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Abstract—From chalkboards to whiteboards to interactive
digital solutions, significant progress has been achieved in the
past decades from the perspective of technological advances.
Applications of interactive whiteboards are manifold and span
across classrooms, business meetings and industrial practices alike.
In this paper, we explore the convergence of several technological
advances towards as single focal point—user experience with
control system design in an extended reality (XR) environment.
The main research question is related to understanding the aspects
of using an interactive whiteboard in an XR environment with a
specific manipulator that is represented by a specialized physical
pen that appears to the user in extended reality while being
tracked in the real environment. Furthermore, we also provide
the description of the proposed testing system involving several
software environments and describe the type of control design
experiment that is performed. Some experimental results are
presented and discussed.

Index Terms—Fractional PID control; Control design; Software
implementation; Extended Reality; Human-Machine Interaction

I. INTRODUCTION

The rapid pace of technological development clearly ne-
cessitates introducing changes into the knowledge transfer
model used in educational institutions [1], [2], [3]. At the same
time, old teaching methods, including the classic chalkboard
or whiteboard instruction style are still relevant, though now
comprise only a part of the instructor’s toolbox. From literature,
it becomes apparent that adding interactivity to the classic
whiteboard experience can enhance learning outcomes [4].
When it comes to instruction related to system modeling topics
and automatic control design, the interactive demonstration of
various processes appears to be highly relevant [5], [6], [7].

On the other hand, many additional possibilities that signif-
icantly complement the interactive instructions are afforded
by the application of extended reality (XR) [8]. For example,
using the concept of digital twins, one can design a virtual
laboratory experience for control system design [9] which is
especially helpful if the physical lab becomes inaccessible due
to a global health emergency [10].

To make the digital whiteboard experience more natural
means that a suitable physical manipulator representing a
marker or pen is required. Recent studies clearly show that
using hand and finger tracking for writing on an artificial
whiteboard is not ideal [11] and that users prefer a manipulator
with a precision grip for interactions with the whiteboard rather
than the typical XR controller such that comes bundled with
Oculus Rift or HTC Vive [12]. In this study, we evaluate the
Logitech VR Ink Pilot Edition pen.

Next, taking into consideration a typical control systems
curriculum in the universities, sufficient coverage of fractional
calculus based modeling and control [13] as a generalization
of classical modeling and control concepts is still missing from
most study programs even though fractional-order proportional
integral derivative (FOPID) controllers have been shown to
offer benefits in industrial control loops [14] compared to
ordinary PID controllers. Therefore, to improve on this aspect,
some effort was exhibited in the past to create MATLAB-based
interactive tools to provide a more clear view of the benefits
of this generalization in control applications including the
BODEFOPID tool presented in [15]. To implement fractional-
order modeling and control in this effort, the FOMCON toolbox
for MATLAB is used [16].

Thus, combining the above into a coherent contribution is
the main purpose of the work described in the present paper.
Looking forward, further convergence of technologies could
result in a more involved user experience where interactive
whiteboards, digital twins, Internet of Things, and machine
learning are concerned [17]. The envisioned goal of the research
of which this effort is but a part of is to achieve a truly
immersive experience for the user—irrespective of the actual
application, whether consumer or industrial—by implementing
intelligent immersive virtual environments through advances in
behavioral modeling, machine learning, and data science [18].

The main contribution of this paper lies at the intersection
of many different technologies which makes this work rather
interdisciplinary. We present the methodology for the design of
the XR-based interactive whiteboard and discuss the relevant
mathematical background related to the tuning of FOPID
controllers. In addition, in this paper the JavaScript based
control system toolbox [19] is introduced for the first time.
Furthermore, we attempt to give a preliminary answer to the
following research question:

Problem 1. Is it feasible to use a physical pen input device
for creating an interactive whiteboard experience in extended
reality for control system applications including (a) inserting
mathematical models via written input; and (b) drawing a
desired time domain response of a control loop?

