the transparency of the system; in other words, what 

would the human operator feel if she/he does not release the master. The answer to 

this question can be illustrated by figure 4.3, where, instead of releasing the master, 

the human operator tries to hold it firmly after returning to the origin. One can see 

that, in this case, the force reflected to the motors of the master actually follows 

quite closely the contact force generated on the slave side. The small difference 

between these force responses can be attributed to the fact that the estimate of 

the human force is obtained using a high-gain observer that, besides having its own 

dynamics, is built based on the model which probably has some discrepancy with 

the actual dynamics of the robot. The analogous results for a = 0.25 is presented 

in figures 4.4, 4.5. 

In the next set of the experiments, the communication delays in both directions 

are set to be normally distributed random variables ( r (•) ~ N (Tav, a2)) with mean 
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Tav = 1 sec, and standard deviation a = 0.02 sec. Thus, the average RTT delay 

is equal to 2 sec. As shown in section 3.9, in this case the admissible FR gain 

(i.e., the maximal value of FR gain such that the system remains stable) for the 

system with direct force reflection (a = 1) lies somewhere between 1000 and 1500. 

Examples of the experimental results for the system with projection-based force 

reflection algorithm with FR Gain=3000 and a = 0.3 are shown in figures 4.6, 

4.7. In particular, figure 4.6 represents the experiments where the human operator 

releases the master immediately after returning back to origin. One can see that 

the system quickly stabilizes. On the other hand, the transparency properties of 

the system is illustrated by figure 4.7, where the human operator holds firmly the 

master after returning to the origin. Again, one can see that in this case, the force 

reflected to the hand of the human operator follows closely the actual contact force 

generated on the slave side, thus confirming that there is virtually no transparency 

loss. 

Overall, the experimental data indicate that the use of projection-based force 

reflection algorithms in bilateral teleoperation, particularly in the presence of com

munication delays, leads to drastic improvement in admissible force reflection gain 

without loosing the stability of the overall system. 



Chapter 4. Projection-Based Force Reflection Algorithms 93 

X-Trajectories, Master and Slave, FR Gain=4000, Zero RTT Delay 
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Figure 4.1: Teleoperator system response, Delays 0, FR gain=4000, a = 1 (i.e., 

direct force reflection), free motion: X-trajectories, master and slave (top); Contact 

X-Forces (bottom) 
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X-Trajectories, Master and Slave, Projection-based FR Algorithm, 
Zero delay, a=0.5, FR gain=4000, free motion 
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Figure 4.2: Teleoperator system response, Delays 0, FR gain=4000, a = 0.5, free 

motion: X-trajectories, master and slave (top); Contact X-Forces (bottom) 
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Figure 4.3: Teleoperator system response, Delay~ 0, FR gain=4000, a = 0.5, oper

ator holds: X-trajectories, master and slave (top); Contact X-Forces vs. Reflected 
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Figure 4.4: Teleoperator system response, Delays 0, FR gain=4000, a = 0.25, free 

motion: X-trajectories, master and slave (top); Contact X-Forces (bottom) 
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Figure 4.5: Teleoperator system response, Delays 0, FR gain=4000, a = 0.25, op

erator holds: X-trajectories, master and slave (top); Contact X-Forces vs. Reflected 

X-Forces (bottom) 
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X-Trajectories, Master vs. Delayed Slave, Projection-based FR algorithm, 
a=0.3, FR Gain=4000, Delays 2 sec, free motion 
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Figure 4.6: Teleoperator system response, Delays 2 sec, FR gain=4000, a = 0.3, 
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4.8 Conclusions 

Traditionally, the small-gain approach is considered to be not particularly suitable 

for teleoperation tasks, since it "... would result in conservative design criteria (lead

ing to poor transparency)..." [15]. Indeed, for force reflecting teleoperator systems, 

the direct application of the small-gain approach results in significant constraints 

on the force reflection gain, as well as generally requires high damping/stiffness of 

the master manipulator. In this chapter, we show that, using the projection-based 

force reflection algorithms, the constraints on subsystem's gains can be effectively 

removed. In particular, this implies that the stability can be achieved for arbitrar

ily high force reflection gain and arbitrarily low damping/stiffness of the master 

manipulator. Essentially, the proposed approach reduces the design of stable force 

reflecting teleoperator system with communication delay to the design of two stable 

subsystems. It is worth noting that this is achieved by utilizing certain fundamen

tal characteristics of human force sensing and without paying the price in terms 

of transparency deterioration. Overall, the use of projection-based force reflection 

algorithms may significantly improve the applicability of the small-gain methods to 

the design of the force-reflecting teleoperator systems, particularly in the presence 

of network induced communication constraints. 



Chapter 5 

Model-Based Teleoperation with 

Communication Constraints 

5.1 Introduction 

In the previous chapters, the problem of stable and transparent force reflecting 

teleoperation in the presence of network induced communication constraints was 

addressed, and some new solutions were proposed. In general, however, even in 

the case of perfect stability and perfect (delayed) transparency (although generally 

these properties can not be achieved simultaneously), the existence of significant 

communication delays inevitably leads to loss of the sense of causality for the human 

operator. For example, it is confirmed experimentally that in telesurgery systems, 

even in the situation where the human surgeon is exposed to a visual feedback and 

no force feedback applied, the surgeon effectively loses his/her ability to operate 

when communication delay exceeds 500 ms [3]. Moreover, in presence of the haptic 

feedback, the human operator tolerance to communication delay decreases signifi

cantly. According to [73; 74], in this case the admissible upper bound for round-trip 

101 
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time (RTT) delay is up to 40 ms for abrupt movements and up to 160 ms for gentle 

movement. This implies that even a perfectly designed force reflecting teleoperator 

system may become increasingly hard to control if the underlying communication 

channel does not deliver the data with reasonably small time delay and jitter. Thus, 

although the direct force feedback usually improves the ability of the operator to 

perform the task, the implementation of such a feedback may be extremely chal

lenging, or may require solutions whose complexity and cost are beyond acceptable 

limits. 

One alternative approach to the delayed force feedback is to create a virtual 

environment (VE) on the master side that duplicates the essential features of the 

remote slave+environment interconnection. In this case, the human operator may 

use the local (direct, in the terminology of [75]) force feedback that is generated 

by the virtual "slave+environment" model in order to obtain a certain "feeling" 

of the process. Such a local force feedback is not subject to communication delay, 

which restores the sense of causality for the human operator and does not have the 

destabilization effect of the delayed force feedback. Such a "virtual" force feedback, 

however, is generally prone to modelling errors. The local ("direct" [75]) force 

feedback can also be combined with the delayed force feedback from the remote 

environment ("indirect" force feedback) to form the dual force feedback. Other 

references related to this topic include (but by no means limited to) [76; 77; 78; 79; 

80; 81], some survey is also presented in [82, Section 10.5]. 

In this chapter, we first present a model-based approach to control of nonlinear 

systems in presence of significant network-induced communication constraints, and 

then apply (and in some aspects, further develop) this approach to design of virtual 

reality enhanced bilateral teleoperator systems. In general, the approach presented 

here utilizes some ideas from nonlinear sampled-data system design [53; 83] and, in 
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particular, its extension to multi-rate sampled data systems and model-based control 

over networks presented in [84; 85]. Essentially, it is based on the assumption that 

a partially known set of approximate discrete-time models of the remote process 

is available for the designer. Based on this assumption, control algorithms and 

communication protocols are presented that guarantee stability of the overall system 

under mild assumptions imposed on communication process. The structure of this 

chapter is as follows. In Section 5.2, the model-based approach is presented for 

a general case of nonlinear systems controlled over communication networks. In 

Section 5.3, the approach is further developed for the case of network-based bilateral 

teleoperators. Simulation example is presented in Section 5.4, and finally, concluding 

remarks are given in Section 5.5. 

5.2 Model-Based Approach to Nonlinear 

Networked Control Systems 

In recent years, the problem of control of dynamical systems over communication 

networks attracts considerable research interest (see for example [86; 87; 88; 89; 90; 

91; 92], among many other publications). In networked control systems (NCS), the 

controller and the plant exchange the information over a network communication 

channel. The presence of a network in the control loop may result in significant 

communication constraints imposed on the control process. These constraints may 

include irregularity of transfer intervals, existence of communication delays, and pos

sibility of packet losses, among others. In particular, traditional control applications 

usually require data exchange between the plant and the controller to be performed 

at a fixed sampling rate, therefore, the transfer interval (the interval between two 

consecutive transmissions) must be constant and known. This assumption is not 
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normally satisfied even for many types of local area networks (LANs), such as the 

Ethernet with CSMA/CD, where the transfer interval is a random variable whose 

characteristics essentially depend on the network load. Also, in traditional data 

networks the information is normally transmitted in relatively large packets, for ex

ample, the length of data field in the Ethernet frame is limited from below by 46 

bytes, On the contrary, control applications send data in short messages, therefore, 

in this case the Ethernet frames have to be "stuffed", which results in inefficient uti

lization of the networks bandwidth. Furthermore, if a control process is performed 

over a wide area network (WAN), additional problems arise. Occurrence of conges

tion, for example, may result in significant communication delay and data packet 

losses. Finally, real-time control applications normally require clock synchronization 

between the plant and the controller which may not be easy to achieve even in LANs 

such as the Ethernet [93], Because of these specific constraints, direct application 

of many traditional control techniques to NCSs may be impossible, or may lead to 

performance degradation and/or instability. 

Recently, several specific control techniques have been developed that deal with 

communication constraints imposed by networks. One such technique is model-

based control [94; 95], In model-based networked control systems, a model of the 

plant is included into the controller node, and the control action is calculated based 

on the current state of the model rather than the actual state of the plant. On the 

other hand, the model state is updated from time to time based on measurement 

of the actual state of the plant. Essentially, the plant is controlled in open-loop 

when the network is not available for transmission. This strategy generally leads to 

significantly lower communication bandwidth requirements, since the update of the 

model's state can usually be performed at a much lower rate comparing to the one 

with which the control action is generated. Thus, the model-based approach utilizes 
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a trade-off between two control strategies, the closed-loop control which allows to 

guarantee good stability/performance characteristics but requires frequent data ex

change between the controller and the plant with strong real-time requirements, and 

the open-loop control which requires very little communication (no communication 

at all in the "ultimate" case), however, lacks stability/performance guarantees. 

In this Section, we address a problem of model-based sampled-data control of 

a nonlinear system where the communication between the plant and the controller 

are subject to network-induced constraints. Comparing to the previous results on 

model-based NCS (for example, in [94; 95]), our work has several distinct features. 

First, in [94; 95], it is assumed that a network is located in the feedback (measure

ment) path of the control loop, however, no communication constraints are imposed 

on the feedforward (control) path. This assumption significantly simplifies the prob

lem, however, it does not reflect the most common real-life situation where the plant 

and the controller are located at different nodes and, therefore, both feedforward 

and feedback signals are transmitted over the network. We address the problem 

in a more general setting where both the feedforward and the feedback paths are 

subject to network induced constraints. In particular, we assume that the transfer 

interval (i.e., the interval between two consecutive transmissions) in both feedfor

ward and feedback paths is time varying and unknown. Further, communication 

delays are assumed to be negligible in [94; 95], with the exception of Theorem 3 

in [94], where the communication delay is assumed to be constant, known, and lim

ited to the feedback path of the networked control system. Also, no information is 

assumed in [94; 95] to be lost during communication process. However, transport 

delays are unavoidable when communication is performed over WANs due to packet 

queuing, and congestions may lead to unpredictable variations of transport delay as 

well as packet dropouts. Therefore, the control problem is addressed in our work 



Chapter 5. Model-Based Teleoperation with Communication Constraints 106 

under the assumption that the time delays in both the channels are time-varying 

and unknown, and some packets may be lost. Also, since the clock synchronization 

may pose a significant problem even in LANs, we address the control problem as

suming that the clock synchronization between the controller and the plant nodes 

is not possible. To deal with the control problem under all these assumptions, we 

propose a new protocol for communication between the controller and the plant 

nodes. Finally, most of the previous results (with an exception of [95, Theorem 

12]) address linear NCSs. The essential feature of a nonlinear case is that the exact 

discrete-time model of a continuous-time nonlinear system is usually not possible 

to obtain; instead, the designer rather deals with a set of approximate models of 

the plant [52]. We utilize the multi-rate approach to controller design for nonlinear 

sampled-data systems [84], although the results are presented in this paper for the 

case of dynamic controller which is not addressed in [84]. We formulate and prove 

stability result for the proposed NCS, and show that performance of non-networked 

control system can be recovered in model-based NCS; more precisely, the decaying 

estimate for the trajectories of NCS can be achieved arbitrarily close to the one valid 

for non-networked system. Additionally, it is demonstrated that the maximum al

lowable transfer interval (MATI) in the proposed model-based NCS can be assigned 

arbitrarily by an appropriate choice of the design parameters. The results presented 

in this section form a basis for our development of a scheme for virtual environment 

enhanced bilateral teleoperation over networks presented in section 5.3. 

5.2.1 Sampled-Data Stabilization of Nonlinear Systems 

Consider a nonlinear time-varying continuous-time system which is connected to a 

digital network through discrete-analog (D/A) and analog-discrete (A/D) convert

ers. For a fixed sampling period T > 0, such a system is described by its exact 
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discrete-time model of the form 

x(i + l) = F+(x(i),u{i),i), (5.1) 

where x £ Mn is a state, u G Mm is a (discrete-time) control input, and i £ Z + = 

{0,1 , . . .} . In most situations, the exact discrete-time model (5.1) is not possible 

to obtain, since it requires exact integration of the original nonlinear differential 

equation. Instead, the designer rather deals with a set of approximate discrete-time 

models of the form 

x{i + i) = ti(x(i),u(i),i), (5.2) 

where the right-hand side depends on a modelling parameter h > 0. Generally, the 

modelling parameter is any parameter which may be used to enhance the accuracy 

of the approximate model; the closer h to 0, the better accuracy is achieved. A com

mon example of the modelling parameter is the integration step of the numerical 

approximation scheme. Standard sufficient condition for stabilization of the system 

(5.1) based on its approximate models (5,2) include [52] existence of a set of con

trol laws that asymptotically stabilize the approximate models (5.2) and multi-step 

consistency of the approximation scheme. Versions of these properties used in this 

paper are as follows. 

