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Adaptive Wave Reconstruction Through
Regulated-BMFLC for Transparency-Enhanced
Telerobotics Over Delayed Networks

Navid Feizi
Mehrdad R. Kermani

Abstract—Bilateral telerobotic systems have attracted a great
deal of interest during the last two decades. The major challenges
in this field are the transparency and stability of remote force ren-
dering, which are affected by network delays causing asynchrony
between the actions and the corresponding reactions. In addition,
the overactivation of stabilizers further degrades the fidelity of the
rendered force field. In this article, a real-time frequency-based de-
lay compensation approach is proposed to maximize transparency
while reducing the activation of the stabilization layer. The al-
gorithm uses a regulated bound-limited multiple Fourier linear
combiner to extract the dominant frequency of force waves. The
estimated weights are used in conjunction with the relatively phase-
lead harmonic kernels to reconstruct the signal and generate a com-
pensated wave to reduce the effect of the delay. The reconstructed
force will then pass through a modulated time-domain passivity
controller to guarantee the stability of the system. We will show
that the proposed technique will reduce the force-tracking error
by 40% and the activation of the stabilizer by 79%. It is shown,
for the first time, that through the utilization of online adaptive
frequency-based prediction, the asynchrony between transmitted
waves through delayed networks can be significantly mitigated
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while stability can be guaranteed with less activation of the sta-
bilization layer.

Index  Terms—Adaptive filters, telerobotics,

transparency.

stability,

1. INTRODUCTION

ELEROBOTIC systems have extended the sensorimotor
T competence of human beyond physiological and physical
barriers, such as access, scale, and safety concerns in hazardous
environments. The technology has allowed human operators to
function remotely, also where the performance more than natural
ranges is needed while allowing for amplification of power and
precision. The versatility of telerobotic systems has attracted
a great deal of interest in the industrial sector and in space
and marine applications [1]. Later, the technology was adopted
in medical domain, such as surgery and rehabilitation [2]. In
addition, it is worth mentioning that the COVID-19 pandemic
has shown a greater need for telerobotics, especially in clinical
domain, to minimize the risk of infection transfer (please see [3],
[4], and references therein).

A successful example of leader—follower robotic teleopera-
tion is the da Vinci surgical system. However, haptic feedback
is not enabled yet in practical applications of telerobotics, while
the use of it is known to be an imperative need for telephysical
medicine, including telerehabilitation and telesurgery [5], [6].

One of the major challenges with force reflection in haptics-
enabled bilateral teleoperated systems is to provide transparent
force feedback while guaranteeing stability. In this regard, new
mechanical designs of actuators for haptic devices have been
investigated in [7] and [8]. In addition, several control archi-
tectures have been proposed to enhance the transparency for a
given haptic system. In this regard, an ideal teleoperation system
should reflect environmental forces to the operator in order to
accurately enable the remote perception of the environmental
dynamics in a stable manner [9].

In order to close the loop of teleoperation, several telerobotic
architectures have been proposed in the past two decades. A
two-channel architecture was proposed, as the very first bilateral
solution without providing pure transparency. Canceling the
interactional dynamics of the robots in the teleoperated system,
the Lawrence’s four-channel (LFC) design was proposed as the
first transparent teleoperation system [9]. LFC was modified to
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improve robustness against model uncertainties by introducing
local force controllers in the design of the teleoperation [10]. In
the extended LFC (ELFC) architecture, one of the feedforward
force channels is eliminated without affecting transparency.
This simplification addressed the complexity of the system
by reducing the number of channels to three [11]. In [12], a
modified ELFC (MELFC) was proposed in which the follower
coordinating feedforward module was also eliminated, leading
to a more simplified control architecture by reducing the number
of channels to two (the minimum possible), while enhancing the
transparency.

Although the abovementioned control architectures are stable
under ideal (delay-free) communication, they compromise the
stability in a delayed network [12]. The reason is that according
to the absolute stability theory, an ideally-transparent bilateral
teleoperation system is marginally stable [13]. Thus, even a
small delay, unmodeled dynamics, or sampling discretization
may affect system stability [14].

The stability of the bilateral teleoperated systems has been
investigated extensively in the literature, mostly using the pas-
sivity control theory and the small gain theory. This includes
our recent efforts published in [15]-[18]. Wave variable control
(WVCQ) is one of the very first proposed methods in the literature
designed based on the passivity theory to compensate for the
nonpassive behavior of the communication delay. Implementa-
tion of the WVC for two-channel and four-channel teleoperation
architectures can be found in [20]-[22]. However, WVC imposes
a considerable cost regarding degraded transparency due to
the conservative design. A different reputable stabilizer is the
time-domain passivity approach (TDPA), which utilizes a virtual
variable-damping factor based on the observation of energy flow
of the system, while taking into account the stability condition
based on the passivity control theory [23], [24]. Similar to WVC
and almost all stabilization schemes, TDPA also has detrimental
effect on the transparency of the rendered force field.

A large body of research has been conducted around improv-
ing the performance of TDPA stabilizers. Two-port TDPA was
introduced in [25] to reduce the conservatism by considering
bidirectional energy flow through communication channels. The
conservatism is further reduced in a two-port TDPA by consid-
ering the reflected energy of the follower robot controller in
the passivity observer formulation [26]. However, position drift
issue rises in two-port stabilizers due to the velocity modifica-
tion [18]. Position drift compensator was proposed in [27] and
[28] to address the mentioned issues with a two-port TDPA.
In another attempt, a transparency-oriented approach has been
implemented for the passivity control layer in teleoperation
systems to improve transparency [29]-[31].