The paper has the following structure. The mathematical
tools used in the work are discussed in Sec. II. The proposed
methodology and implementation is presented in Sec. III. An
example interactive session in XR is presented in Sec. IV.
Finally, conclusions are drawn in Sec. V.



II. MATHEMATICAL TOOLS

Part of the novelty of this effort is that we apply fractional-
order modeling and control ideas in the context of research
and development of an interactive whiteboard. Therefore, the
main mathematical tool used in this effort is fractional-order
calculus. We reflect on the main ideas of this specific effort in
what follows, but in the interest of space we do not provide an
introduction to fractional calculus itself. For that, the reader
can turn to excellent introductory works on this subject [13],
[20].

As the purpose of the interactive whiteboard experience in
this case is tuning of a FOPID controller, we consider the
parallel form thereof that has the following transfer function
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where K, K;, and K, are real numbers representing the
proportional, integral, and differential gains, respectively, and
0 <A< 2and 0 < p < 2 are orders of the integral and
differential components, respectively. The plant to be controlled
is described by an arbitrary fractional-order transfer function
model in the form
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where generally M < N, and ap = Sy = 0 in which case
K = by/ay is the static gain; L is the transport delay. For many
industrial control tasks, the plant can be well approximated by
a FO-FOPDT model—which is a simplified form of (2)—with
the transfer function

O(s) = K, + K7 + Kyst,
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where K is the static gain, T is the pseudo time constant, L
is the input-output delay, and « is the order of the fractional
operator [21]. Further, for simulating the systems in the time
domain, we consider the typical negative unity feedback control
loop represented by a closed-loop model
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In this work, for the purpose of tuning the FOPID controller
in (1), the Nelder-Mead Simplex Method is employed since it
has proven to be very useful in industrial control loop tuning
tasks [22]. The specific task is to find a least squares solution
for the objective defined by
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where y(t) is the step response of the closed loop in (4), r(t)
is the desired reference signal provided by the user, ¢ is the
sample index, IV is the number of simulated samples, and 6 is
the FOPID controller parameter vector such that

0=[K, K, A Kq p]. ©6)

III. METHODOLOGY AND IMPLEMENTATION

The complete technical solution is depicted in a diagram
showing the major components involved in the implementation
in Fig. 1. In what follows, we comment on the specifics of
implementing the major components.

A. The XR Environment in Unreal Engine 4

Regarding the hardware stack choice for XR implementation,
since VR Ink is used as the pen, one must also use the SteamVR
stack, including the “lighthouse” infrared emitters for tracking
as VR Ink requires them to operate. On the other hand, this
also gives the possibility to use HTC Vive Tracker devices
to implement certain features. HTC Vive Pro is used as the
head-mounted display (HMD).

The extended reality environment is implemented in Unreal
Engine [23] (UE), specifically version 4.23. The reason for
this is that this is the last version of UE which supports the
old SteamVR plugin architecture—VR Ink has its own source
development kit (SDK) for UE based on SteamVR, and it only
presently works without serious modifications up to UE version
4.23. Further development necessitates a complete rewrite of
the plugin for VR Ink. The so called VR Ink Pawn is used to
implement the XR part. When the user wears the HMD, the
VR Ink is turned on, and the VR level in UE is started, the user
is presented with the interactive whiteboard implemented as a
Browser Window component in UE through a dedicated plugin.
A Widget Interaction component is attached to the 3D model
of the VR Ink and allows to interact with the web application
shown—the whiteboard—in the browser window. The location
of the whiteboard in the virtual environment can be adjusted
by moving an HTC Vive tracker placed into the physical
environment. The implementation of the web application itself
is described in the next section.

Towards answering research question 1, we follow the path
of studying empirical evidence through experimenting with the
specific implementation of the virtual environment including the
configuration of the VR Ink Pilot Edition device. To improve
the user experience with the pen, several items have been
implemented:

o When the pen tip comes sufficiently close to the white-
board, a small sphere appears on the tip, signaling this way
that the user can proceed with either writing an equation,
or drawing a trajectory.

« Force feedback is sent to the pen whenever there is virtual
friction between the whiteboard and the pen. This is a
very important feedback mechanism.

