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Abstract

A would-be autodidact can nowadays find educational material
in the form of printed documents or digital supports, or it can
accessit viathe Internet. In thefield of automatic control, these
media only carry virtual information, i.e., they do not provide
real-world egquipment. This drawback is the last obstacle to a
possible “virtual campus’. The aim of this paper is to present
an approach for remote experimentation and to stressits educa-
tional and economic benefits. Remote PID control of an electri-
cal driveillustrates the applicability of the approach.

1 Introduction

Traditiona classroom teaching gives the students only few op-
portunities to experiment the subject matter by themselves,
which is in fact the best approach to learning. As a conse-
guence, teachers haveincreasingly integrated into their courses
real-world and virtual experimentations, that are based on lab-
oratory-scal e processes and Computer-Aided I nstruction (CAI)
tools, respectively [1]. Thisexperimentation material helps stu-
dents observe dynamic phenomena and devel op an engineering
approach to solving realistic control projects|[2]. It also allows
teachers to organize interactive demonstrations that can im-
prove the motivation for learning [3].

Recently, the growing availability of personal computers at
home and on campus has allowed studentsto exploit CAl tools
to learn their own way and at their own pace. Unfortunately,
such an independent work is not possible on |aboratory-scale
processes since these cannot be moved easily or duplicated in
sufficient numbers. Hence, experimental work is done in the
laboratory according to a predefined schedule, two conditions
which educationally speaking are not satisfactory [4].

Both, the recent development of the Internet and the intro-
duction of the World Wide Web (WWW) are opening the way
tointeractive presentations[5], or even to remote accessto real-
world equipment ([6], [7]).

The availability and the capabilities of these new communi-
cation facilities, combined with the generalization of computer
use for data acquisition and control of real processes ([8], [9]),
enable the students to change from the presence at equipment
location to a more versatile telepresence, thereby alowing re-
mote experimentation.

This paper discusses components and approaches supporting
the introduction of real-world experimentation in distance
learning.

The paper is organized as follow: Section 2 gives an over-
view of an integrated workbench used by students in the labo-
ratory. Section 3 introduces an dternative for remote
experimentation, while Section 4 describes improvements to
the basic telepresence solutions. Section 5 presents different
application scenarios in both local and wide area networks. Fi-
nally, an application exampleis given in Section 6.

2 Integrated Workbench

Plants dedicated to remote experimentation have to be fully
monitored and controlled locally by computer. It will then be
possible to implement a remote access, as it will be shown in
Section 3.

The integrated workbench available for automatic control
experimentation at the Ecole Polytechnique Fédérale de Lau-
sanne fulfills the above condition [10]. A Power Macintosh,
equipped with an universal AD & DA board, provides a com-
plete interface between the user and the real process (Figure 1).

Fig. 1. Architecture of the integrated workbench.
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Fig. 2. User interface of the local PID Controller.

A software suite built within LabVIEW® [14] is provided to
perform both real and virtual operations simultaneously, i.e.,
the control of areal processand of its mathematical model. Vir-
tual instruments, which are specific software components, are
used by studentsto generate excitation signals and observe cor-
responding responses.

The user interface of virtual instruments forms a didactic
layer that includes all the functionalities in a cockpit-like fash-
ion. The main ideaof such an interfaceisto provide acomplete
view of what is happening in the real process, and to allow full
control of the operations.

The user interface of the PID software component used to
control various processesin our Laboratory ispresented in Fig-
ure 2. It consists of an oscilloscope for signal visualization, a
signal generator providing either the reference signal in closed-
loop mode or the control signal in open-loop mode (which can
be selected in the Command field), parameter settings for the
controller, storage parameters to specify when and how to save
the data, and a setup for the real-world interface specifications.

LabVIEW® built-in cursors can be moved to specify the
measurement intervals, which is useful to evaluate time con-
stants or overshoots. If timeis usually displayed on the x-axis,
another signal can be selected instead, for example to generate
aphase plane.

3 An Alternative for Remote
Experimentation

Given its fully computer-based implementation, the described
integrated workbench can easily be expanded for remote exper-
imentation. The main ideain turning the locally-controlled set-
up into a remotely-controlled one consists in moving the
cockpit away from the experiment (Figure 3). Thereresultstwo
distinctive parts: the remote client and the local server.