Regarding performance improvement in a one-port TDPA,
power-based TDPA is proposed in the literature to provide
smoother force and velocity profiles, but it may result in a
more conservative formulation by overcompensating the neg-
ative power packets [32]. In addition to the above, a modu-
lated time-domain passivity controller (M-TDPC) is proposed
recently by the authors to also address the problem of nonpassive
environments, which is the second source of nonpassivity (be-
sides communication delay) and can challenge the performance
of several conventional passivity-based stabilizers. M-TDPC
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Fig. 1. Force versus velocity diagram for delay-free (blue) and delayed (black)
teleoperation. Positive velocity shows the pressing phase and negative velocity
shows the releasing phase. Red dots show the instances of phase change.

significantly reduces the conservatism of bilateral teleoperation
by embedding the estimation of the lower bound of the excess
of passivity (EoP) of the human biomechanics into the control
formulations [15]. EoP in this context quantifies the ability of
human biomechanics to absorb the mechanical energy during
human-robot interaction. Variable structure passivity signature
control (VSPSC) is proposed recently to further reduce the
complexity of nonlinear formulation, and result in smoother
outcomes in the power domain considering not only the lower
bound, but also the variability of the EoP of the user’s biome-
chanics [16]. The VSPSC design was extended by introducing
the concept of windowed energy, which provides the designer
with flexibility to switch smoothly between power and energy
domains. It benefits from the features of both domains and
reduces the drawbacks of pure energy-domain and pure-power-
domain designs [17].

Despite the extensive literature on guaranteeing the stability
and transparency of teleoperated systems (summarized above),
relatively low attention has been devoted to counteracting the
reduced transparency caused by the network delay and the cor-
responding asynchrony between action—reaction couples of in-
formation. It should be noted that even, in the best-case scenario,
when a delayed teleoperation system remains stable without the
intervention of the stabilizer, there is still a misperception of the
environmental dynamics because of the lagged-rendered reac-
tion forces, which affect the feel of causality of the user. Fig. 1
shows the visualization of the effect of delay between motion and
force in a pressing—releasing task in contact with a viscoelastic
wall. Positive velocity is associated with the pressing phase,
negative velocity is associated with the releasing phase, and red
dots show the onset of phase change. The figure graphically
demonstrates that in the delay-free scenario (shown in blue), the
reflected force increases with the start of the pressing phase and
decreases right after the start of the releasing phase. This leads to
the formation of a circular graph. However, by introducing delay
into the system (shown in black), it can be seen that the reflected
force continues to increase even after the start of the releasing
phase, and in the next cycle, the force continues to decrease after
the onset of the pressing phase. The introduced phase lag in the
force signal results in the skewness of the relationship between
force and velocity, affecting causality. This phenomenon, which
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only happens because of the communication delay, causes se-
rious misperception of the environmental impedance. Detailed
relevant discussion can be found in [33].

In this article, we propose a novel real-time frequency-based
model-free (i.e., not based on a model of the environment or
the operator) delay compensation to address the transparency
degradation issue due to asynchrony between action—reaction
couples in a haptics-enabled telerobotic over delayed networks.
The difference between this method and other transparency
improvement methods is that it reduces the existing delay by
predicting actions in the signal, which improves transparency
along with causality. The proposed algorithm can be added
as a modular component to any state-of-the-art stabilization
algorithm, including energy tank-based, as it will directly op-
timize the flow of the wave information by compensating for
the effect of the delay. So, it can be expected that the activation
of the stabilizer will be lower; thus, less deterioration of the
transparency can be expected.

The contributions of this article are as follows.

1) Anovel signal predictor based on the signal modeling with

a regulated bound-limited multiple Fourier linear com-
biner (R-BMFLC) is proposed. In the predictor, the fre-
quency decomposed signal model is used in conjunction
with phase-lead harmonic kernels to predict nondelayed
signals and compensate for communication delay.

2) The force transparency degradation problem due to asyn-
chrony between action—reaction couples and stabilizer’s
activation in delayed haptics-enabled telerobotic is ad-
dressed. This has been done by mitigating the effect of
the introduced phase lag by the network delay, which
also leads to minimizing the signal modifications by the
stabilizer in the system. This provides the operator as close
a feel as possible of the environmental impedance.

3) The performance of the system is evaluated through exper-
imental validation and a systematic grid simulation show-
ing that the proposed approach results in 40% reduction
of force modification and 79% reduction of activation of
the stabilizer.

The rest of this article is organized as follows. In Section II,
the preliminaries regarding the bound-limited multiple Fourier
linear combiner (BMFLC) are explained. In Section III, the
structure of the delay compensator model, implementation in
unilateral teleoperation, and required modifications for perfor-
mance improvement are explained. In Section IV, optimal design
parameters and a method for optimizing them are presented. Sec-
tion V represents the delay compensator along with a stabilizer
to guarantee stability in bilateral teleoperation. In Section VI,
experimental results and discussion for unilateral and bilateral
teleoperation with delay compensator are presented. Finally,
Section VII concludes this article.

II. PRELIMINARIES: SIGNAL MODELING WITH BMFLC

In this article, BMFLC is generalized for frequency modeling
of human hand motion signals used to compensate for the delay.
Conventional BMFLC has been used in [34]—[37] for real-time
signal filtering due to the corresponding low-latency in several
applications, such as modeling of physiological hand tremor of
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surgeons. In addition, recently, we have enhanced the design
of BMFLC to extract the dominant frequency of human hand
motion, relaxing the assumption of periodic behavior of the
signal and enriching the memory of the algorithm to separate the
low-frequency voluntary from the high-frequency pathological
motions [38]. The preliminaries regarding BMFLC are given as
follows.