Assumption 9. (Lyapunov certificates for asymptotic stabilization of a set of 

approximate models) There exist a set of Lyapunov functions Vu: Mn x W —» E + 

and a set of control algorithms 

z{i+l) = Zh{z{i),x{i),i) 
(5.3) 

u(i) = Uh(z(i),x(i),i), 

both parameterized by modelling parameter h £ (0, h*], h* > 0, with the following 

properties: Vu is continuous in first argument uniformly for h G (0, h*] and satisfying 

ax (max {\x\, \z\}) < Vh (x, z) < a2 (max {\x\, |z|}) (5.4) 
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uniformly for h G (0, h*], where GM, a2 G /Cool % (z,x, i) is bounded on an arbitrary 

bounded set of z, x, uniformly for all h G (0, h*] and i G Z+ ; and the inequality 

AVh (x, z, i) := Vh (ft fr> Uh (z, x, i), i), Zh (z, x, i)) - Vh (x, z) < -a3 (14 (x, z)) 

holds for all i G Z + and all h G (0, h*]. • 

Assumption 10. (Multi-Step Time-Uniform Consistency of the Approxima

tion Scheme) Given Aa;,A„ > 0, there exists a function PA^,AU- N X R + —•* 

R + such that p&,x,Au(hh) is a /C-class function in h > 0 and strictly increas

ing in i £ N, such that the following holds. For any XQ G W1, \XO\ < Ax, any 

u0,ui,... ,Uj G Mm, j G Z+ , |iij| < Au, i = 0 , 1 , . . . , j , and any i0 G Z + such 

that F+ (... F+ (F + (rco, wo, «O) , ^ i , to + 1 ) , . . . , Uj, io + j ) is well-defined, the follow

ing holds 

\F+ (... F+ (F+ (x0,ua, i0), ui, i0 + 1)..•., Uj, io + j) 

~ fh (••• fh (/*" fro, «o, to), Ui, *o + 1) . . . , %, i0 + j) | 

Under Assumptions 9 and 10, the closed-loop system (5.1), (5.3) is semi-globally 

practically asymptotically stable if h > 0 is sufficiently small. For more advanced 

and detailed results of this type, the reader is referred to [52; 53]. A partial extension 

of these results to the case of multi-rate (model-based) stabilization is given in [84]. 

In this paper, we address a problem of sampled-data stabilization of a nonlinear 

system (5.1) based on its approximate model (5.2) in the situation where the plant 

and the controller communicate over a network. More precisely, we assume that the 

plant and the controller are located in separate nodes, so that all communications 

between them in both directions are subject to network-induced constraints. These 

constraints include irregularity of transfer intervals, existence of (time-varying and 

unknown) communication delays, and the possibility of packet dropouts. Formally, 

let Jo C Z + be a communication sequence for the plant (5.1). For each i G Jo, the 
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plant state x(i) is measured and the corresponding data are sent over the network to 

the controller node (CN). Also, for each i 6 Jo, let d(i) £ Z + be the corresponding 

total round-trip time (RTT) delay. This means that, if a state measurement is 

performed at i-th sampling instant, i £ Jo, the corresponding control action is 

available at the plant node (PN) starting from i + d(i)-th sampling instant, At this 

point, no restrictions are applied on Jo and d(-); in particular, it is possible that 

d(i) = +oo for some i G Jo, which corresponds to the case of packet dropout. 

To deal with the stabilization problem under these constraints, we utilize a 

model-based approach to controller design. The model-based controller is a con

troller of the form (5.3) augmented by an approximate model (5.2), as follows 

x(i + l) = tfO&(*),«(»),i), (5.5) 

z(i + l) = Zh(z(i),x(i),i), (5.6) 

u(i) = Uh(z(i),x(i),i). (5.7) 

Here, as before, x is a state of the model, z is a controller state, and h > 0 is a 

modelling parameter. The main idea behind the model-based controller (5.5)-(5.7) 

is that the control action u is calculated based on the model state x rather than the 

actual plant state x. The state x of the model, however, is updated based on the ac

tual measurements of the plant state x(i), i € Jo- In. the presence of communication 

constraints, this approach has an advantage over the traditional (non-model-based) 

one, since it generally requires lower bandwidth for communication; indeed, the 

model state x can be updated at a significantly lower rate comparing to the control 

action generation. 

Remark 11. Multi-step consistency property can be guaranteed, for example, 

in terms of one-step consistency of the approximation scheme and continuity of the 

set of approximate models uniform in h as h —• 0+, as follows. 
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Proposi t ion 5. Suppose for any given Ax, A„ > 0, there exist p(-) G fC, Xx G K, 

and h* > 0, such that the following two properties hold: 

i) One-Step Time- Uniform Consistency of the Approximation Scheme: for any 

x G B (Ax), any u G B(AU), and any i G {0,1, . . .} , 

|f+(x t«,*)-/ fc
+(ar,ti,0|<pW; (5-8) 

ii) Uniform Continuity in x of Approximate Models: for any xi,a:2 € B(AX), 

u G S(A t t), « > 0, and h G (0, fe*], 

\fh O&i.M) - # («2,M,i)| < AK (|a-i - aj2|) • (5.9) 

Then the approximation scheme is multi-step consistent. • 

5.2.2 Pro toco l for Model-Based N C S 

This section describes a communication protocol for model-based NCS (5.1), (5.5)-

(5.7). First, we assume that PN is equipped with an input buffer Up = {«(?'), u(i + 1) , . . .} , 

which contains, for each time instant % G Z+ , a sequence of "future" control signals 

u(i), u(i + 1), etc. On the other hand, CN is equipped with four buffers Uc, U*emp, 

Zc, Z*emp. We also assume that an estimate for admissible upper bound of RTT d 

is maintained at PN. We do not specify how this estimate is maintained exactly; 

it may be a result of network measurements, execution of certain algorithms, or, 

in the simplest case, an appropriately chosen positive constant. Additionally, the 

communication protocol utilizes the following set of variables: nv G {0,1}, rp G Z + , 

j * G Z+ at PN, and nc G {0,1}, rc G Z+, j*,j*t G Z+ at CN. Formally, the protocol 

can be described as follows. 

Initialization: 

Up = U c = Ufmp *- U° := {«°(0), «°(1),.. ,} 
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Zc = Z£mp<^{0,Qt...} 

np = nc <- 0, TV = rc «- 0, j ; = j * = j * t <- 0 

Plant Node: 

for i e Z + , i > j 0 

control: «(i) <— Up(i) is applied to the input of (5.1); 

if i G Jo {i.e., x — x («) is measured) 

obtain d —̂ d{i) 

set rp *- i - j * 

send D p _ c := {x\ d] rp\np} to CN 

if the new data Dc_»p := {U*emp(i),« > j ^ + <i; rc} arrived from CN 

if rc = rp and d > d(j* + rp) 

Up(£) <- U*emp(i) for « > j ; + rp + d 

jp *~ Jp + TPI
 nP ±-np + l (mod 2); 

otherwise (rc ^ rp or d < d{j* +rp)) 

discard Dc_»p 

Controller Node: 

if the new data Dp_»c := {x; d; TP\ np} is received 

if nc ^ np 

set j * t = j * + rp 

calculate x{j^. + d) as the solution of (5.5) with IC Xh {3%) = #? a n d input 

u{i) G U c 
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calculate x(i), z(i), u(i) for i > j * t + d as the solution of (5.5)- (5.7) with 

ICs x(j*t + d) and z(j*t + d) <- Zc 

U*n*(i) <_ uc(») for t G {j* , . . . , j * t + d} 

Z f * ( t ) «- Zc(i) for i e { £ , ...,& + d} 

U*emp(i) *- u{i), ZfmP(i) <- z{i) for i > j * t + d 

Tc *~~ Tp 

send Dc^p := (U*emp(i), * > fct + d; rc} to PN 

The above protocol can be explained as follows. Initially, buffers Up, Uc, U*emp 

contain a precalculated sequence of control signals 14°. For each i e Z + , the control 

signal u(i) is retrieved from the buffer Up and applied to the input of the plant (5.1). 

The content of the buffer Up is updated according to the following scheme. For each 

transfer instant i 6 Jo, the plant state x(i) is measured, and the measurement data 

(together with the current values of d, rp and np, the purpose of all these is explained 

below) are sent over network to CN. Upon receiving the data, CN updates the state 

of the plant's model according to the formula x(j) := x(j), and then calculates the 

sequence of control signals w(i), i > j , that corresponds to the solution of the closed 

loop "plant's model+controller" system (5.5)-(5.7). For simplicity, let us assume 

that these control signals are calculated for all future instants % > j ; however, only 

a finite number of u(i) is actually required (see Remark 15 below). This control 

sequence is then transmitted in a single packet to PN. Upon receiving the packet, 

the plant node extracts the control sequence and updates the buffer Up. 

The parameters rp, rci np, and nc are introduced to achieve coordination between 

PN and CN, i.e., to guarantee that the control sequence applied to the plant's input 

is exactly the same as the one "known" by the controller. In particular, rp is defined 

as a number of sampling instants between the current state measurement and the 
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last "successful" one. Upon receiving the data from PN, CN first identifies the 

time instant j * f when the measurement was performed, according to the formula 

Jet = 3* + TPI where j * is the time instant of the previous "successful" measurement. 

Next, CN calculates x(j^+d) (which is an estimate for x(j*t+d)) as a solution of (5.5) 

with initial condition x^ (j*t) = a; under the control sequence u(i), i = j , . . . ,j+d(j); 

the latter is retrieved from the buffer Uc. After that, CN calculates x(i), z(i), u(i) 

for i > jc\+d as a solution of the closed-loop system (5.5)-(5.7) with initial conditions 

%(Jct + d) and z(j*t + d); the latter is retrieved from the buffer Zc. Upon performing 

these calculations, CN stores the sequences u(i), z(i) in the "temporary" buffers 

U*ernp, Zfmp, respectively, and sends the content of the buffer U*emp to PN together 

with the value of d. Once the packet is received, PN compares d with the actual 
A 

RTT delay d. The fact d > d implies that the control sequence has arrived after 

the "deadline", and, therefore, the corresponding control sequence is considered 

outdated and to be discarded. If the control sequence arrived before j * + d (j) 

(i.e., d(j) < d(j)), it updates the input buffer Up for i > j + d(j) but not for 

i £ {j + d(j),..., j + d(j) — 1} (a similar idea of using buffering for equalizing the 

variable delay to the worst-case delay was introduced in [96]). 

The double set of buffers at CN is introduced to cope with possible packet losses. 

As explained above, CN initially stores the sequences u(i), z(i) in the "temporary" 

buffers U*emp, Z*emp, respectively. If the control sequence successfully updated Up, 

the corresponding data are copied from U*emp, Z*emp to Uc , Zc. To indicate that 

a given control sequence has successfully updated Up , the protocol uses one-bit 

sequence numbers np, nc. Once XJP is updated, np is increased by one (modulo 2). 

The current value of np is then sent with every measurements to CN. Upon arriving, 

np is compared to a similar controller sequence number nc. The fact that np / nc 

indicates that the previous control sequence arrives successfully to PN; in this case 
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the corresponding data from U*emp, Zt
e
emp has to be written to permanent buffers 

Uc, Zc, and nc is set equal to np. On the other hand, np = nc implies that the 

control sequence did not arrive, or was discarded by PN; in this case, Uc, Zc are 

kept intact. 

It is also possible that a control sequence has arrived to PN after a new measure

ment is performed and new data are already sent to CN. Such a control sequence 

may be misinterpreted and handled as the one based on the new measurement. Also, 

in this case the controller is already notified that the previous control sequence has 

not arrived, and the controller's buffers are overwritten with the new data. In order 

to recognize these "outdated" control sequences, the protocol uses parameters rp 

and TC. More precisely, the parameter TP is then sent with the measurement data to 

CN, and the parameter rc = rp is returned to PN, where rc is compared to the cur

rent value of TP. In particular, rc < rp implies that the control sequence is outdated, 

and has to be discarded. 

Remark 12. Traditional real-time control algorithms require frequent exchange 

of small packets with strict real-time guarantees. The proposed protocol, on the 

other hand, relaxes the real-time requirements, and generally uses less frequent 

exchange of larger packets. This property makes it suitable for use in conjunction 

with traditional data networks, such as the Ethernet. • 

5.2.3 Stability and Performance Recovery 

In order to give an analytical description of the model-based NCS with the above 

presented protocol, let us first introduce some additional notations. A measurement 

performed at j £ J0 is said to be successful if the corresponding control sequence 

arrives in time to the plant node and successfully updates the plant input buffer Up. 

The set of all successful measurement instants is denoted by J, it forms a subset of 
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the set Jo (J C Jo). By definition, j G J if and only if j G J0 and d(j) < d(j). Taking 

into account the protocol presented, one can formally consider a map ^ : J —> Z + , 

^(J) ~ J + d(j), which assigns to each successful measurement instant j an instant 

when the corresponding control sequence is first applied to the plant's input. The 

range of \P is denoted by ty (J). Using this notation, the closed-loop model-based 

NCS can be described by the following set of equations 

x (i +1 ) 

u(i) 

F+(x(i),u(i),i), 

u°(i) G If for i < $ (j0). 

Uh(z(i),x(i),i) fori e * (J), 

Uh(z(i),x(i),i) otherwise, 

(5.10) 

(5.11) 

0 for * < # (j0), 

z(i + l) = ( Zh(z(i),x(i),i) foriG*(J) (5.12) 

Zh (z(i),x(i),i) otherwise, 

0 for i < * (jo), 

^ + 1) = { /h (*(*),«(*),*) fcriGSr(J), (5.13) 

f£ (x(i), u(i), i) otherwise, 

Here, x (^ (jk)) is an estimate of x (^ (j*.)) which is based on a measurement per

formed at jfc G J; it is defined as the value at i = ^ (j&) of the solution of 

«(* + l) = /h («(*)»«(*).*) (5.14) 

with initial conditions x (jk) = x (jk)- The following result is valid for NCS (5.10)-

(5.14). 