» The remote client is a computer equipped with the cockpit
functionalities. The client software allows the users to ob-
serve and to act on the remote experiment.

» Thelocal server isthe computer located near thereal process
and equipped with the hardware interface to the sensors and
actuators. The server software receives the client commands
and transmits them to the real process. It also returns the
state of the real processto the client.

Fig. 3. Sharing of resources in remote experimentation.



The direct contact with the physical process, which remote us-
ersare deprived of, isreplaced by broadcast images and sound.
This operation can be performed by adding a digital camera
and a microphone onto the server, and by sharing thisinforma-
tion with the client through the network.

According to the expected performance in remote experi-
mentation, two approaches can be chosen to implement the
proposed distributed client-server architecture. They differ by
the client behaviors, and are referred to as terminal-like ap-
proach and intelligent approach, respectively. In the terminal-
like approach, the information is simply shared without any
specific processing, whereasin theintelligent approach, appro-
priate actions are performsin order to optimize the communi-
cation traffic.

A terminal-like approach suffices to share cockpit parts
and video image(s). With aUNIX-X11 implementation, the re-
mote client simply receives and provides information on a X
windows terminal [7]. With an implementation on a personal
computer, commercial software packages can be used. They al-
low aremote client to display a clone of the server screen and
to mimic the user actions with the mouse and with the key-
board. Thus, the user virtually works on the server peripherals.
Timbuktu Pro and Look@Me [13] are such software products
available for both MacOS and Windows95 as stand-al one ap-
plications or as Web Browser plug-ins.

The server components detailed in Figure 4 correspond to
the instrument implemented for local experimentation with, in
addition, the video image(s). The top components in Figure 4
arethe user interface parts (rounded rectangl€). The intermedi-
ate components are data (oval) shared between the user inter-
face and the running computer tasks (rectangle).
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Fig. 4. Sharing of resources with a terminal-like approach.

This terminal-like approach is well suited for afirst try in re-
mote experimentation, because no additional developments are
needed. Nevertheless, information istreated as pixelsinstead of
structured data, which is inappropriate to achieve high perfor-
mance. For example, when the oscilloscope is updated, all the
corresponding pixels are transmitted instead of just the numer-
ical values of the new samples. Moreover, solutions based on
commercial packages can betoo expensivefor general usewith
students.

Anintelligent approach need more software engineering to
provide the capabilities for remote experimentation. The client
software is based on the instrument implemented for local ex-
perimentation, where the link to the real world is replaced by
the communication capabilities (diamond). These communica-

tion capabilities must also be integrated into the server as
shown in Figure 5. Traces, parameters or settings are transmit-
ted only when a change occurs, such as an update of the oscil-
loscope traces or a parameter change requested by the user.

Standard video-conferences software products, which are al-
ready well optimized, can be used to overcome the need to in-
tegrate video components as a cockpit part. Bandwidth can be
split between the transfer of both data and image(s) according
to the desired responsiveness. For example, ahigher refreshin-
terval can be chosen for the oscilloscope than for the real pro-
cess viewing.
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Fig. 5. Sharing of resources with an intelligent approach.

Instruments built within LabVIEW® can be easily adapted to
integrate the needed modifications, because high-level commu-
nication functions are available into the development environ-
ment. Moreover, multiplatform stand-alone clients can be
produced with no need to pay royaltiesfor educational applica-
tions.

Although, implementation of an intelligent client-server ar-
chitecture is quite straightforward, refinements can be made to
improve the efficiency of remote experimentation. They are de-
scribed in Section 4.

4 Refinements in Remote
Experimentation

Accessto an audio-video representation of the physical process
isakey point in remote experimentation. Infact, thisisthe only
way that makes the remote user feel that area experiment is
running. However, high quality and high refresh rate are not es-
sential since the video image mainly acts as a reminder of the
reality. Virtual representation ispreferred to catch the dynam-
ic evolution of the real process efficiently. Such an animated
and simplified representation is free of unnecessary and dis-
turbing details. Moreover, the animation is driven by the real
process or by a simulation. This will be detailed later. Finally,
it is less expensive to broadcast the state of the process to re-
construct avirtua view of the setup than afull video image.
At this point, it should be stressed that electromechanical
processesthat have mobile parts are better suited for remote ob-
servation, since the dynamic behavior has to be monitored by
cameras and microphones. This constraint can be overcome in
the case of visualy static systems, such asthermal systems, by



the use of sensorsthat modify their appearance according to the
measured state. This way, it becomes possible to broadcast an
image. In any case, on-line remote operations have to be pre-
ferred to off-line remote operations in order to preserve the ad-
vantages of the live and inter active experimentation.