A. BMFLC Concepts

In the BMFLC formulation, the harmonic model of the signal
is tracked based on the truncated Fourier series as follows:

B(wp—wa) . .
y(t) = Z a; sin <(wa + l) t) + b; cos ((wa + Z) t>
pare B B

(D
where [w,, wp] is the frequency window of estimation, /3 is the
number of harmonics considered for unit of frequency (repre-
senting the frequency resolution of the model), and a; and b; are
the coefficients of the Fourier model to be estimated adaptively.
The model shown in (1) can be rewritten as

y(t) = W(t)" X(t) )

where W (¢) is the vector of Fourier model coefficients (weights)
at time ¢, and X (¢) is the vector of harmonic kernels as follows:

1 k=0

sin(wgt) k=1,2,...,L+1 3)
cos(wpt) k=L+2,L+3,....,2L+1

X(t) =

where L is the total number of harmonics, which is 8 x (wp —
wa). A constant is included in the harmonic kernels to take into
account the zero frequency components. Having the input signal
d(t) and estimated signal y(t), the BMFLC estimation error is
defined as

e(t) = d(t) — y(t). @

The generation of the harmonic model of the signal will be
achieved through minimizing the estimation error e(¢) in real-
time. In [37], the least mean squares (LMSs) were commonly
used for BMFLC to optimize the linear regression model shown
in (4) and to estimate the coefficients. However, the slow conver-
gence of the LMS can result in significant estimation errors in the
implementation of the proposed delay compensator. Therefore,
other methods, such as recursive least square (RLS) [39] and
Kalman filter (KF) [40], have also been used in the literature
and by our team. In this article, we use an enhanced formulation
of RLS (explained later) for optimization of the regression (see
Fig. 2) to achieve faster and more reliable convergence and to
enhance estimation accuracy while securing a relatively low
computational cost [39].

Visualization of the formulation of the BMFLC-RLS signal
decomposer is shown in Fig. 2. The signal decomposer block
takes the desired signal as the input and returns Fourier coeffi-
cients in real-time. An initial estimation of the desired signal is
generated using the harmonic kernels and the initial values of the
Fourier model coefficients. The estimation error signal goes to
the RLS optimizer for online optimization of the Fourier model
coefficients for the next sample.
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Harmonic Kernels
Generator

Fourier Coefficients

Fig. 2.

BMFLC-RLS signal decomposer.

It should be noted that the model used in BMFLC can signif-
icantly grow depending on the chosen frequency resolution. In
the context of haptics rendering, lower computational cost is of
prominent importance because calculations need to be done in
real-time with a relatively high sampling rate. We have previ-
ously discussed that the high computation cost of the KF for BM-
FLC may challenge real-time calculations for high-frequency
resolution in haptics-rendering applications (depending on the
speed of the processor used) [38]. The LMS and RLS methods
take O(IV) operations; however, KF takes O(3 N?) operations
per estimation [41].

It should also be noted that the cost function of RLS is defined
based on the least-square criterion as

t
J(t) =Y W) 5)
i=0
where J(t) is the cost function at time ¢, A is the exponential
forgetting factor integrated into the RLS algorithm, and e is the
BMFLC estimation error.
The RLS algorithm derives as

W(t+ At) = W(t) + [R(H)] " X (t)e(t) (6)

where

R(t) = AR(t — At) + X (1) X T (¢) (7

where R(t) is an estimation of the correlation matrix at time ¢, A
is the exponential forgetting factor, e is the BMFLC estimation
error, and At is the sample time [42].

The exponential forgetting factor A plays an important role
in RLS implementation for system identification. A A close to
one increases the stability of the algorithm; however, it makes
the algorithm slow, leading to reduced tracking accuracy. On
the other hand, a A close to zero increases the sensitivity of the
algorithm to the recent values thereby increasing the tracking
accuracy, but with higher misadjustment that may affect stability.
Thus, the exponential forgetting factor has to be tuned precisely
for high accuracy estimation. More details can be found in [43].

Remark 1: In signal modeling with BMFLC, the signal is
decomposed into Fourier coefficients (i.e., the weights vector)
and harmonic kernels (i.e., the reference vector). The Fourier
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Fig.3. One-port BMFLC lead unit. y(t) is the desired signal, y(¢ — ¢4) is the
delayed signal after communication, and y, (¢) is the compensated signal.

coefficients are time-varying weights, which are estimated by
the RLS algorithm in real-time. This is further discussed later
in this article since conventional RLS assumes a constant model
(though there are some variations, which provide flexibility).
The harmonic kernels are comprised of orthogonal sinusoidal
signals with fixed amplitude and frequencies. Knowing the fre-
quency window [w,, wp] and the number of harmonics 3, which
are constant parameters, the harmonic kernels can be regenerated
in the signal reconstructor without having access to the actual
harmonic kernels that have been used in the signal decomposer.
This is used in conjunction with the Fourier coefficients W to
reconstruct the input signal in the regenerator.

III. DELAY COMPENSATION BASED ON R-BMFLC-RLS

In this section, a model-free delay compensation method is
proposed to counteract the communication delay. The proposed
BMFLC delay compensator works based on the idea of the
reconstruction of the signal using the estimated Fourier coeffi-
cients in conjunction with a lead phase-based harmonic kernels
(harmonic kernels with phase lead with respect to the corre-
sponding phase of the Fourier coefficients). The manipulation
of the relative phase of the harmonics affects the phase of the
reconstructed signal and reduces the lag caused by the delay.
In other words, shifting the harmonics forward in time, with
respect to the corresponding Fourier coefficients, results in an
estimation of time-shifted reconstructed signal. This idea can be
implemented in two different configurations, each has specific
advantages.