Theorem 8. Consider NCS (5.10) - (5.14). Suppose Assumptions 9 and 10 

hold. Given Ax > 0, 5 > 0, S < Ax, Au > 0, Tma:K G N, and a-f G /C such that 

e*3 (s) - «5 (s) > 0 for s > 0, suppose x(0) G Rn and U° := {U°(0),M°(1), . . .} are 
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such that \u°(i)\ < A„ for all i E { 0 , 1 , . . . , W(j0)}, and the corresponding solution 

of (5.10) satisfies 

\x(i)\<Ax foralHe{0,l,.,.,^(jo)}. (5.15) 

Suppose also 

* tik) ~ ifc-i < %** for all j f cE J. (5.16) 

Then there exists h* > 0. such that the system (5.10) - (5.14) with initial conditions 

satisfying (5.15) is asymptotically stable with offset S whenever h E (0,h*]. More 

precisely, the inequalities 

max {\x(i)\, \z(i)\} < max {o^1 o 0a. (a2 (\x (* (jo))|),« - *'(?o)), 5/2} , (5.17) 

|a;(i)-«(i) |<<y/2 (5.18) 

hold for alH > \& (jo) and all i > \P (jo), respectively, where /3a* (-i>o, i) is a solution 

of the difference equation v(i + 1) = — a | («(«)) with initial condition v(0) = t>o- • 

Remark 13. Assumption 9 implies that the "ideal" decaying estimate for 

the non-networked system (5.1), (5.3) is aj1 o fia3 (a2 (•) ,i), where (3a3 (•,«) is the 

solution of the equation v(i + 1) = — a^ (v(i)). Since the function /5a* (-,«) can be 

made arbitrarily close to .flas (-,i) by choosing a | E K, sufficiently close to as E /C, 

Theorem 8 implies that the decaying estimate of the model-based NCS can be made 

arbitrarily close to the "ideal" one over arbitrarily large set of initial conditions, if 

h > 0 is sufficiently small (i.e., the "performance recovery" [97] is achieved). • 

Remark 14. According to (5.16), the parameter Tmax is the upper bound to the 

sum of a transfer interval and the corresponding RTT delay. Theorem 8 states that 

Tmax can be assigned arbitrarily by choosing h > 0 sufficiently small. In particular, 

this implies, under the assumption that RTT delay is uniformly bounded, that the 

maximum allowable transfer interval (MATI [88]) can be assigned arbitrarily in the 

proposed model-based NCS. • 
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Remark 15. It was assumed above for simplicity that all the buffers involved 

have infinite capacity, and each packet successfully arrived to PN contains a control 

sequence with infinite number of elements. The important questions, however, are 

how much buffer capacity is actually required, and what is the minimum length of 

each control sequence that guarantee stability of the model-based NCS. Prom the 

protocol presented and the formulation of Theorem 8, it follows that the required 

horizon of the control prediction (and, therefore, the required capacity of each of the 

buffers Up , Uc , U*emp, Zc, Zt
c
e'rnp) is equal to TmaiX elements, while the length of the 

corresponding control sequence must be greater than or equal to Tmax — d elements 

to guarantee stability. • 

The proof of Theorem 8 utilizes the following simple lemma (for a similar result, 

see [53, Proposition 1]). 

Lemma 1. Let V : Z + —»• R+ be a sequence of nonnegative real numbers. 

Suppose there exist a G fC, a(s) < s for all s > 0, and h,h,h satisfying 0 < 

h < k < h such that V(i+1) - V(i) < -a(V(i)) holds for all V(i) G [h,k], 

and V(i+ 1) - V(i) < l2 - h for all V(i) E [0,h]. Then V(0) < h implies that 

V(i) < max{/3(V(0),i} ,h} for all i G Z + , where f3(V0,i) is the solution of the 

difference equation V(i + 1) — V(i) — a (V(i)) with initial condition V(0) = Vo- • 

Proof of Theorem 8. Consider the system (5.10) - (5.14). First, according to 

Assumption 9, for each i > \& (jo), i (£ ^ (J), the inequality 

&Vh(x(i),z(i),i) < -a3{Vh(x(i)tz(i))) (5.19) 

holds along the trajectories of (re, z)-subsystem. In particular, this implies that the 
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inequalities 

AVh (x, z, i) - \Vh (5(0, *(«)) - Vh (*(*), z(i))\ 

-\Vh(x(i + l),z(i + l))-Vh(x(i. + l),z(i+l))\ 

< AVh (z(i), *(*),*) < - a 3 (Vfc (z(i), z(i)) - Vh (x(i), z(i)) + Vh (x(i),z(i))) 

< - a 3 ° [I - e] (Vfc (*(«),*(*))) + a3 ° [e"1 +1] ( | ^ (x(i),z(i)) - Vh (x(i), z(i))\) 

(5.20) 

hold for each i > \P (jo), i ^ 5/ (J), where I(s) = s for all s > 0, and e (•) e /C^ is 

such that [I — e] € /Coo- On the Other hand, Assumption 9 implies that the inequality 

Vh (x(i + l),z(i +1)) - Vh (x(i),z(i)) < - a 3 (14 {x(i),z(i))) (5.21) 

holds for all« G \P (J). Using the same line of reasoning as above, we see that 

AVh (x, z,i) - \Vh (x(i), z(i)) - Vh (x(i), z(i))\ 

- \Vh (x(i + l),z(i + 1)) - Vh (x(i + 1), z(i + 1))| 

< - a 3 o [I - e] (14 (x(i),z(i))) + a3 o [e"1 + I] (\Vh (x(i),z(i)) - Vh (x(i),z(i))\) 
(5.22) 

holds for each i G \£ (J). The following claims are valid. 

Claim 1. Given A* > 0, A* > 0, A* > 0, there exists g(i, h) which is a /C-class 

function in h > 0 and strictly increasing in i G N such that the following holds. 

Suppose 

\x(i)\ < Ax, \u(i)\ < Au, \z(i)\ < Az (5.23) 

hold for a l i i < ^ (jk), where jk G J. Then 

I s ( * & ) ) - * ( * & ) ) ! < Q(y(Jk)-jkM, (5-24) 

\x(i)-x(i)\ < Q(Vtik+i)-jk,h) (5.25) 

where (5.25) holds for all i G {# (jk) + 1 , . . . , W (jk+i)}- • 

Proof. First, Assumption 10 together with (5.23) imply that 

\X ( * (jk)) - X (W (jk))\ < pA£,A* ( * (jk) - jk, h) . 
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Next, (5,19), (5.21) imply that 

Vh (x(i), z(i)) < Vh(x(y(jk)% * (*&))) for all % G {* (jk) + 1 , . . . , * (jfe+1)}. Since 

|ar(*(jfc))l < A * + p A j . A t ( * O f e ) - i * , ^ ) , and |z(tf (jfc))| < A,*, Assumption 9 

(more precisely, inequality (5.4)) implies that 

max {\x(i)\, \z(i)\} < otj1 o a2 (max {A* + PAJ,A* (* (jfc) - jk, h*), A*}) 

for all i G {\t (jfc) + 1 , . . . , ^ (jfc+i)}. Further, according to Assumption 9, Uh (z, x, i) 

is bounded on an arbitrary bounded set of z, x uniformly in h £ (0, h*] and i G Z+ , 

which implies that u(i) = Uh (z(i),x(i),i) is uniformly bounded on 

{\f (jk) + 1 , . . . , $ (ifc+i)} with some upper bound Afr Choose A° := max {A*, A}t}. 

Due to Assumption 10, (5.24) and (5.25) hold with Q(-, •) := PA*,AS(*> ')• • 

Claim 2. Given A* > 0, A* > 0, A* > 0, there exists Qi(i-,h) which is a 

A -̂class function in h > 0 and strictly increasing i n i G N such that the following 

holds. Suppose (5.23) is valid for some jk G J, then 

AVh (x,z,i) < -a3 o [I - c] (Vh (*(0, *(*))) 
(5.26) 

+ [a3 o [e-1 +1] + 21] o e i (W (jfc+i) ~ Jfc, *0, 

holds for all i G {^ (jfc),.,., \P (jfc+i — 1)}, where e (•) G /Coo is such that [I — e] G 

Proof. It was shown above in the proof of Claim 1 that all the signals x(i), 

x(i), z(i) are uniformly bounded for all i G {$ (jk), • • •, \P (jk+i — 1)}- Taking 

into account the uniform continuity of 14 as well as inequalities (5.20), (5.22), the 

statement of Claim 2 follows. • 

Claim 3. Under the assumptions of Theorem 8, there exists h* > 0 such that 

for any h G (0, h*] the inequalities 

AVh (x, z, i) < -az o [I - e] (Vh (x(i), z(i))) + [a3 o [e"1 +1] + 21] o Ql (Tmax, h), 

(5.27) 
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\x(i + l)-x(i + l)\<Q (Tmax, h) (5.28) 

hold for alH > \P (jo). 

Proof. Given A^ > 0, Au > 0, put A* := A* = aT/1 o a2 (A^). Furthermore, 

choose A° > 0 such that \Uh (z,x,i)\ < A° for all i G Z + as long as \z\ < A* and x < 

2A*, and put A* := max{Au, A°}. By Claim 1, let £>(•, •) be generated by A*, A*, 

A*. Also, by Claim 2, let Qi(-, •) be generated by A*, A*, A*. Finally, choose h* > 0 

such that Q(rmax,h*) < A* and 1/4 • a 3 o [ I - e ] o f t 2 (Ax) > [a3 ° [e"1 +1] + 21] o 

Qi C^nax, /**)• Suppose \x(i)\ < Ax, \u°(i)\ < Au hold for all i < W(j0). Claim 2 then 

implies that (5.27) holds at least for i e { $ ( j 0 ) , . . . , \? (ji — 1)}. Further, since 

\x(i)\ < Ax and \z(i)\ = 0 for all i < ^(jo), inequality (5.27) then implies that 

Vfc(i) < a2 (A*) for all i < 1' (ji), or |a;(t)| < A*, and \z(i)\ < A* for all i < V (ji). 

Also, Q (Tmax, h*) < A* together with (5.25) imply that x(i) < 2A* for all i < ^ (jx). 

Finally, by the choice of A*, we have \Uh(z(i),x(i),i)\ < A* for all i < ^ ( j i ) . 

Applying Claim 2, we see that (5.27) is also valid for all i G {\P ( j i ) , . . . , \l/ (J2 — 1)}, 

etc. The statement of Claim 3 now follows by induction arguments. • 

Now, the proof of Theorem 8 can be finalized as follows. Given Ax > 5 > 0, 

choose e G /Coo and h* > 0 such that [a3 o [e-1 +1] + 21] o gt (Tm&x,h*) < \oti (S), 

Q (^nax, h*) < 6/2, and the inequality a3 o [I - e] (s) > a%(s) + [a3 o [e_1 +1] + 21] o 

Qi (Xmax,h*) holds for all s G [ |ai (5) ,a>2 (A^)]. Note that such a choice is always 

possible. Inequality (5.27) now implies that AT4(re,z,i) < —a%(Vh(x(i),z(i))) 

holds for all Vh(x(i),z(i)) G [|o:i (6), ct2 (A^)], and AVh(x,z,i) < 1/4- «i (<5) 

whenever Vh (x(i),z(i)) G [0, \a\ (£)]. Applying Lemma 1, we see that (5.17) holds 

for all i > ty (jo). Also, (5.28) implies (5.18). The proof of Theorem 8 is complete. 

• 
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Figure 5.1: Structure of VE-enhanced teleoperator system 

5.3 Virtual Reality Enhanced Bilateral Teleoper

ation with Communication Constraints 

In this section, we apply the ideas presented above to the design of virtual environ

ment based teleoperator systems. A general structure of the virtual environment 

based force-reflecting teleoperator system is shown in Figure 5.1. The need for vir

tual environment on the master side appears usually when communications between 

the parts of telerobot are subject to communication constraints significant enough 

to make it impossible to successfully control the telerobot using direct force feed

back (shown by dashed line in Figure 5.1). One particularly important case is where 

significant communication delays and/or data losses arise which destroy the sense 

of causality for the human operator, and may also lead to overall instability. In this 

case, a virtual slave+environment (VE) interconnection is created on the master side 

which duplicates essential features of the remote slave-environment interconnection. 

This virtual slave+environment block may be used to provide the human with some 
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force feedback (as well as some other type of feedback); since this feedback is not 

subject to communication delay and other communication constraints, it may re

store the sense of causality and, when properly designed, guarantee stability of the 

overall system. This type of feedback, however, is prone to modeling errors. In 

order to make this virtual environment provide the human operator with a response 

similar to the one from the real remote environment, the state of virtual environ

ment should be updated frequently based on (possibly delayed) measurement of the 

remote environment response and the corresponding state estimation/prediction al

gorithms. 

The outline of our approach is as follows. We assume that a partially known 

approximate discrete-time model of the remote slave/environment interconnection 

is available for the designer. This model is implemented in the virtual environ

ment on the master side together with certain observation/identification/prediction 

mechanism that allows to approximately recover the "current" state/parameters 

of the remote environment based on delayed and possibly distorted measurement 

data. We develop a control/communication protocol that allows to guarantee the 

stability/tracking properties of the teleoperator system in presence of network in

duced communication constraints. Below, the corresponding theoretical framework 

is presented. 

5.3.1 Approximate Discrete-Time Model Based Design 

Consider a teleoperation system where both the master and the "slave+environment" 

subsystems are described as nonlinear systems of the form 

(5.29) 
Vm ~ " m yEmi "U>mi Uh) 
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and 

Xg = rs yXs,Ug,us) 

ys = Ga(xs,us,9s), 

respectively. Here xm, xs are states, um and us are local controller inputs, and 

ym, ys are the outputs of the master robot and the "slave+environment" subsystem, 

respectively; UR is the input applied by the human operator to the master robot, and 

9 is a (constant) vector of parameters of the remote environment, which is assumed 

to be unknown but belongs to some (compact) subset Qs. We address the situation, 

where the master and the slave subsystems communicate over a digital network, 

therefore, it is convenient to consider the teleoperator problem in the discrete-time 

setting. Given a sampling period T > 0, the subsystems (5.29) and (5.30) can be 

described by their exact discrete-time models, as follows, 

xm(i + l) = F£(xm(i),Um{i),uH{i)) / r o i , 
(5.31) 

Vmii) = G+n(xm(i),um(i),uH(i)), 

and 

xa (* + 1) = F+ (xa (?), us (i), 9S (*)) 

es(i + l) = 9s(i), (5.32) 

V*(i) = Gs{xa(i),u8(i)), 

respectively. In virtual environment (VE) based teleoperator systems, a model of 

the remote subsystem is included into the local virtual environment, so the human 

operator receives the force feedback (and possibly other forms of feedback) without 

being subject to communication constraints. For nonlinear systems of the form 

(5.29), (5.30), the exact-discrete time model is usually unknown, since the modelling 

process involves exact integration of the underlying nonlinear differential equations, 

which is generally not possible. Instead, a set of approximate models parameterized 

by a modelling parameter h > 0 is usually available (a common example of such 
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a model is the discrete-time Euler approximation of the corresponding continuous-

time dynamics). Therefore, we assume that a set of approximate models of the 

remote subsystem (5.30) of the form 

xa,h{i +1 ) = f^h (xa,h(i), us,h(i), 0s,h(i)) 

6a,h{i + l) = 0a,k(i), (5.33) 

V,,h(i) = gth(xs,hti),uS!h(i),dSth(i)) 

is implemented on the master side, where h > 0 is the modelling parameter. The 

master subsystem forms an interconnection with the virtual environment (5.33), as 

follows 

Us,h = Vm, Urn = ya,h- (5-34) 

The human operator is, therefore, assumed to apply forces to the master subsystem 

that depend on the state of the master manipulator and the state of VR (5.33), as 

well as the parameters of the VR, according to the formula 

UH = UH (xm, xSjh, $S)h). (5.35) 

Let the following set of assumptions be valid for the system (5.31)-(5.35). First, 

it is assumed that human operator (5.35) is able to stabilize the closed-loop "mas-

ter+VR" subsystem (5.29), (5.33), (5.34) uniformly for all 08jh G ©. More precisely, 

this assumption can be formulated in terms of Lyapunov-like conditions as follows. 