In some particular cases, it can be necessary to improve the
per ception of the reality by alowing the remote user to select
appropriate view points and appropriate image magnifications.
These can be either predefined or open configurations. To
achieve this purpose, additional actuators have to be integrated
into the setup in order to manipulate the environmental sensors,
and control means have to be introduced into the client cockpit.
Multiple cameras are also necessary, mainly for processes
evolving in athree dimensional space.

Sinceit isnot possible for the remote user to apply direct dis-
turbing action, additional actuators have to be integrated into
the remote setup. This type of Remote “ Finger” is necessary
for observing the regulatory behavior of the controlled process.
Some disturbances can also be emulated artificially by intro-
ducing wrong measurement samples or spoiled control signals,
which isacheaper solution compareto the use of additional ac-
tuators.

If the network transmission slows down or is momentarily
interrupted, it can be convenient to maintain the feeling of the
process dynamics by using a prediction of the lacking mea-
surements for driving the animation. The simulation engine
that hasto be introduced for this purpose needs to work in real-
time in order to guarantee smooth transitions between virtual
and real modes of experimentation. Simulation models can be
predefined in the client software or sent when starting the ex-
periment. Later predictions can be improved be using new real
measurements to update the current model. A simulation en-
gine is also an interesting feature for afirst virtual test before
performing the real experimentation or whilewaiting for an ac-
cess to the real equipment. Moreover, fault detection can be
performed by using the simulation engine concurrently with
the reception of real measurements. The solution implemented
in LabVIEW® for real-time control and data acquisition [11]
can be used as such to provide the proposed real-time simula-
tion capabilities. Unfortunately, real-time operations paced by
software or hardware interrupts are usually platform-depen-
dent, acondition which reducesthe potential universality of the
client software. These latter refinements may have to be dis-
carded because of this restriction.

Specific security measures must be taken for the physical
equipment. In fact, an hazardous behavior of the process hasto
be avoided following communication interruptions or bad user
manipulations. This is more important in open-loop than in
closed-loop mode of operation, where alocal controller keeps
the plant around its operating point. In order to carry out suc-
cessive experiments, it is necessary to be able to reinstate the
experiment.

Three different client-server architectures can be considered,
independently of the applications:

O A unique client communicates with the server. Only simple
communication features have to be implemented.

O A few clients communicate with the server which handles
the real-time control, video, data sharing, communication
and users management tasks.

0 Many clients communicate with a reflector which handles
video, data sharing, communication and users management
tasks. Thereflector isthe only computer which has access to
a server of type 0. The server performance is therefore not
affected by the number of clients.

In the multiple-clients cases ({1, (), two options for handling
the accesses can be considered depending on whether individ-
ual or collaborative work is expected:

* A unique client, called the master, experiments on-line,
while other clients, which have requested an access, wait off-
line.

e A unique client, caled the master, experiments on-line,
while other clients, which are authorized members of ateam,
watch the actions of the master on their passive cockpit.

Secured or even pay accesses may be necessary in particular
cases, but usually the need of owning the client software and
knowing the server P address can be a sufficient precaution.

Applications of the remote experimentation principle and
some of the proposed refinements are described in the next two
sections.

5 Application Scenarios

Different remote experimentation scenarios can be considered
according to the bandwidth of the available network. At the
current development stage, and due to the saturation of the In-
ternet, remote experimentation can mainly be performed inside
an institution equipped with an efficient Intranet. In this case,
the first option to consider is a use in the classroom for live
demonstrations conducted by the teacher. Hence, equipment
needs not be moved, and the students' questions can be handled
in an interactive manner. The second option consist in offering
the students a remote access to the laboratory from a computer
room. This way, practice time is unrestricted and no supervi-
sion is necessary.