A. One-Port Delay Compensation Unit

In this configuration, all the components of the delay com-
pensator, including signal decomposer and signal regenerator,
are encompassed in a single unit on the follower side (see
Fig. 3); therefore, the BMFLC decomposes the delayed signal.
As described in Section II, the regeneration of the harmonics in
the signal regenerator allows manipulation of the phase of the
harmonic kernels to compensate for the delay. Therefore, the
required relative phase lead of the harmonic kernels provides
by the time feed of the second harmonic kernels generator.
Thus, multiplication of the estimated Fourier coefficients with
phase-based lead harmonic kernels (not the original harmonic
kernels) results in the reconstruction of a phase-based lead
estimation of the input signal. The math is explained as follows

Authorized licensed use limited to: New York University. Downloaded on December 23,2022 at 06:14:02 UTC from IEEE Xplore. Restrictions apply.



2932

[ "W W(t-ty) | , |
y(©), BMFLC 3 suf— . Signal yi(t)
I Decomposer ||+ | Regenerator |
I ' I I
| L
: X(t) HT | Communication : X(t) HT :
| 5 | | 5
LT Harmonic | T(t) Harmonic | |
Kernels | | 75! Kernels ||
: Generator | | : Generator | !
_______________ |
Separated Delay Compensationor
Fig. 4. Two-port BMFLC delay compensator. y(¢) is the desired signal and

yr(t) is the compensated signal.

and conceptualized in Fig. 3:
yr(t) =Wt —ta) "X (t — ta+ta) (8)

where t4, is an estimated lower bound of the delay, which is used
as the time shift that has been added to the harmonic kernels in
the harmonics regenerator, and ¢, is the actual network delay.
Remark 2: If tg, is equal to ¢4, the model compensates for
the phase lag introduced to the harmonic kernels due to network
delay. Various network delay measurement methods, such as the
global-positioning system and IEEE 1588 standard synchroniza-
tion, autoregressive, and neural network-based model, have been
proposed in [44]-[47]. However, it is often not trivial to have the
exact value. In this article, we assume an estimated lower bound,
which can be achieved in practical applications. The more ac-
curate the estimate is, the higher the transparency. It should be
noted that due to the modular design of this article, the force
feedback is passed through a stabilizer, which guarantees the
stability of the system regardless of the changes of transparency.
Using the approach proposed here, the effect of the time delay
for each kernel can be directly calculated, and therefore, the
effect of delay-induced phase lags on the regenerated harmonic
kernels is significantly reduced, and thus, the effect of the delay
is also reduced significantly for the reconstructed signal (yr,(t))
when compared with the original delayed signal (y(t — t4)).

B. Two-Port Delay Compensator

In this configuration, the signal decomposer unit is placed on
the leader side and the signal regenerator is on the follower side,
separated by the communication channel. Thus, the BMFLC
decomposes the nondelayed signal, and the estimated Fourier co-
efficients (not the actual signal) are sent to the follower through
the communication channel. The signal regenerator estimates
the signal using the delayed Fourier coefficients in conjunction
with the same harmonic kernels, which were utilized in signal
decomposition (see Fig. 4). The equation for this system is

yL(t) = W(t —ta)" X (t) 9)

which is a special case of (8) when tg, is equal to .

A significant benefit of the two-port configuration is that the
phase lead of the harmonic kernels with respect to the Fourier
coefficients automatically applies equal to the phase lag due
to delay. Therefore, estimation of the network delay is not
required. In this configuration, the signal decomposer unit and
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the signal regenerator unit have to be synchronized. This can
be easily done by initializing both units at the same time. The
limitation of this implementation in comparison to the one-port
delay compensation is that the g, is intrinsically equal to %4,
disabling manipulation of the relative phase of the harmonic
kernels with respect to the Fourier coefficients (the benefits of
this are explained in Section IV).

Remark 3: Tt should be noted that under a hypothetical ideal
condition when the Fourier coefficients of the input signal
are constant, both approaches proposed above can completely
compensate for the delay since it decomposes the signal into
harmonics and applies the corresponding phase shift compen-
sation (which is different for different kernels under the same
time delay) to each kernel. However, in practice, even though
the natural frequency of human hand motion is typically below
3 Hz [48], the Fourier coefficient may still slowly change. As
a result, due to the nonperiodic behavior of the motion, even
though we can track the Fourier coefficient using the technique
proposed here, it is not possible to perfectly compensate for the
effect of delay. However, the corresponding effect can be sig-
nificantly minimized depending on the accuracy of the estimate
of the time delay and adjustment of the compensation factor (as
shown in the results) in one-port implementation.

In this article, we have revisited the conventional formulation
of BMFLC by changing the LMS core for estimation and con-
duction an optimization step to find the most optimal settings
of the hyperparameters. The optimization is conducted since
for any adaptive filtering (such as the one utilized here), the
choice of hyperparameters can be very critical in the resulting
performance. In the literature, this is often left for the designer
to choose.

Regarding the adaptive core utilized in this article, we applied
following two major changes to the conventional choice utilized
in the literature for BMFLC.

1) Utilization of the RLS formulation with an embedded vec-
tor of forgetting factors to follow the nonperiodic changes
of the Fourier coefficients.

2) Applying a regularization factor to the cost function of
RLS, which enhances the convergence of the estimated
coefficients as explained further.

C. Forgetting Factors

The conventional truncated Fourier series formulation of the
BMFLC utilizes an infinite memory of the input signal, which
is suitable only for periodic signals. However, if the frequency
of the signal changes over time, more weights should be con-
sidered for recent information. Therefore, to perform real-time
estimations of the signal relaxing the assumption of periodic
behavior, a forgetting factor of «, which continuously adjusts
Fourier coefficient update dynamics, is considered to improve
(6). Thus, (6) is modified as follows:

W(t+ At) = aW (t) + [R(t)] X (t)e(t). (10)

The sliding memory window, defined by « in (10), mitigates
the effect of old history of the signal and allows the model to
focus on recent behaviors. Lower values of o resemble faster
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forgetting dynamics of the memory. In other words, « defines
the pole of the dynamics of the forgetting memory, and it can be
chosen based on the duration of the needed memory as
1
a=3p, and = AtTp (1D

where T}, is the width of the memory window, p is the minimum
gain within the time window, and At is the sample time.

