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Abstract

A prototype system based on an inverted pendulum is used to study the Quality of Setdiseussrequirements
of remote-experimentation systems utilized for carrying out control engineering experiments over the Imtamet.
class of applications involves the transmissimer the network of a variety afatatypes with their owmpeculiar
Quality of Servicerequirement. Thesdatatypes include videoand audio images from the process environment,
signal traces related tdhe acquiredmeasurements, control instructions sent to pghecess actuatorsand other
information concerning the states of the process. The s#tclygles aphysical systen{an inverted pendulum) as
well as a locakerver fittedwith a video cameragdataacquisition boardsand network connectivity that permits
interactions with remotely located clients. The paper discusses relevant issues of the design, and pezadigis a
for operationbased on alient-server configuratioand amaster-clienimode ofservice. The information streams
involved in the process are classified in four groupdifiérent transmission priorities, namely, parametesstream,

a datastream, an administrative streaamd anaudio/videostream. Thepaper analyzeshe performance and
requirements of the system based on the results of transatlantic tests. The results of the analysis relabtintbat
remote-control experimentation over the Internet isfact a new kind of networlapplication featuringts own
requirements that are different from those of related technologies used for video-conferencing/broadcasting. In order to
overcome the current lack of predictability of the Internet, the final section phihersuggests improvemenssich

as adapting the priority of the different streams to the Internet bandwidth and to the user’s needs.

1. Introduction

The Internetand modernmultimedia toolsmake it possible for students @xcess auniversity lecture from
remote locations such as the home of the workplace. In traditional engineering classes, concepts taught through
lectures are often reinforced by practical experimentat#onedout in laboratories sessions tharte attended by the
students at the physical site of the facilities. A reavadigm tomake the experimental activities available to
remotely located students has been developed at the Swiss Federal Institute of Technology in Lausanne, Switzerland,
and tested within the university's LAN. An extension of the set-up hasbaenintroduced to reacmore distant



locations, allowing the sharing of the laboratory facilities with remote universities.

The development of remote-experimentation facilities is motivated bfathéhat presently, asever before,
the demand for access to the laboratory facilities [1] is growing rapidly in all engineering colleges. Atthe same time
the number of students is increasing while alecatedlaboratory resources dwt keep upwith the pace. Being
able to make the laboratoigfrastructure accessible agtual laboratories, available 24 hourday and 7 days a
week, go a long way towards addressing these difficulties, and wtaddcontribute to lower the costs aerating
the laboratory in théong term. Thisincreasedavailability would be obtained byllowing students taeach the
laboratory facilities via modem from home, or from other pointsaifvork access, such as computers available at
different campus locations [2]. Furthermore, availability of such facilittesuld enable participation in the
laboratory experiences ttudents whaare remotely located,such as practicing engineensho would participate
using computers located at the site of their employers or at their own homes.

This paper describes eemote-experimentation set usedfor carrying out laboratory exercises in control
engineering, and quantifies observations gathered from transatlantic experiments betw@erssFederallnstitute
of Technology in Lausanne, Switzerlarmhdthe University of Florida in Gainesville, Florida. Sectiomprasents
an overview of the systems used in the laboratories of the Inddifutiéomatique othe SwissFederallnstitute of
Technology to supporistanceexperimentationand describesthe basic components of the system. Section 3
addresses basic issues that are of importance tefféetive design of aemote experimentatiosystem. Section 4
describesthe operationalparadigm which has beendeveloped,including the client-server configuration, the
management of requestdaced byclients, the classification of the information streams transmittedrefaéve
hierarchy ofthe processes involved asell as otherrelevant requirements. Section 5 presents a contrasting
discussion betweetie requirements of real-timexperimentatiorand conventionalvideoconferencing/broadcasting
systems. Finally, Section discussesome solutiongor optimizing the use of thavailable bandwidth. Final
remarks are given in Section 6.

2. Overview of the Remote-Experimentation Set Up

This sectiondescribestypical processeaused for remote laboratory experimentand discusses théasic
components of a prototype set-up.