Assumption 11. The human operator (5.35) stabilizes the closed-loop "mas

ter-!-VR" subsystem (5.29), (5.33), (5.34) uniformly for all 6a,h G 6 . More precisely, 

there exists a set of Lyapunov functions V/t: Rn l x R™2 —* R+ , h E (0,/&*], which 

are locally Lipschitz uniformly in h £ (0, h*], such that 

ari (max{|a?J, |a?,,h|}) < Vh {xm,xSih) < <x2 (max{|a;m|, \xa<h\}) (5.36) 

and the inequality 

AVA(-) < -a3 (Vh (xm(i),x8jim (5-37) 



Chapter 5. Model-Based Teleoperation with Communication Constraints 125 

holds along the trajectories of the system (5.35), (5.29), (5.33), (5.34), where AVh(i) := 

Vh (xm(i + l),$,,h(i + 1)) - Vh (xm(i),xSth(i)), • 

Furthermore, it is assumed that the approximate discrete-time model used in the 

virtual environment provides consistent approximation of the remote slave+environment 

dynamics, in the following sense. 

Assumption 12. (Consistency of approximation) Given Ax, Au > 0, there 

exist Pf(-)iPg(-) G £>, \x,Xe G /C, and h* > 0, such that the following two properties 

hold: 

i) One-Step Time- Uniform Consistency of the Approximation Scheme: for any 

x8 £ B (Ax), any us G B(AU), any 9S G Qs, and each h G (0, h*], 

\F+ (x.,u„0.) - /+ , (xMiu.A)\ < Pf(h)\ (5.38) 

\GS (xs,us, 9S) - g^h (xs,us, 6t)I < pg(h); (5.39) 

ii) Uniform Continuity in x, 9 of Approximate Models: for any X\,x-z G B (Ax), 

0i,02 € @s, u G B(A„), and h G (0,/f], 

| # f t ( * i , M i ) - ft ( ^ ' M 2 ) | < K {\xx - x2\) + A, (|0x - 0 2 | ) . . (5.40) 

Also, the approximate dynamics (5.33) are assumed to be observable/identifiable 

in the following sense. 

Assumption 13. (Uniform observability of the slave's approximate models) 

There exist a set of observers of the form 

Hi + 1) = fth W).u.s,h(i),9{i)) + 7s (#(«),^(«),u«,ft(»)>JM(») ) 
/ V / . ; V \ J M l ) 

0(* + 1) = 9(i) + 7e (*(«), ^(0, «*,*(*), ^.h(*)J > 

where 7a(-)) 7^(0 are continuous functions of their arguments, and a family of Lya-

punov functions Vfi (x,x, 6,§\h£ (0, h% such that V£ (x,x,9,9\ are continuous 

9, 9 uniformly for h G (0, h*], and 

a°x (max< \x — x\, 9 — 6 >) < V£ (x,x,9,9) < a2 (max I \x — x\, 9 — 9\>) 
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holds for some a°, «§ G /Coo, such that the following holds. Given a* G (0,1), 

5°, A° G (0,-foo), <5" < A°, there exist "output injection" functions 7s(-)j !§(•) m 

(5.41) such that 

AW) < -*S (K (*.,*(0,*(0 AA.*(0)) 

holds along the trajectories of the system (5.33), (5.41) with some a.% G /Coo satisfying 

a%(s) < s for all s > 0 and a*s < ag(s) for s G [6°, A°]. • 

The last assumption is related to the communication process between the master 

subsystem and the remote slave+environment subsystem. We address a situation 

where the communication is subject to communication delay in both directions, and 

moreover, some of the packets may be lost or corrupted. However, we do assume 

that, within some fixed period of time, the communicated signal may be recov

ered on the receiver side with arbitrarily small error. More formally, the following 

assumption is valid. 

Assumption 14. (Communication) Given arbitrary 8m > 0, Ss > 0, there exist 

T/,Tb G Z + such that the following relations are valid between the signals in the 

master (5.31) and the slave+environment (5.32) subsystems 

\us(i) - ym(i - Tf)\ < 6s, . 

\Vs{i) - Vs(i - Tb)\ < 6m, 

where ys is the signal used below to update the state of the virtual environment. • 

Now, suppose the master node is equipped with two buffers, ym and ys, where 

the sequences of signals ym(') and ys(-) are stored, respectively. More precisely, the 

capacity of these buffers should allow to store T last signals, where T := Tf + % is 

the round-trip time delay. 

The control/communication protocol for the master node can be described as 

follows. 
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Protocol for the Master Node: 

Initialization: £i>fc(0.) = 0, §8>h(0) = 9* € 0S , T0 e N; 

for i e Z+ 

measure ym(i); 

update ^ m with {ym(i),0 

send {ym(i),i} to the SN 

if i > r 

retrieve ym(i — T) from 3^m and ys(i) from yg; 

obtain xa,h(i — T + 1), ( ^ ( i — T + 1) as a solution of the iterative 

observation/identification equation 

xsA(i-T+i) = /j(M*-r)»^-r),fl(i-r)) 
+7* (*,,/,(* - T),0(i - T),ym(i - T),ys(i)) , 

0s,h(i-T+l) = 0(i-T)+7$(x,,h(i-T)J(i-T),ym(i-T)M£))-

(5.43) 

if i > T + T0 

retrieve ym(j), j e {i-T+1,... i} from ym 

calculate x8,h{i) as a solution of the equation 

5S)ft(j + l) = fZh(xs,k(j),ym(j),e(i-T)) (5.44) 

with "initial" conditions xs^{i — T) <— Xgj^i — T). 

if either \xs,h(i) — %s,h,(i)\ > $x or \0 — 9{i — T)\ > 5#: 

overwrite 9 <— 0(i — T), xSih(i) <— x8,h(i) 

end if 
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end if 

end if 

end for 

The communication protocol for the slave-environment node is much simpler; it 

is presented below. 

Protocol for the Slave Node (SN): 

for i G Z+ 

control action us(i) is applied to the input of the slave; 

measure ys(i); 

send {y8(i),i} to the MN; 

end for 

The above described VR-based teleoperator system can be made stable by choos

ing the modelling parameter h > 0 sufficiently small. More precisely, the following 

statement is valid. 

Theorem 9. Consider the VR-based teleoperator system (5.31)-(5.35) with con

trol/communication protocols described above. Suppose Assumptions 11-14 hold. 

Then, for any given T/, T& 6 Z+, the system can be made stable by an appropriate 

choice of design parameters. More precisely, given 8X,AX>0,8X<AX, there exist 

h* > 0, 8mi 8S, 8X, 8Q > 0, and "output injection" functions jx(-), J§(-) in (5.41) 

such that the assumption 

max{|a-m(0)|, M 7 » | } < A , (5.45) 

implies that 

max{|a;m(i)|,|a;a(2 + T/)|,|a;aifc(i)|} 
(5.46) 

< max{/3 (max{|;rm(0)|, \xs(Tf)\}, *), 8x} 
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holds along the trajectories of (5.31)-(5.35) for all i e N whenever h £ (0,h*]. • 

5.3.2 Proof of Theorem 9 

Lemma 2. There exists pi G A/"oo such that for any A^ > 0, assumption 

max{|,'cm(0)|, \xs(0 + Tf)\, \xS}h(0)\} < Ax implies 

max{\xm(i)\, \xs(i + 2 » | , |^>h(*)|} < A(A a ) for all i £ {0, . . . ,T + T0}. (5.47) 

Proof. First, consider the time interval {0 , . . . , T 4- T0}. On this interval, the 

state of VR is not updated based on the remote measurement; thus, the solutions of 

the closed-loop "Master+VR" subsystems satisfy Assumption 11. In particular, this 

implies that xm(i), Xg^i) are uniformly bounded for i € {0 , . . . , T + T0} with upper 

bound equal to or 1 o a2 (Ax), and by continuity considerations this also implies the 

uniform boundedness of all signals of the master+VR. subsystem, in particular, the 

uniform boundedness o£ym(i). Taking into account Assumption 14, this also implies 

the uniform boundedness of u8(i + Tf). Finally, continuity considerations as well 

as forward completeness of the slave subsystem imply that xs(i + T/) is uniformly 

bounded on {0, . . . ,T + T0} by f8\ (Ax), where /?i is some A/"oo-cIass function. • 

Lemma 3. Given A* > 0, es > 0, t\ > T + T0, there exist "output injection" 

functions 7#, 7^ in (5.43) such that the following holds. Suppose 

max{|a?m(i)|, \xs(i + T » | , \xs>h(i)\} < A*, for all i E {0 , . . . , t i } . (5.48) 

Then 

max {\xa,h(ti) - x8(t! + Tf)\, |£,,h(*i + 1) - xs{tt + Tf + 1)|} 
(5.49) 

for some p*h(-), 7*a(-), 7*m(-) G /C. • 
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Proof. First, let us assume that 

\x.,h{ti - T ) - x>(ti ~T + Tf)\< ex, p(t! -T)-0S\< eg, (5.50) 

holds for sufficiently small ex,ee > 0. Using Assumptions 12, 14, one can easily 

derive that 

maxilxstih) - xs(h + Tf)\, \xs,h(h + 1) - x.fa + Tf + 1)|} 
(5.51) 

< Ph(h) + 15S(8$) + 76m{6m) + lx{^x) + lo{to), 

holds for some />£(•), 7<5.3(-)> ISm(-), Jx(-), le{-) £ Ĉ, where xSih(i) is the corresponding 

solution of (5.44). Note that, according to the master node protocol, xs,h(i) is 

rewritten with xs,h(i) if \xa,h{i) - Xs,h(i)\ > Sx; therefore 

max{|a:-,fc(t1) - xfa + Tf)\, |ar,>A(*i + 1) - xs(h + 7/4- 1)|} 
(5.52) 

< PfcCO + lSs(Sa) + j5m(Sm) + 7x(e*) + 7<?(Q0 + &-. 

It remains to prove that (5.50) holds with sufficiently small ex,€e > 0, so that 

7x{cx) + lei^e) < €s. To this end, consider the evolution of function 

Itf (t) := n (*.(* -T + Tf),xs,h(i - T), 0„ 0(«)) 

along the trajectories of the system (5.32), (5.43) for i G {T,..., t\}. One can write 

that 

^^r(*)l(5.32),(5.43) ^ K°(* + l)l(5.32),(5.43) ~~ ^4°(* + 1)l(5.33),(5.41) +^K'(*)I(5.33),(5.41) ' 

where A^°(i) | (532 ) ) (543 ) := V£(i + l)|(e.32),(6.43) ~ Vh(i) a n d 

Avft (*)l(5.33),(5.4i) : = W + ^(s.asw^i) - Vh (*) a r e variations of Vft° along the tra

jectories of (5.32), (5.43) and (5.33), (5.41), respectively. More precisely, 

W + 1)l(.5.32),(5.43) : = ^ ° ( ^ + Mi ~T + Tf)Mi -T + T,),6.), 

/ i (*«,*(* - r ) > ^ ( * - T),9(i - T)) + lx (xs,h{i - T)J(i - T),ym(i - T), &(*)) , 

d„ 9{i -T) + 1§ (xs,h(i - T), §(i - T), ym(i - T), &(i))) , 
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and 

W + 1)1(6^^1) : = Vh ( A (*.(* - T + Tf)Mi -T + Tf),0.), 

Hh ( M * - n us(i -r+Tf), Hi - T)) 
+7* (*»,»(* - T)J(i - T ) , ^ ( i - T + Tf),ys(i -T + 7 » ) , 

0„ 0(i - T) + 7 5 (x,,h(i - T), §(i - T), w,(i - T + 7 » , i,,(i - T + 7 » ) ) . 

According to Assumption 13, functions jx('), 7e0) can be chosen such that 

A^(t)|(5JB),(5^)<-a§raO) 

holds, where ag € /C is "arbitrarily close" to I(-) (although a^s ) < s for all s > 0). 

On the other hand, by assumption of the lemma, all signals are uniformly bounded 

on {0 , . . . , t\}, therefore Assumptions 12, 14 together with continuity of Vfi(-), 7»(*)i 

7*0 impiy fchat 

K(*+ 1)l(5.32),(5.43) - W + 1)|(5.33),(5.41)| < 7l (*») + 7a(*n) + ^(S.) 

for some 7,72,73 E Ĉ (that possibly depend on j&i-), 7#(0)- Combining all the 

above, we see that 

AW)l(5.32).(5.43) < - « 3 (TO)) + 7lW + 72(<W + 73(5S) 

holds for all i E { T , . . . , t i } . In the above inequality, the possibility to choose 

a^(-) E /C "sufficiently close" to identity function U(-) implies that the arbitrarily 

fast decaying of Vg(i) can be achieved, while sufficiently small h, Sm, Ss > 0 imply 

that the limit set for Vfi(i) can be made arbitrarily small. In particular, given ev > 0, 

the inequality 

V£(i)<ev tor alii e{T + T0,...,h + l} (5.53) 

can be guaranteed by an appropriate choice of «•}(•) E /C, h, Sm, 8S > 0. Choosing 

ev > 0 such that e„ < a^minfe^ee}), and taking into account xSth(h — T) — 

%s,h(ti —T)i we see that (5.53) implies (5.50). This completes the proof. • 
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Lemma 4. Given A* > 0, t\ > T + T0, suppose 

max{|a;m(i)|, \xs(i + Tf)\, \x8jl(i)\} < A* for all i £ {0 , . . . , ti}. (5.54) 

Then 

AT4 (xmit&x.fa + 7 » ) < -a3 o [I - e] (Vh ( a ^ f a ) , ^ * ! + 2)))) 

+ a 3 (max{|x,,ft(*i) - xs(ti + T/) | , |x,)h(<i + 1) - xs(tt + Tf + 1)|}). • 

Proof of Lemma 3. First, condition (5.54) together with Assumption 11 imply 

directly that Vh(xm(i),xa(i + Tf)) < a2(A*). Also, by continuity, condition (5.54) 

implies that all signals (such as um, u8, us,h, and UH) are uniformly bounded at 

time ti, therefore |:rm(£i + 1)|, \xs{t\ + Tf + 1)| are uniformly bounded, and so is 

Vh (xm(i + l),xs(i + Tf -f 1)). The uniform boundedness together with continuity 

of Vh(-) imply that there exists jv £ & such that 

\Vh(xm(i + l),xS;h(i+l)) - Vh(xm(i+l),x,(i + Tf + 1))| 
(5.56) 

< iv (\xs,h(ti + 1) - xsih + Tf + 1)1) 

and 

\Vh (xm(t)txBih(i)) - Vh (xm(i),xs(i + Tf))\ < j v (Khik) - xa(h + 7 » | ) . (5.57) 

Now, we have 

A ^ ( 
Xm V'} j X$ (i + Tf))-\Vh{ (i))-Vh(xnS),xs(i + Tf))\ 

- \Vh (xm(i + l),xs,h(i + 1)) - Vh (xm(i + l),xs(i + Tf + 1))| 

< AVh(xm(i),xa,h(i)) 

< - " 3 0 4 (xm(i),xSth(i)) - Vh (xm(i),x8(i + Tf)) + Vh (xm(i),xa{i +1))) ) 

< - a 3 o [I - e] (Vh (xm(i),xs(i + Tf))) 

+a3 o [e~l + I] (\Vh (xm(i),xs,h(i)) - Vh (xm(i),xs(i + 2 » ) | ) . 
(5.58) 
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Substituting (5.56), (5.57) into (5.58) and performing simple calculations, one gets 

(5.55). • 

Now the proof of Theorem 9 can be completed as follows. Suppose (5.45) holds 

for some A^ > 0. Applying Lemma 2, we get (5.47); In particular, inequality 

VhitJ^aiofriAJ. (5.59) 

holds for t\ — T + T0. Choosing A* := aj1 o 0:2° A (Ax) + a, where a > 0, and 

applying Lemma 2, we see that (5.48) holds for t\ —T + T0. Applying Lemmas 3, 4, 

and combining their results, we see that the inequality 

AVft (xmih^Xtfa. + Tf)) < -a3 o [I - e] (Vh (xm(h), x.(h + 1)))) 
(5.60) 

+&3 (pl(h) + jSs(Ss) + 'jsm(Sm) + 4 + es) 

is valid for h=T + T0. 