Remark 4: Although a forgetting factor A is classically inte-
grated into the original RLS algorithm as shown in (7), A only
mitigates the effect of the history on the correlation matrix R.
It, therefore, does not address the abovementioned issue. Thus,
introducing the model forgetting factor « is necessary, despite
using A.

D. Regularization

Adding forgetting factors o and A provides flexibility to the
changes in the model. However, since they allow the model to
have variable Fourier coefficients, the size of the solution space
is infinity. In order to force the model to reduce the size of
the solution space and minimize the variation of the estimated
coefficient, a regularization term is added to the cost function of
the RLS algorithm, reducing the sensitivity in the system to the
changes of the frequency of the reference signals by pushing the
weights to remain small in the multiobjective cost function [49].
The formulation of the R-BMFLC decomposer is

J(t) = ZA“Z’[e(i)P +0[W (1)l (12)

where ¢ is the regularization parameter and other parameters are
as defined previously.

Based on the regulated cost function given in (12), the RLS
algorithm can be calculated as

W(t+ At) = aW (t) + [R(t) + 61 ' X (t)e(t)  (13)

where R(t) is the correlation matrix, as mentioned in (7).

IV. OPTIMIZING THE DELAY COMPENSATOR PARAMETERS

As explained in Section III, the proposed R-BMFLC model
has several hyperparameters that need to be designed for high
accuracy. The choice of 5 and ¢ have been discussed in the liter-
ature to accurately model human hand motions [38]. However,
the following hyperparameters, which are specifically proposed
in this article, should be automatically designed to secure a
high performance for the motion analyzer. The aforementioned
parameters (to be designed) are as follows.

1) The maximum bound of harmonic kernels frequency

window wy.

2) The forgetting factor of correlation matrix A.

3) The forgetting factor of the model .

In this article, the Interior-point method was used to optimize
the parameters based on experimental data collection for the
system for delays (t4) ranging from 50 to 150 ms with the
step size of 10 ms and upper bound frequency of harmonic
kernels (wp) from 1 to 5 Hz with the step size of 0.5 Hz. The
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Fig. 5. Power spectrum density of the optimization input signals y(t). Each
diagram shows the power spectrum density of each input signal.
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Fig. 6.  Average of the normalized cost function for optimals o and A with

respect to the upper bound of the frequency of harmonic kernels. Reported
values are the average of normalized RMSE (NRMSE) for the different input
signals and network delays.

input signal y(¢), which has been used for the hyperparame-
ters optimization procedure, was captured from six simulated
60-min rehabilitation tasks, which were conducted by a virtual
reality system designed for robotic rehabilitation. Point-to-point
reaching motion from home to target position was selected for
the simulated rehabilitation task (see Figs. 12 and 15). The fre-
quency of target switching ranged from 0.25 to 1.5 Hz generated
using the virtual reality environment and the Quanser HD? robot.
Fig. 5 shows the power spectrum density of the captured signals.
The captured position signal has been chosen as the input signal
for the optimization procedure.

Since the optimization may deviate from a convex formula-
tion, each problem has been conducted with 40 random initial
values in order to find the best solution.

Root mean square error (RMSE) has been chosen for the cost
function of the optimization problem as

1 n
C"Jb;td (av)‘) = \/TL tho (yL(Wb,td,a,)») (t) - y(t)>2 (]4)

where t, is the network delay, wy is the upper bound frequency
of harmonic kernels, and n is the number of samples.

Fig. 6 shows the optimization results. This figure demon-
strates the average and the error bar shows the standard deviation
of the normalized value of the cost function shown in (14). The
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Fig. 7. Normalized cost function with respect to the model forgetting factor

« for different network delays. Reported values are the average of NRMSE for
the different input signals.

average values are calculated using following equation:

Z > (NCy(we, ta))

7_1 jel

I ={50,60,...,

ANC(wp)

150} (15)

where i represents the input signals, j is the network delay, and
NC is the normalized cost function as follows:

Cwb,td (a )‘)
NES SN

where a and A are the optimum values of the forgetting factors,
calculated through optimization.

Fig. 6 shows that 3 Hz is the optimal value for the upper
bound of the frequency window of the harmonic kernels. The
calculated ov and A for this window are (0.40 + 0.02)2*1°* and
(0.32 4 0.01)2<10°% respectively.

NC wb,td (16)

A. Effect of Forgetting Factors and Regularization

The optimums « and A were determined through an optimiza-
tion procedure along with wy. In this section, an investigation
has been done to demonstrate the effect of each forgetting factor
and regularization factor on the output signal individually.

Fig. 7 shows the NRMSE with respect to the model forgetting
factor « for different network delays. In the experiment, the
hyperparameters wy, A, and § were selected to be 3, 0.32, and
0.1 Hz, respectively. As can be seen, the optimum value of «
depends on the network delay. The smaller the «, the shorter is
the memory of the system regarding Fourier coefficients. This
leads to less contribution of the previously estimated coefficients
resulting in abrupt changes in the estimations. On the other hand,
the closer the value of « to one, the higher is the contribution of
the old coefficients in the estimation, resulting in sluggish behav-
ior of estimation of the Fourier coefficients and less modeling
accuracy.

The influence of A on the output signal is shown in Fig. 8.
The experiments were conducted with the hyperparameters wy,
«, and 0 to be 3, 0.4, and 0.1 Hz, respectively. The influence
of A on the output signal is almost similar to the effect of a.
Small X increases the sensitivity of the RLS algorithm to recent
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Fig. 8. Normalized cost function with respect to the correlation matrix forget-
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NRMSE for the different input signals.
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Fig.9. Normalized cost function with respect to the RLS regularization factor

¢ for different network delays. Reported values are the average of NRMSE for
the different input signals.

values leading to fluctuations of the correlation matrix. However,
a A close to one results in the slow dynamics of the correlation
matrix and higher estimation error.