2.1. Typical processes used for remote laboratory experimentation

Many mechatronicystems—i.e., those that combinelectrical and mechanical parts—used in acontrol
engineering laboratorgrewell suited for remote experimentation. Thangattractive to the studenkecause they
often yield responses that are easy to identify visually. Furthermore, experimentation can typically be conducted in a
reasonable amount of time. For example, a complete laboratory expecoo&htake betweenne andtwo hours
of work, during which period the student carries out modeling and design studies, including shorter(g&yjofisto
15 minutes) of interaction in real-time mode with the experiment for measurement and control purpos@aper his
focuses on an experiment based on an inverted pendulum available at the Swiss Federal Institute of Technology. For
contextualreference, wenote that two other systems, namely falicopterand anelectrical drive[3], are also
accessible via the Internet.
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Figure 1. A physical systerfinverted pendulumgommunicates with a locakrvervia AD/DA
cards, and a network connection gives access to multiple remote clients.

2.2. Basic components of the remote-experimentation system

The configuration of the remote-experimentation system is shown in Figuvbetethe pendulum system is
shown along with the DA/DA cards that connect it to a local server.s@tver inturn displays allrelevantsignals
to a number of remote clients that access the local systems via the Internet. The server also receives tommands
selected remote clients, and implements the commands locally on the physical system. The server and the computers
platforms for the clients have identical display screens, thus giving the remote users the opportunity tavititeract
the physical system in a fashion analogous to the way local users do. The network transmésdiaptgut data
streams as well as audio and video information.

The user can interact in real-time with the experiment through a graphicahtesérce (GUI)built using the
LabVIEW graphical programming language [4]. This interface (Figure 2) has been designed to be the same for a local
or a remote experimentation. It é@mposed of awscilloscopewindow wherethe measurementione onthe real
process(position, angle, etc.are displayed.Four sliders representhe parametersprovided by the user to the
controller. Local users havwhe benefit of being able timtroduceperturbations by making physical contagth
the pendulum; for example, by touching thmving arm.  Théhand” button shown in Figure 1 isised to
introduce aperturbation via a&oftware command, &ature of particulautility when the userperform remote
experimentation. In the inverted pendulum case strgersimulates a perturbation dding anerror to the angle

measurement. Less important information such as the sampdigd orthe connection statesre accessible
through an extra window.



Figure 2. Graphical useinterfacethat allows the user to interaaiith an inverted-pendulum
experiment in real time. The area displaying a hand is used to introduce a perturbation.

3. Issues of relevance to the design

An effective remote experimentation setup must satisfy a number of requirements. In particular, tieedsser
to feel like he/she is physically located next to teal experiment. During local experimentation the usmr use
his senses of visiorand hearing to perceiveghe effect of his acts on the control systeriinder aremote
experimentation modehis specification can baddressed byroviding audioand video feedbackinformation in
addition to the information given to the remote computer through the @bkiously, suchfeedback needs to be
given in a reasonable amount of time, minimizing the misleading (and most likely also anmdigctg) ofsignal-
transport delays. For example, a remote user mapguapt as real-time signal thatarrives 30 seconds after an
action is taken when ifact the local response iachieved infractions of a second.Consequently, fast system
responsiveness is a key goal in dikvelopments for remote real-timmntrol. As may beexpected,ideal
instantaneous responsa® not possible. In ouexperience, 2 to 5 seconds m@sponseime have proven to be
adequate values for transatlantic experiments.

A second issue of importance is to design the overall system in a mgidylarfashion. For example, our
prototypes consist othree basic modules (Figu®), namely (1) areal-time module which is responsible for
executing local control actuation on the real system, (2) a GUI module that displagsdititat manages the user's
communication with theeal system,and(3) a network modul¢hat managesall the Internet transactions.This
modularity permits quick and bug-free reconfigurations of the same software to address differenFoeedample,
taking theGUI andthe real-time modules or@manbuild a local set-up. A networkervermight notneed aGUI,
since in this case only the real-timedthe network modules may beededFinally, anetwork client onlyneeds
the GUI and the network components.