The proposed answer to the research question is presented in
the concluding section.

The key point of the implementation of XR is that nothing
related to control design is computed in UE: the latter only
serves as an graphical user interface to the web application
which, in turn, communicates with MATLAB for performing
all necessary computations.
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Fig. 1. The complete configuration of the implemented interactive whiteboard solution with three major components: the XR implementation, the web-based

whiteboard, and the MATLAB/Simulink environment.

B. The Web-based Implementation of the Interactive White-
board

The interactive whiteboard implementation currently uses
the Reveal.js slides framework [24] as basis and uses the
ControlSystems.js framework [19] for several features, namely:

o Written input for equations;

o Drawing the desired time domain response;

« Plotting all necessary graphs showing time domain and
frequency domain characteristics;

e Module for communicating with an online OCR service
[25] for written input conversion into IATEX code;

o Implementation of the I&TEX parser for processing the
response from the external OCR service.

No features related to actual control system functions are
used in this application, because the computational burden is
offloaded to MATLAB.

It should be noted that all components can be run locally with
the exception of the MathPix OCR service [25] for written math
recognition which needs an Internet connection. Most other
operations rely on the locally running MATLAB Websocket
server described in the next section.

In total, the application comprises three slides with the
following functions:

1) User writes the transfer function describing the plant (2)
into the input box, and when ready presses the “parse”
button. An image is captured from the written input and
sent to MathPix OCR for processing (this requires an
account with MathPix, and in case of extensive use of
the API, a paid subscription). The I&IEX code is returned
and parsed locally. The equation then appears in the top
box. The user can proceed to the optimization phase.

2) The user is presented with a closed loop time domain
response of a trivial control system where in (4) we set
C(s) = 1. This response is obtained from MATLAB.
Now, the user must draw a freehand trajectory describing
the desired time domain step response. Some knowledge
of possible trajectories is assumed in this case. The
interactive plot allows to set only one point per vertical

thus representing a true time domain response. Once the
user is satisfied with the trajectory, he or she presses the
“optimize button”. The desired trajectory is then submitted
to MATLAB and an optimization procedure is initiated
in the latter. On each iteration step, MATLAB sends back
the current response, so that the user could see how well
the obtained response represents the chosen one. When
optimization is completed, irrespective of whether it was
successful or not, the next slide is shown to the user.
3) The final slide shows the parameters of the obtained
FOPID controller as well as time domain and frequency
domain characteristics and several parameters reflecting
the quality of the control loop, such as the percentage
overshoot, settling time, gain and phase margins. The
user can decide whether the results are satisfactory or
not and go back to either the first slide to change the
process model, or to the second slide to draw another
desired trajectory.
The slides—as seen from the perspective of the user in the XR
environment—are also shown in the example session in Fig. 2.

C. MATLAB/Simulink Compute Server on Websocket

The implementation of the Websocket server itself is due to
[26]. Other functions are implemented to support the control
system design idea.

First, a connection must be established between the client (the
whiteboard application) and MATLAB. A simple protocol is
implemented to handle further transactions between application.
The message exchange format is based on JSON encoded
strings representing arrays, character strings, and dictionaries.
Therefore, complex data can be transferred easily between
different applications.

MATLAB is responsible for computing all required time
domain and frequency domain characteristics of the open and
closed loops. Let us discuss some specific operations that
MATLAB performs after receiving corresponding requests via
the Websocket.

First, when the user supplied transfer function is supplied to
MATLAB and trivial closed loop simulation is requested, one



needs to obtain a suitable simulation time range, on which all
consequent optimization attempts will be based. Towards this,
the following procedure is carried out:

1) An open loop simulation is performed on the user
supplied plant modified as follows:

- 1
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where K is the static gain of the plant. MATLAB’s
auto-ranging facilities are used on the Oustaloup approx-
imation [22] of (7) and a time vector t is obtained.

2) The closed loop in (4) with the plant G,,(s) and C(s) =1
is simulated with the time range obtained in the previous
step. The pair of vectors (t,y) is returned to the calling
application containing the auto-ranged time vector t and
time domain response vector y.