Fig. 9 shows the effect of the regularization parameter on
the output signal when wy, A, and « are 3, 0.32, and 0.4
Hz, respectively. The smaller the ¢, the smaller is the RLS
regularization leading to large and high-frequency-estimated
coefficients. This increases the estimation error, especially in
larger network delays, because the high-frequency components
encounter larger phase lag due to delay, making the BMFLC
delay compensator sensitive to high-frequency components. On
the other hand, large d increases the weight of the regularization
term and pushes the estimated coefficients to zero, leading to
larger modeling errors.

B. Compensation Factor and Overcompensation

A compensation factor £ > 0 is introduced to the one-port
BMFLC delay compensator to control the amount of reference
signal shifting as

toh = &ta- A7)

In this regard, 0 < £ < 1 represents the undercompensation
and £ > 1 represents the overcompensation (shifting the signal
in time more than the amount of delay). In this article, based on
the conducted experimental results, the behavior of ¢ from 0 to
2 was investigated to understand the effect of the compensation
factor on the estimation error. Fig. 10 shows the NRMSE of the
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Fig. 10. NRMSE of the predicted signal with respect to the compensation

factor £. Reported values are the average of NRMSE for ten different human
input signals (duration = 30 s) with 100-ms delay.

compensated signal. The reported value is the average of the
NRMSE for communication delay from 50 to 150 ms and input
signal frequency from 0.25 to 1.50 Hz.

As shown in Fig. 10, the least estimation error has been
achieved when ¢ = 1.2. This observation suggests that a slight
overcompensation of the delay can enhance the performance of
the system. The main reason is due to low-pass filters in the
system, which is added to compensate for the effects of sensor
noises. In addition, possible slow variations in the Fourier’s
coefficients (due to the variation of the frequency content of
the signal) may result in uncompensated harmonies in the re-
construction phase, the effect of which can be mitigated by
slight overcompensation of the effect of delay, as seen in our
experimental results. The compensation factor ¢ adjusts the
relative difference between the phase of the harmonic kernels
and the Fourier coefficients. The higher the &, the larger will
be the phase difference, thereby resulting in higher sensitivity
of the compensator to high-frequency components of the signal
and more distortion of the estimate. This is the reason for the
increase in the variance of the NRMSE with an increase in &.

V. MODULAR COMBINATION WITH STABILIZATION LAYER

An important aspect after modulating the signal using the
proposed delay compensation layer is to guarantee the stability
of the system. In this article, we propose a modular design, which
allows for separating the transparency maximization (using the
proposed delay compensator) and stabilization layers of the
system.

In order to guarantee the stability of the system, an M-TDPC
stabilizer has been implemented for the force wave reconstructed
by the delay compensator [15]. M-TDPC observes the flow
of energy, which may tend toward nonpassivity and will add
enough damping to stabilize the system, taking into account the
EoP of the user’s limb. By placing the stabilizer after the delay
compensator (see Fig. 15), the shortage of passivity (SoP) of
the communication channel in addition to the potential SoP of
the delay compensator will be monitored and compensated for
using the M-TDPC algorithm, since the M-TDPC compensates
for the SoP in the whole system and guarantees stability. In
other words, any intervention of the proposed delay compensator
will be validated considering the stability condition, using the
M-TDPC algorithm on the fly.
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Fig. 11.  Experimental setup. Left: Quanser HD? haptic device. Right: Quanser
rehabilitation robot.

Remark 5: It should be noted that no assumption on the
passivity, linearity, or autonomous behavior (time-dependent)
of the environment has been made in the R-BMFLC delay
compensator formulation, and the stabilizer can stabilize the
system for any environment.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, the result and analysis of the effect of the
delay compensator and its performance in the unilateral and the
bilateral teleoperation system, as explained in Section V, are
presented.

A. Experimental Setup

Fig. 11 shows the experimental setup that has been used to
verify the effect of the delay compensator in unilateral and bilat-
eral teleoperation. The leader robot was a Quanser rehabilitation
robot (by Quanser Inc.), and the follower robot was a Quanser
HD? haptic device (by Quanser Inc.). The network between the
robots was simulated and established in MATLAB Simulink.
A virtual environment consisting of a 22-cm free motion and a
viscoelastic wall with animpedance of Z, = 5 + 400/s has been
applied to the follower robot. This virtual environment simulates
noncontact, in-contact, and the transition phase in teleoperation.
The equation for the virtual environment is

0 p(t) < 22
frf(t) = {

400(p(t) — 22) + 5%p(t) p(t) > 22

(18a)
(18b)

where p is the distance of the end effector of the follower robot
from the home position. A virtual reality system has been used
to guide the operator through performing a predefined point-to-
point task with different frequencies.

B. Unilateral Teleoperation

The R-BMFLC delay compensator has been applied to the
motion signal in a unilateral teleoperation system to verify
the corresponding performance (see Fig. 12). Ten random 1-D
humanhand motion trajectories have been captured and fed to
the communication channel with 100-ms network delay. The
delayed signal y(t — t4) is then fed to the delay compensation
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Fig. 12.  Block diagram of the unilateral teleoperation system with R-BMFLC
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Position (m)

Weights

Error (m)

Fig. 13. Results of the unilateral delayed teleoperation with implemented
delay compensator for a human hand motion trajectory signal. Communication
delay is 100 ms. (a) Position signal before the communication channel, after the
communication channel, and the compensated signal illustrating the eliminated
phase lag. (b) Estimated weights of the R-BMFLCs. (c) R-BMFLC estimation
error and delay compensator estimation error. Horizontal axes are time (s).

unit. The results for one captured motion signal are shown in
Fig. 13.