Now suppose all h, Ss, Sm, 8X, es > 0 are sufficiently small such that 

a3 o [I - e] o a2 o px (Ax) > 2a3 (pl(h) + jss(Ss) + 7*m(<Sm) + 6X + es) (5.61) 

and 

Pt(h) + 1SS(SS) + jSm(Sm) + $x + es<a. (5.62) 

Combination of (5.60), (5.61) with the fact that (5.59) holds for t\ = T + T0 implies 

that the last holds also for h = T+T0 +1, and max{\xm(ti +1) | , \xs(h +1 + 2 » | } < 

aj"1 o Qf2 ° Pi(A.x). On the other hand, taking into account (5.62) and applying 

Lemma 3, one gets \xs,h(ti + 1) ~ xs(ti + T / + 1)| < a. Combining the last two 

inequalities, we see that (5.48) holds for t% = T + T0 4- 1, and therefore (5.60) also 

holds for t\ — T + T0 + 1, etc. Continuing by induction arguments, one gets that 

(5.60) holds for all ii >T + TQ. Now, choosing a > 0 sufficiently small, applying 

Lemma 1, and taking into account (5.49), (5.62), one can obtain (5.46). The proof 

of Theorem 9 is complete. • 
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Figure 5.2: Kinematic Scheme 

5.4 Example 

We consider a teleoperator system where the master and the slave devices are iden

tical two-degrees-of-freedom planar manipulators shown in figure 5.2. The forward 

kinematics of the master and the slave devices are described as follows 

(5.63) 
x = li cos qt + 1% cos (gi + q2), 

y = lismqi + l2sm(qi + q2), 

where x, y are the Cartesian coordinates, qu q2 are joint angles, and lx = 0.7 m, 

h = 0.5 m. The dynamics of both the master (i = m) and the slave (i — s) 

manipulators are described by Euler-Lagrange equations with compensated gravity 

terms, as follows 

Hi (ft) ft + Ct (ft, ft) ft = r<, 

where 

H{q) = 
{2li cos q2 + l2)l2m2 + l'Kmi + m2) l'im2 + hhm2 cos q2 

l%m2 + hkm2 cos q2 l2m2 

C(q,q) = 
-lihm2 sin(g2)g2 -l\hm2 mx{q2){qx + q2) 

hl2m2sm(q2)q1 0 
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and the masses are mi = 10 kg, and m-} = 5 kg. Differentiating (5.63) with respect 

to time, we get the expression for spatial velocities, as follows 

x 

y 

or 

h ( - sin(gx)) qx + l2 ( - sin(gi + g2)) (gi + g2) , 

h cos(gi)4i + h cos(gi + q2) (<?i + 92), 

= Mq) 
Q2 

(5.64) 

(5.65) 

where the spatial jacobian is 

Js{q) = 
-h sin(gi) - h sin(gi + q2) -l2 sin(gi + q2) 

h cos(gi) +1 2 cos(gi + g2) h cos(gi + g2) 

Spatial acceleration of the end-effector is therefore given by the formula 

(5.66) 

= J.{q) 
?2j 

+ J»(Q>q) 
V2 

(5.67) 

where 

-h cos(gi)gi - l2 cos(gi + g2) (gi + q2) -l2 cos(gi + q2) (gi + g2) 

-h sin(gi)gi - l2 wx{qx + g2) (gi + g2) -l2 sin(gi + g2) (gi + g2) 

The input torque of the master manipulator is described by the formula 

Tm — "a \Qm) I •t'h rT I 

where Fh is the forces applied by the human operator, and Fr is the force reflection 

term. The human operator attempts to move the master along the reference trajec

tory (Xref(t),yref(t)) shown in figure 5.3. More precisely, the forcas exerted by the 

human operator are described as follows 

K, hum 
Xref(t) 

.Vref{t). 

Xm(t) 

ym(t) 
+ A, hum 

Xref{t) 

Vref{t). 

Xm(t) 

.Vm(t) 

where KhUm = 40 and Ahum = 10; thus, the human operator is modeled as a PD 

controller with P-gain equal to Khum^hum and D-gain equal to Khum. 
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Figure 5.3: Reference trajectories: joint space (top) and task space(bottom) 
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On the other hand, the input torque of the slave manipulator is described ac

cording to the following equation 

Ts = Us - Jj(qs)finti 

where us is the local control torque and fint is the interaction forces between the 

slave and the environment. In these simulations, we assume that the end-effector 

of the slave manipulator is permanently coupled with the environment; the last is 

described as a mass-spring-damper system, according to the formula 

mxs + bxs + kxs = fint (5.68) 

where xs is the position of the slave's end-effector, fint is the interaction force be

tween the slave and the environment, m > 0, b > 0, and k > 0 are environmental 

inertia (mass), damping and stiffness coefficients, respectively. In the simulations 

below, the numerical values of these parameters are chosen to be m — 80, b = 120, 

k — 150; these values, however, are assumed to be unknown and, therefore, are 

not utilized directly in the control laws. The local slave controller is essentially a 

passivity-based tracking controller that attempts to track the delayed master posi

tion qm(t) = qm (t — Tf); it consists of the filter 

ii = & + gai (qm - Ci)» , c „„. 
(5.69) 

i2=--g2a0(qm-Ci), 

and the control law 

us = Ha(qa)(^ + Aa(ii-Qs))+Cs(qs,qa)^2 + ^a(^i-qs)) 

+Ka{qa-& + Aa(qa-S1)), 

where the parameters are «o = 2, cci = 3, g = 10, Ks = 100, and As = 10. 

In the simulations below, we compare the performance of the direct force reflec

tion scheme with a virtual environment based scheme which is designed according 
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y 

x 

Figure 5.4: Slave manipulator interconnected with environment 

to the methodology proposed in this Chapter. In the case of direct force reflection, 

the force reflection term on the master side is the delayed version of the interaction 

forces between the slave and the environment, i.e., 

Fr(i) = fint (t — %) j 

where % is the communication delay in the backward (from slave to master) channel. 

In the simulations below, we choose T/ = 1\ — 0.25 sec, which makes the round 

trip time delay equal to 0.5 sec. The results of simulation is illustrated by the 

plot presented in figure 5.4, where the x-trajectories of the master and the slave are 

shown. One can see that even existence of relatively small delays makes the system's 

response clearly unstable. 

Next, performance of a virtual environment based teleoperator scheme proposed 

in this work was addressed. In this set of simulations, the virtual environment on 

the master side is represented by an approximate discrete-time model of the re

mote slave+environment interconnection, more precisely, by its Euler approximate 

model with integration step equal to 0.005 sec. Since the parameters of the remote 

environment are unknown, a recursive least-squares identification algorithm is im

plemented that provides estimates of the remote environment parameters based on 
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Figure 5.5: Direct force feedback: X-trajectories, master and slave devices 

delayed data. To derive this algorithm, let us first rewrite the system (5.68) in the 

form 

Xs = -d2X8 - OiXs + Q3fint, (5.70) 

where 6\ = k/m, $2 = b/m, and #3 == 1/m. The discrete-time Euler approximate 

model for the system (5.68) can be written in the form 

y(i) = cf>(i)6, (5.71) 

where 0(i) = [-x8(i - 2); T'1 (xs(i - 2) - xs{i - 1)); fint(i - 2)], 0 = [0i, 02, 03f, 

2/(i) = T~2 (xs(i) — xs(i — 2) + 2xs(i — 1)), and T > 0 is sampling period. For 

the model (5.71), a recursive least squares identification algorithm can be derived 

according to the following formula 

9{i + 1) = 9{i) + K{i + 1) (y(i + 1) - <j>(i + l)0(i)) , 

where K(i + 1) = P(i)(j)T(i + l) (l + <j>{i + l)P(i)(j)T(i + 1))_1, and P(-) is a solution 

of the recursive matrix equation 

P{i + 1) = (I - K(i + l)<f>(i + 1)) P(i) 

X-component of the position response 



Chapter 5. Model-Based Teleoperation with Communication Constraints 140 

with "sufficiently large" initial condition F(0). In the simulations presented below, 

P(0) = diag{1000,1000,1000}. The results of simulation of the virtual environment 

based teleoperator system is illustrated by the plots presented in figure 5.6. In these 

plots, the position response of the master, slave, and virtual slave are presented, as 

well as the corresponding force responses; in these plots, in order to demonstrate 

more explicitly the position and force tracking properties of the scheme, the response 

of the slave is shifted ahead in time to the amount of one-way communication de

lay, i.e., 0.25 sec. One can see that the overall system is perfectly stable, and, 

after some transient time, both the position and the force response of the virtual 

slave track closely the corresponding trajectories of the actual slave+environment 

interconnection. Thus, one can see that the proposed scheme, besides improving 

transparency by providing the human operator with the essential position/force 

information without communication delay, also restores stability properties of the 

overall force reflecting teleoperator system. 

5.5 Conclusions 

In this chapter, we present a model-based approach to the design of VR-enhanced 

network-based force-reflecting teleoperators. The proposed method is built on sampled-

data stabilization of a nonlinear system based on its approximate discrete-time 

model. A protocol for control and communication between the plant and the con

troller nodes is proposed that, copes with irregularity of the transfer intervals, exis

tence of time-varying communication delays, possibility of packet losses, and absence 

of clock synchronization between the nodes. For a general nonlinear system, stability 

plus performance recovery result is proven. It is shown that the maximum allowable 

transfer interval can be assigned arbitrarily by an appropriate choice of the mod-
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elling parameter, horizon of control prediction as well as buffer size. This method 

is then applied to the design of virtual reality enhanced network-based bilateral 

teleoperator system, More precisely, it is assumed that a set of partially known ap

proximate discrete-time models of the remote dynamics is available to the designer. 

These approximate models are used for design of a virtual environment block that 

incorporates state estimation/parameter identification of the remote dynamics to

gether with an approximate trajectory prediction algorithms. Thus designed VE 

block provides the human operator with a local force feedback that is not subject 

to communication delay /jitter; therefore, it restores the sense of causality for the 

human operator and does not have destabilizing effect of the delayed force feed

back. A simulation example is presented that demonstrates improvement of the 

stability/transparency properties of the teleoperator system achieved by using the 

proposed method. 



Chapter 6 

Concluding Remarks 

6.1 Thesis Contributions 

In this thesis, a set of results is developed that is directed towards achieving sta

ble and transparent force-reflecting teleoperation in the presence of communication 

constraints typical for communication networks. One of the major goals of this 

thesis is to advocate the use of small-gain approach to the design of the network-

based force reflecting teleoperators. The traditional view on using the small gain 

approach in teleoperation tasks is somewhat skeptical [15]. The major part of this 

skepticism comes from belief that the small gain approach results in conservative 

design leading to poor transparency due to limited force reflection gain. In our 

opinion, the set of results presented in this work substantially challenges this point 

of view. Indeed, the use of projection-based force reflection algorithms proposed 

in this thesis effectively removes the constraints on force reflection gain imposed 

by the small-gain requirement. It is worth noting that, once these constraints are 

removed, the small gain approach becomes very effective particularly in the case of 

network based teleoperation, due to the fact that it imposes virtually no restrictions 

143 
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on the characteristics of communication delay. On the contrary, the more popular 

passivity-based approaches generally impose significant restrictions on communica

tion process, due to the fact that irregularity of the communication delays and the 

information losses may result in generation of energy in the communication channel, 

which destroys the overall passivity and leads to instability. There are a number 

of other limitations typical for passivity-based approaches (such as problems with 

position tracking, the requirement of equal number of inputs and outputs for each 

subsystems, etc.) that are absent in the case of small-gain design. Overall, the re

sults presented in Chapters 2- 4 of this thesis may significantly increase applicability 

of the small-gain approach to network-based teleoperation tasks. 

Another set of the results presented in this thesis is related to the design of 

network-based teleoperators enhanced by means of a virtual environment block im

plemented on the master side. The virtual environment block runs the remote state 

estimation, identification, and trajectory prediction algorithms that are based on 

an available model of the remote process and delayed possibly corrupted measure

ments. This is a scheme alternative to the direct force feedback which may help 

to restore the sense of causality for the human operator and to guarantee stability 

of the overall system in the presence of significant communication constraints. Our 

approach is based on certain results from sampled-data nonlinear systems design 

based on partial knowledge of a set of approximate discrete-time models of the re

mote system. An essential and distinct feature of our approach is the simultaneous 

design of a control algorithm and a communication protocol that together guarantee 

the overall scheme stability and performance. The framework proposed may lead to 

significant improvement of performance in virtual reality based teleoperation over 

communication networks. 
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6.2 Manuscripts Published and Submitted 

The research presented in this thesis resulted in a number of refereed publications, 

both in journals and conference proceedings. The list of publications with brief 

description of contribution is given below. First, the multichannel IOS small-gain 

theorem for systems with network-induced communication constraints presented in 

Chapter 2 of this thesis was also the main topic of the following paper: 

1. I. G. Polushin, H. J. Marquez, A. Tayebi, and P. X. Liu "A Multichannel IOS 

Small Gain Theorem for Systems with Multiple Time-Varying Communication 

Delays", IEEE Transactions on Automatic Control, 2009, Vol. 54, No. 1, to 

appear; Reference [98]. 