Gp(s)»

The optimization procedure is set up in a way that allows to
send time domain simulation results from each iteration back
to the client (i.e., the whiteboard application) so that the user
could observe the evolving time domain response. The cost
function is implemented according to (5). Only the integrator
and differentiator order A and p in (6) are bounded to the
range A, 1 € [0,2). The gains of the FOPID controller are left
unbounded. Once optimization is finished, the specific time
domain and frequency domain parameters are also computed
and sent back to the client along with the optimal # values.

IV. EXAMPLE SESSION

Let us now consider an example session to illustrate the use
of the obtained solution.

The experiment is performed using a personal computer
having an Intel 19-9900K CPU, 64GB of RAM, and an
NVidia RTX 3090 graphics adapter, though the latter is not a
requirement, and a GTX 1080 would work just as well for this
application. HTC Vive Pro HMD is used with VR Ink Pilot
Edition pen.

The plant to be controlled is described by a transfer function

1
G(s) = 9553
The user writes manually equation (8) and it is recognized
successfully. User then proceeds to the optimization slide.
The example session consists of two optimization attempts
with various desired responses. All the steps for the first
optimization attempt are shown in Fig. 2.
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1) In the first attempt, the user desires to obtain a system
with about 10% overshoot and with a settling time of
20 seconds. The resulting controller has the following
gains and exponents:

K, =—0.19681, K; = 0.7677, A = 1.193,
Kq =0.02638, 1 = 1.037,
the resulting settling time is 21 seconds, percentage

overshoot 10.21%, phase margin ¢, = 63° at w. =
0.291rad/s.

2) In the second attempt, the user wishes for a smooth
transient, so draws the corresponding response having
the settling time still at around 20 seconds. After
optimization, the following controller is achieved:

K, =0.1067, K; = 0.5081, A = 1.013,
Kq =0.009151, pn = 0.9922,

the settling time is computed as 20.7 seconds, there is
a negligible overshoot of about 0.2%, phase margin is
now ¢, = 85.8° at w, = 0.158 rad/s.

The user can now decide which controller works best for the
intended application.

V. CONCLUSIONS

In this work, we have presented a method for implementing
an interactive whiteboard in extended reality geared towards
solving advanced control design tasks assuming that the
classical control curriculum is extended to include the study
of fractional calculus in modeling and control. Specifically, we
evaluated the use of a tracked physical pen—the VR Ink Pilot
Edition from Logitech—in this scenario to answer the posited
research question whether its use is feasible in this context.
The proposed answer is yes, but with a few limitations. In
this work, we implemented a whiteboard that has no physical
counterpart in the real world. While its use is possible, the
necessity to provide force feedback simulating the friction
of the pen against the virtual whiteboard’s surface results
in a quick battery drain of the pen. Thus, to improve on
this aspect, it is better to use the pad that comes together
with VR Ink to provide a physical surface having a virtual
counterpart in XR. The location of the pad in XR can be
easily tracked using, e.g., and HTC Vive Tracker. Future work
should include the improvement of the implementation, revision
of the controller tuning strategy to include, e.g., frequency
domain characteristics directly, and implementing a digital
twin in XR that would visually demonstrate the control loop
tuning performance—this also makes the choice to use an XR
implementation instead of just using flat screen fully justified.
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Fig. 2. The steps represented as screen grabs from VR in the example session with the interactive whiteboard: (a) The user writes the desired transfer function,
presses a button, it is automatically recognized, the user can proceed to the next step. (b) The user draws a freehand trajectory of the desired setpoint and
presses a button, the optimization process begins. (c) The user observes the progress of optimization in real time—the optimized response is shown as a red
line. Once optimization completes, the user is taken to the next step. (d) The user is shown a page where the results of optimization are displayed, both time
domain and frequency domain characteristics of the obtained control loop are shown. From this point, the user can either return to (a) or (b) and continue to
work with controller design either for the same plant, or for another one.
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