Fig. 13(a) shows the input signal y(¢) to the network, delayed
signal y(t — t4), and compensated signal yr,(t — t4). As can be
seen in the figure, the phase lag introduced by the network delay
to the signal is eliminated, and the output of the compensator
matches well with the signal that enters the communication
channel.

Fig. 13(b) shows the Fourier coefficients estimated by the
R-BMFLC. The stability of the weights vector and their
responsiveness to the input signal confirm the efficacy of the
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Fig. 14. NRMSE of delay compensated signal versus communication delay

for two £ values. Results are for one-port configuration. £ = 1 also shows the
results for two-port configuration. Reported numbers are the average of ten
different human input signals.

regulated cost function and forgetting memory along with their
optimal tuning through optimization.

Fig. 13(c) shows the delay compensator estimation error. It
can be seen that the compensator estimation error is within
0.01 m, which is around 3% of the amplitude of the position
signal. It can also be seen from Fig. 13(c) that the compen-
sator shows the highest error when the direction of the motion
changes. This is because there are high-frequency components in
the signal when the direction of motion changes, which leads to
less estimation accuracy. However, the overall small estimation
error validates the efficacy of the proposed approach.

A holistic analysis has been done on the estimation error of
the delay compensator to demonstrate the effect of delay in the
estimation accuracy. For this, the performance of the system
was experimentally evaluated for a range of delays from 10 up
to 200 ms. Fig. 14 shows the relation between NRMSE and
communication delay for two compensation factors £ = 1 and
& = 1.2 for the one-port configuration. It should be noted that
the results for the two-port configuration are the same as those
for the one-port configuration when & = 1. As can be seen in
the figure, the system performance was significantly improved
using the proposed method. The result confirms the performance
of the system for delays lower than 200 ms (one-way). For higher
values of delay, the proposed compensation cannot enhance the
performance, and this is due to exaggerated phase asynchrony
between the compensated kernels and the variable Fourier coeffi-
cients during very long delays. Considering the existing internet
technology, delay of 200 ms is technically very high and does not
exist in a wide range of applications. As a result, the proposed
method can cover a wide range of applications. Enhancing the
performance of the system for very large delays (more than
200 ms) is one of the lines of our future work and can expand
the applications for very slow communication.

C. Bilateral Teleoperation

A telerobotic system with the MELFC control architecture
has been implemented (see the schematic shown in Fig. 15). The
delay compensator unit has been implemented in one-port and
two-port configurations for the reflected force feedback signal
to counteract the delay imposed by the communication channel
on the force signal.
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Fig. 15. Block diagram of the MELFC bilateral teleoperation system with
R-BMFLC delay compensator and M-TDPC stabilizer.

Figs. 16 and 17 show the results for a haptics-enabled point-
to-point task with 60-ms communication delay for one-port
(¢ = 1.2) and two-port delay compensators, respectively. For
the first 12 s, the system has been running when the proposed
compensator was OFF. At ¢ = 12 s, the delay compensator was
activated.

Figs. 16(a) and 17(a) show the environmental force and
reflected force feedback to the leader robot. By comparing
signals before and after the activation of the delay compensator,
following two critical phenomena can be observed.

1) The phase lag of the reflected force feedback signal is

eliminated using the proposed approach.

2) The deviation of the reflected force due to the injected
damping by M-TDPC stabilizer is significantly reduced,
and the system exhibits improved force transparency.

It can be observed that the reflected force matches perfectly
with the environmental force leading to ultimate force trans-
parency even with delayed teleoperation. This can also be veri-
fied in Figs. 16(e) and 17(e), in which the absolute value of the
force signal error in (19) is shown. The absolute value of the
error is reduced drastically by 70% and 40% in one-port and
two-port configurations, respectively, after the activation of the
delay compensator.

Overshoots of the estimated signal can also be seen in
Figs. 16(a) and 17(a) with the activation of the stabilizer. Al-
though the overshoots are not significant in comparison to the
amplitude of the signals, their influence on the perception of the
environmental impedance by the human user will be investigated
in future research.

eforce(t) = fleader(t) - fenvironment(t)~

Figs. 16(b) and 17(b) show the leader and follower velocity.
Although the delay compensator is implemented for the force
signal only, the corresponding indirect closed-loop effect on the
velocity signal can be seen in the velocity signal. Less activation
of the stabilizer is also seen (by 53% and 64% in one-port and
two-port configurations, respectively), which leads to smoother
velocity, as marked on the diagrams.

Figs. 16(c) and 17(c) show the input and output signal to
the delay compensator representing the corresponding effect on

19)
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the force signal. It can be concluded from the figure that the
delay compensator adds phase lead to the signal and accurately
counteracts communication delay.

The estimated Fourier coefficients by the R-BMFLC for the
Fourier model are shown in Figs. 16(d) and 17(d). It has been
observed that in the first 10 s (transient model population phase),
the Fourier coefficients are fluctuating. However, the added
regularization term and forgetting factor limits the coefficients
prevented divergence.

Figs. 16(f) and 17(f) illustrates the activation of the M-TDPC
stabilizer before and after the activation of the delay com-
pensator. In order to keep the result in an observable range,
the square root of the stabilizer’s activation is reported. Less
activation of the stabilizer by 53% and 64% for one-port and
two-port configurations, respectively, with the implementation
of the delay compensator show that the delay compensator has
resulted in the lower SoP, which needed to be compensated by
the stabilizer.