If an access from outside the Intranet is requested, limita-
tions on the user-interface quality and responsiveness can be
necessary. For example, video images may need to be dropped
or therefresh rate reduced. Thisis particularly the case with in-
ternational connections over the Internet or in local connec-
tions from a student’'s home over an ISDN phone line.
Hopefully, sooner or later, fast Internet protocol and ATM links
will let the user take full advantage of remote experimentation
capabilities between academic ingtitutions.
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Fig. 7. Field added to the PID controller cockpit for remote use.

6 Application Example

This application considers performing remote control experi-
ments on a servo drive.

The system (Figure 6) issimple and exhibits an almost-linear
behavior [12]. It consists of a 14 W DC motor equipped with a
built-in tachometer (O). The motor drives a load which is a
steel disk ([J). An adjustable magnetic brake () introduces a
viscous-friction term, allowing thereby a modification of the
time constant during operation. Either axle angular position or
speed can be controlled by adjusting the motor voltage. The an-
gular position is measured by a potentiometer ((1) connected to
the motor axle through areduction device. The reference value
can be generated manualy by a similar potentiometer (O).
Both potentiometers are equipped with enlarged disks which
permit easy visualization of the motion, either locally or re-
motely.

Fig. 6. Thereal servo drive.

Before connecting for remote experimentation, students can
obtain full description of the process and suggested experi-
ments through the WWW. Original documents are provided in
Adobe PDF format. Students can read these documents on-line
or transfer them for further reading or printing. The client soft-
ware and information on how to establish the connection to the
real process are available through the same channel.

The local PID controller (described in Section 2) was only
slightly modified to make remote access to the servo drive pos-
sible. A point-to-point architecture [ (see Section 4) was im-
plemented. Fields added to the cockpit user-interface are
represented in Figure 7. Built-in real -time simul ation of the ser-
vo drive is possible once the time constant and the static gain
are introduced into the appropriate field. Virtual experimenta-
tion by simulation or real experimentation on the remote pro-
cess can be selected in the “Mode” field. The IP number of the
server has to be provided. While operating (indicated by the

text “On-line”), the refresh time is indicated (number of milli-
seconds between two successive updates of the user interface).

An additional window isdisplayed (Figure 8) providing are-
constructed virtual representation of the dynamic evolution
(actual position of the rotating disk) driven either by the simu-
lated data obtained locally or by the real measurements ob-
tained remotely.

I
M

Yirtual Servo Drive =

Rotating disk

Actua position

Fig. 8. Virtual representation of the rotating disk position.

The QuickTime™ Conferencing software [15] provides the
real view of the process (Figure 9) as well as the sound.
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Fig. 9. Real representation of the rotating disk position.

An additional actuator allowing to remotely adjust the magnet-
ic brake will be the next addition to this application. The possi-
ble selection of the controlled variable (position or speed) will
also be added.



7 Conclusions

The proposed remote access to real equipment can consider-
ably reduce the number of experimental setups necessary for
practical work, i.e., a so the maintenance effort that an academ-
ic institution has to provide. As a matter of fact, it is obvious
that al students will not want to experiment simultaneougdly if
flexible accessis given. As a consequence, fewer setupswill be
necessary. Remote experimentation also turns the traditional
way of studying into amore flexible and personalized learning,
with reduced presence on campus and more active and creative
work. In-time experimentation can thus be carried out by stu-
dents whenever they feel the need to compare their knowledge
to reality as part of their learning process. Findly, it alows
teachers to easily present real (but remote) installations in the
classroom.

Partial or full replacement of local experimentation with
physical processes by remote experimentation will depend on
the network development and the users’ expectations. Whatev-
er the evolution will be, the cognitive impact of remote experi-
mentation has to be evaluated carefully before being general-
ized.

Compared to experimentation in virtual reality, remote ex-
perimentation on real processes is easier to implement and
more versatile. In fact, adding or selecting another real process
does not involve the elaboration of complex mathematical
models and graphical representations.

Finally, remote experimentation is not limited to education.
In research and industry, remote accesses also represent an in-
teresting opportunity to meet the growing need of scientistsand
engineers who wish to share unique or expensive equipments.
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