See also the preliminary (conference) version of the above paper, as follows: 

2. I. G. Polushin, H. J. Marquez, A. Tayebi, and P. X. Liu "A Multichannel IOS 

Small Gain Theorem for Systems with Multiple Time-Varying Communication 

Delays," 46th IEEE Conference on Decision and Control, New Orleans, LA, 

December 12-14, 2007, pp. 3853 - 3858; Reference [99]. 

The small-gain based schemes for bilateral teleoperation over communication net

works (presented in Chapter 3 of this Thesis) are addressed in the following articles: 

3. I. G. Polushin, P. X. Liu, and C.-H. Lung "A Control Scheme for Stable Force-

Reflecting Teleoperation over IP Networks", IEEE Transactions on Systems, 

Man and Cybernetics, Part B: Cybernetics, 2006, Vol. 36, No. 4, pp. 930 -

939; Reference [60]. 

4. I. G. Polushin, P. X. Liu, C.-H. Lung, and G.D. On "Position-Error Based 

Schemes for Bilateral Teleoperation with Time Delay: Theory and Experi-
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ments", ASME Journal of Dynamic Systems, Measurement and Control, pro

visionally accepted. 

The preliminary versions of the above two papers were also published in reiereed 

conferences proceedings, as follows: 

5. I. G. Polushin, P. X. Liu, and C.-H. Lung "A Control Scheme for Stable 

Force-Reflecting Teleoperation over IP Networks", IEEE/RSJ International 

Conference on Intelligent Robots and Systems IROS 2005, Edmonton, AB, 

August 2005, pp. 2731- 2736; Reference [100]. 

6. I. G. Polushin, P. X. Liu, and C.-H. Lung "Position-Error Based Schemes for 

Bilateral Teleoperation with Time. Delay: Theory and Experiments", Interna

tional Conference on Mechatronics and Automation ICMA 2006, R. P. China, 

June 2006, pp. 312 - 317. The paper received Best Conference Paper Award. 

Reference [101]. 

Projection-based force reflection algorithms (Chapter 4) were the main topic of the 

following publications: 

7. I. G. Polushin, P. X. Liu, and C.-H. Lung "A Force Reflection Algorithm 

for Improved Transparency in Bilateral Teleoperation with Communication 

Delay", IEEE/ASME Transactions on Mechatronics, 2007, Vol. 12, No. 3, 

pp. 361 - 374; Reference [102]. 

8. I. G. Polushin, P. X. Liu, and C.-H. Lung "Projection-Based Force Reflection 

Algorithm for Stable Bilateral Teleoperation over Networks", IEEE Transac

tions on Instrumentation and Measurement, 2008, Vol. 57, No. 9, pp. 1854 -

1865; Reference [103]. 
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Also, the general stability result for teleoperator systems with projection-based force 

reflection algorithms presented in Section 4.4 of this Thesis, is the main topic of the 

following paper which is currently under review: 

9. I. G. Polushin, P. X. Liu, and C.-H. Lung "Stability of Bilateral Teleoperators 

with Projection-Based Force Reflection Algorithms," IEEE Transactions on 

Robotics, in review. 

The preliminary versions of the above papers were published in refereed conferences 

proceedings, as follows. 

10. I. G. Polushin, P. X. Liu, and C.-H. Lung "A Force Reflection Algorithm 

for Improved Transparency in Bilateral Teleoperation with Communication 

Delay", International Conference on Robotics and Automation ICRA 2006, 

Orlando, FL, May 2006, pp. 2914 - 2920; Reference [104]. 

11. I. G. Polushin, P. X. Liu, and C.-H. Lung "Projection-Based Force Reflection 

Algorithm for Stable Bilateral Teleoperation over Networks," 2007 IEEE/RS J 

International Conference on Intelligent Robots and Systems, San Diego, CA, 

October 29 - November 2, 2007, pp. 2654 - 2659; Reference [105]. 

12. I. G. Polushin, P. X. Liu, and C.-H. Lung "Stability of Bilateral Teleoperators 

with Projection-Based Force Reflection Algorithms," International Conference 

on Robotics and Automation ICRA 2008, Pasadena, CA, May 2008, pp. 677 

- 682; Reference [106]. 

The model-based approach to control of nonlinear systems over networks as well 

as the application of this approach to the design of virtual environment enhanced 

teleoperator systems (Chapter 5 of this Thesis) were addressed in the following 

papers: 
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13. I. G. Polushin, P, X. Liu, and C.-H. Lung "On the Model-Based Approach 

to Nonlinear Networked Control Systems", Automatica, 2008, Vol. 44, No. 9, 

pp. 2409-2414; Reference [85]. 

14. I. G. Polushin, P. X. Liu, and C.-H. Lung "On the Model-Based Approach to 

Nonlinear Networked Control Systems," 2007 American Control Conference, 

New York City, NY, July 11-13, 2007, pp. 281 - 286; Reference [107]. 

15. I. G. Polushin, J. P. Rhinelander, P. X. Liu, and C.-H. Lung "A Scheme 

for Virtual Reality Enhanced Bilateral Teleoperation with Time Delay," 2008 

IEEE Instrumentation & Measurement Technology Conference, Victoria, BC, 

May 2008, pp. 1819-1822; Reference [108]. 

16. I. G. Polushin, J. P. Rhinelander, P. X. Liu, and C.-H. Lung "Virtual Reality 

Enhanced Bilateral Teleoperation with Communication Constraints," submit

ted to International Conference on Robotics and Automation ICRA 2009, 

Kobe, Japan. 

There are a number of topics on which the research work is still in progress. 

Some of these topics are briefly discussed in the next section. 

6.3 Possible Directions for Future Research 

The following are possible topics for the future research. 

1. The projection-based force reflecting algorithms proposed in this thesis have 

their origin in a very simple observation: the force felt by the human is exactly 

the component of the external force that is compensated by the human hand. 

A deeper insight into the human force sensing/perception processes can pos

sibly result in more sophisticated and effective force reflection algorithms. An 
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example of a conceptually different approach to the design of force-reflecting 

teleoperators that is also based on certain features of the human force sens

ing/perception process is the approach adopted in [109] (see also [69]). In 

these works, the design is based on the observation that the frequency ranges 

of the manipulation and of the human perception are actually occupy two very 

distinct frequency bands. As a first step, it would be interesting to compare 

and possibly combine these two approaches, which may result in design of new 

and improved force-reflecting algorithms. 

2. Although it seems to make a perfect combination with the small-gain approach, 

the idea of projection-based force reflection appears to be independent on the 

particular teleoperator design framework. It would be interesting, therefore, 

to understand how this idea can be incorporated into the teleoperator sys

tems that are designed based on different principles (such as the wave-based 

approach). 

3. Although the small-gain theorem (Theorem 1) presents stability conditions 

for multichannel network based interconnections, the teleoperation schemes 

presented in Sections 3,4, are essentially two-channel schemes (position in the 

forward channel, force in the backward one). It would be interesting, therefore, 

to find appropriate extensions of this approach to the case of the four-channel 

scheme (position/force in both the forward and the backward channels) as well 

as various three channel schemes. 

4. Extensive experimental evaluation of the approach to virtual reality enhanced 

bilateral teleoperation proposed in Chapter 5 would be highly desirable. 

5. The very brief Chapter B can itself be considered as on outline of possible 

future research related to communication aspects of teleoperation and, in par-
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ticular, telesurgery over the Internet. 

6. Applications of the proposed methods to specific problems of (tele)robotic 

surgery would be of great interest. 
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Appendix A 

Modelling of the Phan tom™ 

Device 

The purpose of this appendix is to present a complete derivation of the kinematic 

T M 

and dynamic models of the two Phantom devices used in our experiments. The 

overall teleoperator system is shown in figure A.l. The master device is equipped 

with standard gimbal end-effector, while the slave has a marker attached to the end. 

The master and the slave devices are shown in figures A.2 and A.3, respectively. In 

the derivation below, we used the approach and the notation adopted in [110]. 

Majority of the calculations was performed using Maple™ software. 

A.l Forward Kinematics 

The forward kinematics of a manipulator can generally be described as a map 

Sn —» SE(3) that gives the end-effector configuration in terms of joint angles. Here, 

the end-effector configuration is understood as the configuration (i.e., position and 

orientation) of the tool frame relative to the based frame. To determine the forward 

167 
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Figure A.l: Teleoperator system 

Figure A.2: Master device 
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Figure A.3: Slave device 

y 
x 

Figure A.4: Kinematic scheme of the Phantom™ device 
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kinematics of the Phantom™ device, consider its kinematic scheme shown in Fig

ure A.4. For simplicity of calculations, we choose the base frame to be coincident 

with the tool frame when 9 = [0; 0; 0], which implies 

The forward kinematics map S3 —* SE(Z) of the Phantom™ device is described 

according to the following product of exponentials formula 

To calculate the underlying exponentials, note first that in the initial configuration 

(0i = 9'2 = 0$ = 0), the directions of the axes of rotation for i-th joints, i = 1,2,3, 

are described by vectors Wj, as follows 

Wi = 

and the corresponding axes points can be chosen as follows, 

Qt 

Since all the joints are revolute, the corresponding twists £j, i = 1,2,3 are calculated 

according to the formula 

0 

1 

_ 0 _ 

, u;2 = 

- 1 

0 

0 

, u3 = 

- 1 

0 

0 

0 

0 

. - * i _ 

» 9 2 = 

0 

k 

. - ' l . 

, Q's = 

' 0 " 

k 

_ 0 _ 

6 
Vi -u)i x q% 
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Performing the calculations, we get 

h 

0 

Vl 

171 

6 = > £ 2 = 
V-2 

U>2 

0 

h 

k 

- 1 

0 

0 

l>3 

. Uz . 

0 

0 

h 
- 1 

0 

0 

0 

(Ah J 0 

1 

0 

Now, the corresponding exponential maps are calculated according to the formula 

(2.36) from [110], as follows, 

e ^ (I - eQS) (to x v) + uuTv6 

0 1 

which is valid whenever LU ^ 0. Performing calculations according to the above 

formula, one gets 

*€» (A.1) 

=,€1*1 

cos B\ 0 sin 9\ 

0 1 0 

— sin 6>i 0 cos 

0 0 0 

^ s i n ^ i 

0 

91 ( C O S ^ - I ) * ! 

1 

=&02 _ 

a &03 

1 0 0 0 

0 cos0-2 sin ^2 ^2(1 — cos 6>2) + ^. sin #2 

0 —sin #2 cos 02 I2 sin #2 + h (cos #2 — 1) 

0 0 0 1 

1 0 0 0 

0 cos ds sin #3 Z2(l — cos #3) 

0 — sin 03 cos #3 £2 sin 9-A 

0 0 0 1 
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0 0 0 

-«,«2_ ° C0S(~6'2) sin(-6>2) fe(l-cos(-02)) 

0 - s in ( -#2) cos (-#2) hsin(-#2) 

Q 0 0 1 

Combining all the above, we get 

gst(9i, 62,63) 

— sin Q\ sin $3 sin 9i cos 93 sin 9X (h sin #3 + /1 cos 02) 

cos 03 sin #3 I2 (1 — cos $3) +1% sin #2 

- cos d\ sin #3 cos 0i cos #3 -^ . + cos 0i (72 sin 03 4- li cos 02) 

0 0 0 1 

which represents, in the homogeneous coordinates, the forward kinematics of the 

Phantom™ device. 

cos #1 

0 

- sin 6\ 

A.2 Manipulator Jacobian 

To calculate the spatial Jacobian of the Phantom™ device, we use formula 

where £• is the £-th joint twist transformed to the current manipulator configuration, 

£i = Ad(e«l»i,...,e«t-l^-l)^-

We will calculate ^ , i= 1,2,3, according to the formulas 

£ 
-ul x g,' 

<*' 

where oj'i is the unit vector in the direction of the twist axis, and <̂  is a point on the 

axis, both transformed to the current manipulator configuration. By inspection, we 
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have 

Wi 

and 

Qi = Qi 

Using the above formulas, we get 

h = 

0 

0 

-V 

0 

1 

_ 0 _ 

, Q2 

u/2 = 

= <& = 

-cos > # i " 

0 

sin0i 

0 

k 

. - ' i . 

» 

, W3 

r 

4^ 

£ 

0 

0 

0 

1 

0 

& = 

l2 sin 0i 

£i cos #i 

^2 COS 0] 

— COS 0i 

0 

sin 0i 

& = 

- cos 0i 

0 

sin 0i 

h sin 0i cos 02 

l2 + Zi sin 02 

Zi (cos 0i cos 02. — 1) 

sin0] (12 + J ism02) 

/i (cos 0i — cos 02) 

cos 0i (l2 + h sin 02) 

— cos 0i 

0 

sin 0i 

and therefore, the spatial Jacobian of the P h a n t o m ™ device is as follows, 

li 1% sin 0X sin 0i (I2 + h sin 02) 

0 h cos 0i h (cos 0i — cos 02) 

0 I2 cos 0i cos 0i (l2 + h sin 02) 

0 — cos 0i — cos 0i 

1 0 0 

0 sin 0] sin 0i 

Js := 
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A. 3 Dynamics 

One possible way to describe the dynamics of a manipulator is in terms of Lagrange's 

equations with dissipation, as follows 

M{0)0 + C(0,0)0 + G(0) + KF{0) = T. (A.2) 

Here, M(0) is the matrix of inertia, C(0,0)0 represents Coriolis and centrifugal 

torques, G{0) and Kp{0) are the vectors of gravity torques and dissipative torques, 

respectively, while r is the vector of external torques applied. Below, detailed cal

culations of the terms that comprise equation (A.2) for Phantom™ device are 

presented. 

First, let us define, for each % £ {1,2,3}, a coordinate frame Li attached to 

i-th link, such that the origin of Li is put at the i-th link's center of mass, and 

the axes of Li are aligned with the principal inertia axes of i-th link. Then, for 

each Li, a forward kinematics map gsit (0) £ SE(3) can be defined which represents 

configuration (position and orientation) of the frame L* relative to base frame S. 