Fig. 18 shows the reflected force feedback (leader force)
versus leader velocity for two point-to-point tasks with an active
one-port R-BMFLC delay compensator and two same point-to-
point tasks without delay compensator. This diagram shows the
force feedback reflected to the operator versus their velocity.
As shown in Fig. 1, under delay-free bilateral teleoperation, the
sign of the slope of the reflected force should change with the
change in the direction of motion. For example, at the onset of
releasing phase, the force feedback starts to reduce, as expected
when someone takes his/her hand out of the environment. This
forms a round force—velocity diagram, as shown in Fig. 1. It
should be noted that the intrinsic damping of the environment
results in deviations from a perfect circle. The diagram gets an
oblique oval shape in delayed teleoperation due to the added
phase lag, which is significantly enhanced using the proposed
approach.

InFig. 18, it can be seen that the activation of the compensator
has made the diagram smoother and closer to an ideal round
shape. More specifically, the effect of the delay compensator can
be seen in two parts of the figure, as explained in the following.
First, the extra force and velocity fluctuations in the noncompen-
sated graph are almost eliminated using the proposed approach,
which is because of the less intervention of the M-TDPC stabi-
lizer in the system. This is the same effect as marked in Fig. 16(a)
and (b) and Fig. 17(a) and (b). Second, the reflected force reduces
sooner after the start of the releasing phase. This is because of
the compensation for the force signal delay (see the marked
top-left area of Fig. 18). The abovementioned improvements in
the force tracking lead to a better perception of the environmental
impedance for the operator.

We also used a force error index, as defined in the following
equation, for better demonstration of the effect of the delay
compensator in the improvement of the force transparency. In
this regard, we have

n 0.5
Force error index = < / ez . (t)dt>
0

where egee 18 as in (19). In addition, we introduced the sta-
bilizer’s activation index as an indicator of the amount of
the intervention imposed by the stabilizer in the teleoperation

(20)
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Fig. 16. Results of bilateral teleoperation using one-port delay compensator. The first 12 s demonstrate results when the delay compensator was deactivated. The
delay compensator was activated from t = 12 s to the end (the area shaded in gray) with £ = 1.2. (a) Environmental and leader force signals. It shows reduced
phase lag and improved deviation of the leader force. (b) Leader and follower velocity. It demonstrates the increased smoothness of the velocity signal. (c) Input
signal to delay compensator and compensated signal. (d) Estimated weight of the Fourier model. (e) Absolute error of the force signal, illustrating the improved
force transparency. (f) Square root of the stabilizer’s effort. Horizontal axes are time (s).

where « is the activation gain of the M-TDPC stabilizer. It

should be noted that the lower value of both aforementioned

indexes results in a more realistic perception of the environmen-

e L "o, tal impedance for the operator. The mentioned parameters are
Stabilizer’s activation index = /0 o (t)dt @D ysed in the following experimental analysis.

system as
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(f) Square root of the stabilizer’s effort. Horizontal axes are time (s).

activation index versus compensation factor £ is shown. The
minimum achieved percent of changes in force error index is
—40% at ¢ = 1.2. The results conform with the results achieved
in the unilateral teleoperation (see Fig. 10) and validates the per-
formance of the proposed system. The percent of changes of the

Fig. 19(b) shows a holistic analysis of the performance of the
system for one-port compensator under a variable communica-
tion delay that has been triangular wave with 60 ms minimum,
100 ms maximum, and 0.5-Hz frequency, as shown in Fig. 19(a).
The percent of changes in the force error index and stabilizer’s
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maximum, and 0.5-Hz frequency.

average of stabilizer’s activation index reduces with the increase
of £. It gets to —79% at & = 1.2 and reaches close to —100%
at £ = 2. This means that overcompensation for force signal
also compensates for the existing delay of the velocity signal
as well in the bilateral formulation. This phenomenon leads to
less activation of the stabilizer. For the two-port configuration
under the same delay condition, the force error index and the
stabilizer’s activation index were determined to be —32.4 £ 2.3
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and —61.7 £ 7.2, respectively. Close numbers to the values
shown in Fig. 19(b) for £ = 1 verify that the performance of
the two-port configuration is the same as the performance of the
one-port configuration when £ is equal to one.

As explained above, the best performance in terms of trans-
parency improvement has been achieved using the one-port de-
lay compensator when £ = 1.2, which requires known network
delay. In this article, it has been assumed that the communication
delay is variable, but known for the one-port BMFLC delay com-
pensator. However, in most cases, in reality, the network delay
has to be estimated using the methods explained in [44]-[47];
therefore, delay estimation accuracy may affect the accuracy
of the delay compensator. Investigation of the effect of delay
estimation accuracy on the delay compensator is another line of
future research. The result achieved using the two-port delay
compensator, which does not require delay estimation, also
showed transparency improvement both in terms of force error
and mitigation of the stabilizer’s activation. This method can be
considered as an alternative when the estimation of the network
delay is not accessible.

VII. CONCLUSION

In this article, a new wave prediction method was proposed
based on signal modeling with an R-BMFLC frequency decom-
poser and two implementations were investigated. The predictor
was used to counteract the communication delay in telerobotics.
An optimization procedure was carried out based on a sys-
tematically designed experimental point-to-point tasks to cal-
culate the best design parameters of the delay compensator. The
performance of the delay compensator and the corresponding
effect on bilateral teleoperation with M-TPDC stabilizer were
verified through experimental validation. Experimental results
showed that implementation of the delay compensator led to
the elimination of the phase lag of the reflected force feedback.
It was shown that the proposed system was able to enhance
the force—velocity transparency profile, resulting in a smoother
shape and a convex relationship, which subsequently led to better
perceptual expectation of the user. In addition, the results showed
that the stabilizer’s activation could significantly drop by 79%,
while the force tracking was improved. Furthermore, smoother
velocity was observed due to the less activation of the stabilizer.
The proposed delay compensator was designed to be modular
and to be applicable for a wide range of telerobotic applications.
Improving the compatibility of the proposed system with higher
frequency signals and investigating the effect of the accuracy of
the network delay estimation on the proposed delay compensator
are the main areas of future research.
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