In this case, the inertia matrix of the manipulator is calculated according to the 

formula 

M[B) = YtJ[{$)MiJi{0)1 (A.3) 

where M» is the generalized inertia matrix of i — th link written in L{ coordinate 

frame, and Ji(0) is the body Jacobian corresponding to gsii(0)- Since the principal 

inertia axes of i-th link are aligned with the axes of Li, the generalized inertia 

matrices Mi, i = 1, 2, 3 are diagonal, and have a form 

Mi = diag {mi} mu miJxi, Iyi, Izi}, , i = 1,2,3, 

where m% is the mass of the i-th link, and Ixi, Iyi, Izi are the link's moments of 

inertia about principal axes. On the other hand, the body Jacobians J«, i = 1,2,3, 
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are calculated according to the formula [110, Formula 3.55] 
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Jiw = ̂ ,w= fl a a -t t t tt (A.4) 

where 

and £• = 0 otherwise (j > i). In the above formula, the inverse adjoint transforma

tion associated with configuration g e SJ5(3), 

i? p 

0 1 

is to be calculated by the formula 

Ad:1 = 
9 

RT 

0 

-RT 

RT 

The initial configurations 5^(0) can be found by inspection, as follows 

<M(0) 

" 

I 
( ° 1 

ri 

\-h) 
0 1 

, 9sh(0) 

( \ 

k 

\-h+T2 J 
1 

" 

I 
( ° ^ 

h - r3 

K o ) 
0 1 

(A.6) 

&i3(°) = 

where ri, f2, r3 > 0 are parameters that describe the locations of the centers of 
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masses for each link. Intermediate calculations give 

cos6>i 0 sin#i 0 

0 1 0 ri 

— sin#i 0 cos0] —l\ 

0 0 0 1 
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e l i eW0) = 

^°29siM 

e 
tlf>lj262 90,(0) 

cos(9i 

0 

- s in# i 

0 

e^3gsh(0) = 

e&62e£3(d3~02) 9sh(°) 

1 0 0 0 

0 cos 02 sin #2 li + r% sin 92 

0 — sin #2 cos 02 f2 cos 02 — l\ 

0 0 0 1 

sin 9i sin 02 sin 9i cos 02 r2 sin 0% cos 02 

cos 02 sin 02 l-z + r2 sin 92 

cos 6*i sin 02 cos #i cos #2 r2 cos #1 cos #2 - h 

0 0 1 

1 0 0 0 

0 cos 03 sin 0'i I2 — r-i cos 03 

0 —sin #3 cos 0-A r-i sin#3 

0 0 0 1 

1 0 0 0 

0 cos 03 sin 03 -T3 cos 03 + h + h sin 02 

0 — sin #3 cos 03 f3 sin 9s + ?i (cos #2 — 1) 

0 0 0 1 
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and 

cos 0X - sin 9t sin 03 sin 9X cos 03 sin 9X (r3 sin 03 + lx cos 9>2) 

0 cos #3 sin #3 - r 3 cos #3 + h + h sin 62 

— sin #1 — cos 9\ sin $3 cos 0\ cos 03 cos 9\ (r-s sin 03 + h cos 02) — 1̂ 

0 0 0 1 

Now, using formulas (A.4)-(A.6), and performing extensive calculations, one gets 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

1 0 0 

0 0 0 

£1 cos $2 + 7*3 sin 9-i 

0 

0 

0 

cos ^3 

sin 03 

Jx'= J2:= 

T2 COS 02 
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0 

0 

COS 02 

sin 02 
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r2 
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- 1 

0 

0 

0 

0 

0 

0 

0 

0 

J s : = 

0 0 

/iC.os(03-02) 0 

r3 + h sin(03 - 02) r3 

- 1 - 1 

0 0 

0 0 

Finally, the matrix of inertia can be calculated according to the formula (A.3), which 

gives 

M{9) = 

M11 0 0 

0 M22 M23 

0 M32. M33 
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where 

^ 1 1 (<?) = jfyl + Wi2̂ 2 COS2 #2 + iy2 COS2 6>2 + Iz2 Sill'2 02 + 7%/? COS2 02 

4-77137*3 sin2 #3 + 277137*3/1 cos (92 sin 83 + /y3 cos2 #3 + hs sin2 03, 

M22(5) = TT^T*2/ + IX2 4- 7x3 + m 3 / 2 + m 3 r | - 2m3r3Ji sin(02 - 03), 

M23(0) = Af32(8) = m3rl + Ix3 - m 3 r 3 / i sin(02 - 83), 

M33(0) = W3rI + 4 3 . 

Next, the matrix of Coriolis and centrifugal torques is denned as follows, 

3 

Qj(9,8) = 2_^ Fijk9k, (A. 7) 
fc=i 

where T^k are Christoffel symbols, 

ijk 2 V ddk d6j ddi J " 

Using the above formula, one gets 

r i i a = —mir\ cos #2 sin 92 - Iv% cos 9% sin 82 4- IZ2 sin 02 cos f92 

—7713/1sm$2 cos #2 - 777,37*3/1 sin#2 sin 83, 

TH3 = /s3 sin #3 cos #3 - Jj/3 cos 83 sin 03 4- 777,37*3/1 cos #2 cos 03 + w 3 r | sin #3 cos 83, 

Ti2i = r 1 1 2 , r 1 3 1 = r 1 1 3 , r 2 1 ] = - r 1 1 2 , r 2 2 2 = -7r?,3r3/i cos(6>2 - o3), 

r 2 2 3 = — r222j r 2 3 2 = r 2 2 3 , r 2 3 3 = —77137*3/1 COS (^2 — ^ 3 ) , 1^311 = — T n 3 , 

and the rest of the Christoffel symbols are equal to zero. The elements of matrix 

C(8,8), therefore, are calculated according to (A.7), which gives 

C11 — rn 2 # 2 + fus^a 

= —77127*2 cos 82 sin B292 — Iy2 cos 02 sin 8282 4- IZ2 sin 82 cos 8282 

—ra3/f sin 82 cos 929\ 4- Izz sin 83 cos 8383 — Iy3 cos 83 sin 8383 

4-77737*3/1 (cos 92 cos 8383 — sin 82 sin i?;^ J 4- 777,37*3 sin (93 cos #3193, 
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C12 — ^21^1 

= — m2r2 cos 9-2 sill #2#i — T^ cos #2 sin #2#i + /z2 sin #2 cos #2#i 

—m3ll sin 02 cos 02#i — w3r3li sin #2 sin ^ 3 ^ 

C13 = Ti3i^i 

= Iz-i sin 9s cos #3^1 — 4a cos 9s sin #3^1 + m^li cos #2 cos <93#i 

+m3'r| sin 03 cos #3#i 

C21 = r2ii^i = —r1126
,i 

= msrf cos #2 sin #2^1 + ^2 cos #2 sin 02#i — -̂ 22 sin #2 cos #2#i 

7 ^ 1 sin 62 cos 020i + m s ^ t sin #2 sin 9s9\, 

C22 = r 2 2 2 4 + r 2 2 3 4 = m3r3h cos(6>2 - 83) (#3 - 82) , 

C23 = r23202 + r233^3 = msrzh cos(02 - 93) [62 - 8z J , 

C31 = r 3 n#i 

= —Iz3 sin #3 cos #3^1 + Iyz cos 9s sin 03 <9i 

—msr3li cos 02 cos 03<9i — m3rf sin #3 cos 038i, 

C-$2 = C33 = 0. 

Next, the vector of gravity torques G{9) can be calculated according to the 

formula G(9) := ^ , where V{9) is the potential energy of the manipulator. The 

potential energy of the manipulator is the sum of potential energies of all links, 

V{9) = rmghiiO) + m2gh2(9) + m3gh(9). 

Here, hi is the height of the center of the masses for i-th link, which can be found 

using the product of exponentials formula. Performing the calculations, we get 

LJ hi = n, 

hi = Z2 + r2sin#2, 

^3 = h + h sin 92 — r3 cos 9s. 
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The vector of potential torques, therefore, has a form 

G(0) :-
o 

g(m2r>2 + m^k) cos 62 

gmsr-i sin 93 

Finally, the vector of dissipative torques is assumed to have a form 

kvFiQi + kc.Fi sign{(?i} 

KF(6) :— kvF202 + kCF2 sign{02} 

kvF-id'j, + kcF3sign{93}_ 

where £VF» and k-cFi, i ~ 1) 2,3, are coefficients of the viscous friction and Coulomb 

friction, respectively. 

A.4 Parameter Identification 

The dynamical model of the Phantom™ device derived in the previous section 

depends on a number of physical parameters of the manipulator. One possible set 

of the parameters can be chosen as follows 

7T1 = Iy\ + IyS + IZ2, 7T2 = Iy2 ~ h% + VHIT\ + m%l\, TT'i = Iz3 ~ 43 ~ Iy3, 

7T4 = 1x2 + m2r% 4- mzl\, ir5 = m3ri + Ix3, TT6 = m3r3/i, ir7 = g(m2r2 + m-ih), 

7Tg = gmsr3, 7Tg = kvFl, TTlO = kvF2, TTll = kvF3, 7Tl2 = kcFl, 7Tl3 = kcF2, 7Tl4 = &CF3-

Using the above defined set of parameters, the dynamics of the Phantom™ device 

can be written in the form 

(t>T7r = r , 

http://kc.Fi
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where (j) € R14x3 is the regressor matrix, which is defined as follows 

h 
cos2 020i - 2 cos 02 sin 020i02 

sin2 03^ + 2 sin 03 cos030i03 

0 

sin2 0301 + 2 sin 03 cos 030i03 

2 cos 02 sin #3 #i 

—2 sin ^2 sin 03^1^2 
+2COS02COS030103 

0 

0 

01 

0 

0 

sign{0i} 

0 

0 

The parameter identification procedure was performed for both the master and 

the slave devices shown in Figures A.2 and A.3, respectively. In order to perform 

this procedure, both the manipulators were controlled to move along some sample 

trajectories that consist of a significant number of sinusoidal signals with differ

ent amplitudes and frequencies; the resulting joint positions trajectories as well as 

joint torques were recorded. To obtain estimates of the corresponding joint veloci

ties and joint accelerations, the trajectories were polynomially approximated locally 

around each point of interest. Consequently, the least-squares parameter identifica

tion procedure was performed; the final estimate of each parameter was obtained by 

0 

cos 02 sin 02 Of 

0 

02 

02 + 03 

- 2 sin(02 - 03)02 

— sin(02 - 03)03 

+ sin 02 sin 03 0
2 

c o s ( 0 2 - 0 3 ) ( 0 2 - 0 3 ) 2 

COS 02 

0 

0 

02 

0 

0 

sign{02} 

0 

0 

0 

— sin 03 cos 03 0f 

0 

02+ 03-s in0 3cos0 30 2 

- s i n ( 0 2 - 0 3 ) 0 2 

— COS 02 COS 03 0 2 

0 

sin 03 

0 

0 

03 

0 

0 

sign{03} 
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averaging all the estimates available and rounding the average to the closest integer 

number. 

The least-squares parameter identification procedure used in our experiments 

can be described as follows. Suppose, experimental data are available that allows 

to give the values of the regressor matrix for N different observation instants. Let 

the value of <p during i-th. observation instant be denoted by <p(i), i £ {1,...,N}. 

Let <fii(i), 4>2{i), <i>z{i) £ K14 be the columns of regressor <p{i) for i-th observation 

instant. Denote 

<&i = »iVxl4 $ = 

$ 1 

$ 3 

»3iVxl4 

Analogously, let Tj(i) be the torque in j'-th joint measured during i-th. observation 

instant. Denote 

%-
TiP) 

Tj{N) 

MV ER'¥ , T % 

% 

r>W 

Then, the parameter estimate it € K can be calculated according to the least-

squares principle, as follows 

# = ( $ r $ ) - 1 $ T T . 

Below, the Matlab™ script is presented which is used to perform the identifi

cation procedure. 

XMatlab script for robot parameter identification 

step=0.015; 
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n=4; %(2n+l) - number of points for trajectory estimation 

nt=3; % (2nt+l) - number of points for torque approximation 

np=2; "/.order of the polynomial approximation of trajectories 

npt=l; "/.order of the torque approximation 

lowerlimit=100; 

upperlimit=4000; 

for i = lowerlimit:upperlimit 

h=[-n:n]; 

ht=[-nt:nt] ; 

tt=step*h'; 

ttt=step*ht'; 

hi=[i-n:i+n]; 

hit= [i-nt:i+nt]; 

jpl=[jointpositions(hi,l)] ; /(positions of 1st joint 

jp2=[jointpositions(hi,2)]; "/.position of 2nd joint 

jp3= [joint/positions(hi,3)]; "/.position of 3rd joint 

jtl=[jointtorques(hit,l)]; "/.torques of 1st joint 

jt2=[jointtorques(hit,2)]; "/.torques of 2nd joint 

jt3=[jointtorques(hit,3)] ; "/.torques of 3rd joint 

pl(:,i)=polyfit(tt, jpl, np); 

p2(:,i)=polyfit(tt, jp2, np); 

p3(:,i)=polyfit(tt, jp3, np); 

tl(:,i)=polyfit(ttt, jtl, npt); 

t2(:,i)=polyfit(ttt, jt2, npt); 

t3(:,i)=polyfit(ttt, jt3, npt); 

end 

positionlst=pl(np+1,:) ; 

position2nd=p2(np+1,:); 
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position3rd=p3(np+l,:); 

torquelst=tl(npt+l,:); 

torque2nd=t2(npt+l,:); 

torque3rd=t3(npt+l,:); 

velocitylst=pl(np,:); 

velocity2nd=p2(np,:); 

Velocity3rd=p3(np,:); 

accelerationlst=pl(np-1,:); 

acceleration2nd=p2(np-1,:); 

acceleration3rd=p3(np-l,:); 

'/model starts below 

for i = lowerlimitrupperlimit 

phil(:,i)=[accelerationlst(i); 

accelerationlst(i)*cos(position2nd(i))"2 

-2*velocitylst(i)*velocity2nd(i)*sin(position2nd(i)) 

*cos(position2nd(i)); 

accelerationlst(i)*sin(posit ion3rd(i))"2 

+2*velocitylst(i)*velocity3rd(i)*sin(position3rd(i)) 

*cos(position3rd(i)); 

0; 

accelerationlst(i)*sin(posit ion3rd(i))"2 

+2*velocitylst(i)*velocity3rd(i)*sin(position3rd(i)) 

*cos(position3rd(i)); 

2*cos(position2nd(i))*sin(position3rd(i)) 

*accelerationlst(i) 

-2*velocitylst(i)*velocity2nd(i)*sin(position2nd(i)) 

*sin(position3rd(i)) 

+2*velocitylst(i)*velocity3rd(i)*cos(position2nd(i)) 
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*cos(position3rd(i)); 

0; 0; velocitylst(i); 0; 0; sign(velocitylst(i));0; 0]; 

phi2(:,i)=[0; 

velocitylst(i)~2*sin(position2nd(i))*cos(position2nd(i)); 

0; 

acceleration2nd(i); 

acceleration2nd(i)+acceleration3rd(i); 

-2*sin(position2nd(i)-position3rd(i))*acceleration2nd(i) 

-sin(position2nd(i)-position3rd(i))*acceleration3rd(i) 

+sin(position2nd(i))*sin(position3rd(i))*velocitylst(i)~2 

-cos(position2nd(i)-position3rd(i))* 

(velocity2nd(i)-velocity3rd(i))"2; 

cos(position2nd(i)); 0; 0; velocity2nd(i); 0; 0; 

sign(velocity2nd(i)); 0]; 

phi3(:,i)=[0; 0; 

-velocitylst(i)*velocitylst(i)*sin(position3rd(i)) 

*cos(position3rd(i)); 

0; acceleration2nd(i)+acceleration3rd(i) 

-velocitylst(i)*velocitylst(i)*sin(position3rd(i)) 

*cos(position3rd(i)); 

-sin(position2nd(i)-position3rd(i))*acceleration2nd(i) 

-velocitylst(i)*velocitylst(i)*cos(position2nd(i)) 

*cos(position3rd(i)); 

0; sin(position3rd(i)); 0; 0; velocity3rd(i); 0; 

0; sign(velocity3rd(i)) 

]; 

end 

PHI=[phil'; phi2'; phi3']; 
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Y=[ to rque1s t ' ; to rque2nd ' ; to rque3rd ' ] ; 

theta=(inv(PHI'*PHI))*PHI'*Y; 

y1e s t= the t a ' *ph i1 ; 

y2es t= the ta '*phi2 ; 

y3es t= the ta '*ph i3 ; 

e p s i l o n l = t o r q u e l s t ' - p h i l ' * t h e t a ; 

eps i lon2=torque2nd ' -phi2 '* theta ; 

epsilon3=torque3rd' -p]hi3' * the ta ; 

performanceinf=[norm(epsi lonl , inf) ; norm(epsi lon2, inf) ; 

norm(eps i lon3 , inf ) ] ; 

As a result of the above described procedure, in the case of master manipulator, 

the following parameter estimates are obtained: iri = 50, 7r2 = 60, ir^ = 48, 7T4 — 80, 

7T5 = 9, 7T6 = 8, 7T7 = 235, 7Tg = 270, 7TQ = 25, TTw = 22, 7Tn = 110, 7Ti2 = 82, 

7Ti3 = 160, 7Ti4 = 90. For the slave manipulator, the parameter estimates are as 

follows: 7Ti = 32,7r2 = 34,7r3 = 20, ir4 = 74, ir5 = 1, TT6 = 2, TC7 = —926,7r8 = —685, 

7f9 = 15, 7Tio = 15, 7Tn = 90, 7T12 = 80, 7Tl3 = 112, 7Tl4 = 55. 

The elements of matrices M(0), C(0, (9), and G(0) written in terms of parameters 

7r have a form 

M i i (0) = 7Ti + 7T2 COS2 02 + (7T3 + 7T5) sin2 03 + 27T6 COS 02 Sill 03 , 

M 2 2 (0 ) = 7T4 + 715 - 27T6 Sill(02 - 0 3) , 

M23(0) = M32(0) = ^ - ^ 6 1 1 1 ( 0 2 - 0 3 ) , 

M33(0) = 7T5. 
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= — (TT2 sin B2 cos 62 + 7Te sin 02 sin 9-3)82 

+((7r3 + 7r5) sin 03 cos 03 4- TT6 cos 02 cos 03)03, 

C12 = Ti2i ̂ 1 = - (7T2 sin 02 cos 02 + 7T6 sin 02 sin 03) 9\, 

Cl3. = ri3101 = ((7T3 + 7T5) Sin 03 COS 03 + 7T6 COS 02 COS 6*3)^1, 

C21 = r 2 i i A = - r U 2 ^ i = (7r2 sin 02 cos 6»2 4- TT6 sin 02 sin 93)9\, 

C22 = r222^2 + r223^3 = T 6 C 0 8 ( ^ 2 - ^ 3 ) ( ^ 3 - ^ 2 j 

c23 = r2324 + r2334 = 7r6cos(^-^)(4-4) 

C31 = r 3 n ^ i = - (TT3 + TT5) sin 03 cos 030i - 7r6 cos 02 cos 030\, 

C32 = C33 =~ 0. 

Gi = 0, G 2 = 7T7 COS 02; G*3 = 7Tg SU1 03 . 

Finally, the derivatives of inertia matrix M{9) which are used in Section 4.6 for 

the design of input observer can be calculated as follows, 

Mi 1 = — 2TT2 COS 02 sin 02 #2 + 2 (7f 3 + 7r5) sin 03 cos 03 03 

+27T6 (— sin 02 sin 0302 + cos 02 cos 0303), 

M22 = -2 7r 6cos(0 2-03)(0 2-03) , 

M23 = M32 = _ 7 r 6 C O S ( ^ 2 _ ^ ) ( ^ _ ^ ) ) 

M33 = 0. 



Appendix B 

Communication Aspects of 

Telesurgery Over The Internet 

In this Appendix, we briefly present some observations related to communication 

aspects of telesurgery over the Internet. The first trans-oceanic telerobotic surgery, 

entitled Operation Lindbergh, were performed in 2001 [2; 3]. A group of surgeons 

located in New York City performed a laparoscopic cholecystectomy on a patient 

in Strasbourg, France. During this surgery, the communication between two parts 

of telerobot was performed over dedicated virtual ATM circuit with reserved band

width of 10 Mb/s, 70% of which was allocated for transporting the high-quality 

video image. Across the round-trip distance of 14,000 km, the ATM technology al

lows to achieve round-trip transport delay approximately equal to 80ms with almost 

zero packet loss. Overall RTT, including video coding/decoding and Ethernet-ATM 

packet conversion, was achieved approximately equal to 155 ms. "Though we have 

demonstrated the concept and feasibility of remote telesurgery, we have done so 

using quite extensive (and expensive) telecommunications resources. It is realized 

that the demonstration as conducted in operation Lindbergh does not represent a 

188 



Appendix B. Communication Aspects of Telesurgery Over The Internet 189 

cost-effective approach, nor does it constitute a viable scenario" [3]. In terms of 

communication resources, performing telesurgery over the Internet rather than over 

dedicated channels would greatly increase its accessibility and decrease cost. 

B.l Visual and Haptic Feedback in Telesurgery 

In [9; 10], the roles of the visual and the haptic (force) feedback in applications 

related to minimally invasive (laparoscopic) surgery were evaluated experimentally. 

In the experiments presented, tissue samples with different hardness characteristics 

were grasped with a specially designed laparoscopic grasper, and the subjects were 

asked to rank these samples from softest to hardest based on visual information, 

force feedback, or combination of the both. During experiments, subject opened 

and closed the jaws of the grasper using keyboard. The visual feedback was pro

vided through video screen where subject was able to view the deformation of the 

samples. On the other hand, the force feedback were received through interaction 

with the PHANToM device. The experiments clearly show that visual and force 

feedback used simultaneously result in better performance comparing to the cases 

where visual feedback as well as force feedback were employed separately. (The 

other author's hypotheses was that purely force feedback would provide better per

formance comparing to purely visual feedback; it was not validated satisfactory). It 

is noted [111], that inappropriate and excessive application of force is a main cause 

of perforation of a gallbladder. 
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B.2 Comparison of QoS Requirements for Visual 

and Haptic Data 

Quality of Service (QoS) requirements for both remote video and haptic information 

for surgical training applications were addressed in [73; 74]. More precisely, a remote 

stereo visual system and a haptic application were compared in terms of the following 

QoS requirements: i) bandwidth, ii) packet loss percentage, iii) time delay, and iv) 

jitter, i.e., statistical variance of the delay. It is interesting to note that the video 

and the haptic application have found to have very different QoS requirements. In 

particular, the visual information generally requires high bandwidth (> 40 Mbps), 

and is sensitive to packet losses (packet loss rate must be < 0.01%), however, it is 

tolerant enough to time delays (admit up to 0.2 s of round-trip time (RTT) delay) 

and is not sensitive to jitter. The haptic information, on the other hand, is more 

sensitive to delays (it admits up to 40 ms of RTT delay for abrupt movements and 

up to 160 ms RTT for gentle movements), and is extremely sensitive to jitter (must 

be less than 1 ms). However, it is very resilient to packet losses (admit up to 10 % of 

packet loss rate). It is also claimed in [73; 74], that the haptic information requires 

a significantly lower bandwidth comparing to video (> 128 kbps). However, the 

bandwidth requirements may be different for different type of objects. According 

to [112], recommended update rates are 1 kHz for a rigid surface and 5-10 kHz for 

a textured surface, while for transformable objects update rate should be kept as 

high as possible. Thus, to provide faithful haptic information of deformable objects, 

significant enough bandwidth may also be required. 

One can conclude from the data presented above that the QoS requirements 

for visual and haptic communications in telesurgical applications differ significantly 

from each other. Roughly speaking, haptic information is extremely sensitive to 
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communication delay and has almost zero tolerance to jitter, but requires compar

atively lower bandwidth and is very resilient to packet losses. Video, on the other 

hand, does require high bandwidth and low packet loss rate, however, it admits 

higher time delays and is relatively insensitive to jitter. This difference in QoS 

requirements lead us to a hypotheses that data communication in telesurgery can 

be decomposed into separate video and haptics communication subproblems. More 

precisely, these two type of signals can possibly be sent over different connections 

using different type of communication protocols that "fit" the respective QoS re

quirements. 

B.3 Protocols for Haptic Communication in the 

Internet 

B.3.1 T C P and UDP 

It was found experimentally [113; 27], that TCP is inadequate to support user 

interactions with the remote objects (environment, virtual environment, or another 

user) successfully. On the other hand, UDP gives a workable solution. However, 

it was observed [112] that neither TCP nor UDP satisfy QoS (Quality of Service) 

requirements of the haptic transmission. 

Why UDP provides better solution than TCP? 

• Haptic feedback is extremely delay sensitive. Both UDP and TCP do not pro

vide any delay guarantees. However, TCP implements reliable transmission, 

in particular, it retransmit lost/corrupted packets, which imply additional de

lays. 
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• Haptic applications would generally prefer timeliness to reliability - at any 

given moment the transmission of new packet is better than retransmission of 

the old one. However, TCP can not be told to forget old data. 

• Haptic applications are loss-tolerant (packet loss rate < 10% is admissible) -

no immediate need in reliable transport service provided by TCP. 

• Neither UDP nor TCP provides guarantees on transmission rate. However, 

TCP implements AIMD congestion control algorithm which has the following 

features: i) AI part of the algorithm increases sending rate until the point 

of congestion, which implies that TCP artificially creates congestions from 

time to time; ii) when congestion occurs, MD quickly decreases sending rate, 

while AI part acquires bandwidth significantly slower. Thus, sending rate is 

generally lower for TCP comparing to UDP. 

Why UDP is not good enough? 

• In terms of routing mechanisms, UDP relies on Internet's routing protocols 

such as BGP. In particular, solutions provided by Internet's routing protocols 

do not necessary lead to the shortest possible round-trip time delay. 

• IP does not support (on-line) traffic engineering. 

• UDP does not have any congestion control/congestion avoidance mechanism, 

therefore, occurrence of congestion may imply significant delays. 

What functionality can be added? 

• Minimum-Delay Routing 

• On-line Traffic Engineering (such as TeXCP); 
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• Possibly congestion control: 

- Congestion control is a part of TeXCP that guarantees stability of the 

overall TE scheme. 

— Example: DCCP - congestion control without reliability [114]. 

B.3.2 Example: TeXCP for Haptic Data 

TeXCP is an on-line distributed TE protocol that combines quick reaction to real 

time traffic demands with good stability/convergence properties [115]. TeXCP uses 

multiple precomputed paths to deliver traffic from ingress to egress router, and 

adaptively moves traffic from over-utilized to underutilized paths responding to real 

time traffic demands and conditions. To each ingress-egress pair, a TeXCP agent is 

assigned which is located in the ingress router and uses multiple precomputed paths 

to deliver traffic from the ingress to the egress. The TeXCP agent uses explicit 

feedback from the routers to discover path utilization, and adaptively moves traffic 

from over-utilized to underutilized paths using the load balancer. To guarantee quick 

reaction and absence of overshoots, oscillations, and instability, a light weight per-

path XCP-like controller is utilized. Below, we consider some of the main TeXCP 

components, and address modifications that can be made to these components in 

order to improve the communications of haptic data. 

Path Selection 

The ISP preconfigures TeXCP with a set of paths between each ingress-egress (IE) 

pair. The choice of these paths is based solely on topology and is independent of 

the state of each path. By default, TeXCP picks the shortest paths, where the path 

length is set to its propagation delay. 
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Probing Network State 

In order to keep track of the utilization of each path, a TeXCP agent maintains 

a probe timer which fires every Tp seconds. Every time when the timer fires, the 

TeXCP agent sends probes to each path to learn maximal utilization along the path. 

A router along the path compares the utilization reported in the packet with the 

utilization of its output link. If the utilization reported in the packet is smaller than 

the utilization of the router's output link, the router overwrites utilization in the 

packet with the new value. The egress node sends the content of the probe packet 

back to ingress node with the packet acknowledgment, thus informing the TeXCP 

agent about utilization along the path. 

Probe loss is an indication of failure along the path. If the probe is not acknowl

edged, the TeXCP agent exponentially increases it's estimate of the corresponding 

path utilization. As a result, failed and highly congested paths are quickly recog

nized. 

• In addition to the utilization of each path, the current single-trip time (STT) 

delay of each path can be determined. 

The Load Balancer 

The load balancer (LB) balances the traffic between available ingress-egress paths 

in order to keep the maximal utilization of the network as low as possible. 

• The load balancer may additionally rebalance the haptic data flows between 

available paths taking into account the STT delay of each path. 
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B.4 Conclusions 

Performing telesurgery over the Internet rather than over dedicated channels would 

greatly increase its accessibility and decrease cost. It was shown experimentally that, 

in telesurgical systems, visual and force feedback used simultaneously result in better 

performance comparing to the cases where visual feedback as well as force feedback 

were employed separately. It was observed, however, that the video and haptic 

information have very different QoS requirements. This implies that the video and 

the haptics signals can possibly be sent over different connections using different 

type of communication protocols that "fit" the respective QoS requirements. In 

the Internet-based telesurgery systems, the communication of the haptic data can 

probably be performed using UDP-like unreliable communication protocols with 

some additional features that may include minimum-delay routing, on-line traffic 

engineering, and possibly congestion control. 