A third issue ofrelevance ighe addition ofthe capability forcarryingout simulation studieswhere the
response to all user actioase produced by aoftware representation dfie physical processatherthan by the
processitself. This allows the user tavaluate different operational scenariobefore attempting thereal



experimentation. Note that in some complicated systems the simulation of the ppgsieskmight bedifficult.
Skeptics might argue that the whole idea of a laboratory experience is to work withaltheocessand hence there
should be no emphasis placed on simulation work. We argue later that itasesgimulation capabilitiegan be
of significant value.
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Figure 3. Thehree basicomponents of the design: (1) real-time, (2) Gahd (3) network
modules.

3.1. Brief description of the three basic modules

The three basic moduleshown in Figure 3have specific functionalitieand areresponsible fordifferent
security processes that ensure the robustness of the set up.

3.1.1. The real-time module

The real-time module allows the control of tleal processrom a computer via AD/DAoardsthat capture
measurements signals and issue command signals. All actuatidvendled bycontrol algorithms that run on the
computer’s main processor. Real-time contradhievedwith the assistance of Real-Time Kerne[5] developed
at the Swisdrederallnstitute of Technology. The control algorithrage written in C or as S-functions in the
format of the Matlab/Simulink software suite [6], and are executed bythe real-time kernel
and executed by the real-time kernel. This module must include low-level security procedures that prevent the user or
the algorithms from carrying out either inadvertent or deliberate actionsnibhat damagethe physical experiment.

When such procedures are activated, the real process is reset to a known safe state.

3.1.2. The GUI module

The GUI module (Figure 2) performs a display function, allowing the user to follow the time evolution of all
signals of relevance to the experiment, such as the internal states of the controller, for example. In addition, through
the GUI the user is allowed to also modify the parameters of the controller, as well as other adjuatatteristics
of the experiment, like the sampling period for example. Higher-level of security precaargohandled athe level



of the GUI module. For example, ti&Jl may prevent the user from selecting physicaltyealizable parameters
(such as a negative samplitijye), etc. Thegraphical usemterface is based obhabVIEW. A special Real-Time
Framework [5] has beedeveloped onthe Macintosh platform teasethe development of integrated real-time
controllers.

3.1.2. The network module

Finally, the network module allows the program to communicate with other comgisteitsuted indifferent
physical locations. Thignodule also takescare of security issuesegarding network management, such as
preventing unauthorized access and scheduling access in order to avoid conflicts.

4. Operation of the Remote Experimentation System

4.1. Client-server configuration

Two differentkinds of softwareentitiesareinvolved in the communication process, namelgeeverand its
clients (Figure 1). The server is the local machine connected to the experimergendéreuns the algorithrmused
to control the experiment in real time. Although not stricticessary, imay be convenient to usesarver GUI
similar to that of the clients; this is particularly useful if the server is sometiseztfor local experimentation. A
digital camera focused othe physical experimerdnd amicrophoneare connected tdhe server to respectively
generate video and audio signals that are transmitted over the network.

The clientsoftwareruns on the remote machines. Its main componargsanetwork moduleand a GUI
module. Eachclient can adoptwo modes ofoperation, namely, atandardclient or a masterclient mode, as
described in the following section.

4.2. Managing client requests and assigning a master mode

The typical operation of the system is through point-to-point sessions that progress accordirgarctay of
client requests. In this approach the server is connected uninterruptedly to the physical experiment &t depyrs
waiting for clients to request access. If there is no clienhectedhe servermight, if appropriate, stop or put the
real process in an idle state to save energy.

When a user wants to perform a new experimiest (esting newparametersjrom a remote locatiorhe/she
launches the client software and requests a connection to the server. The server allows the connection if the user has
the appropriate permission and if the maximum number of connected clientsegceeded. The user first logs in
as astandardclient, a modethat allows the observation of the experiméwitt does not allow issuing any
commands to the physical system or its set up. Inrntiudethe usereceivesaudio, videoand datsstreamsfrom
the server.

The user can then place a request to the server for a connectiorasteaclienta modethat permits issuing
commandghat are accepted bthe server adegitimate manipulations on the physical process. If the user has
appropriate permission to become a master client, the request \pithdsel in aqueue,andthe usemwill remain in
the standard client mode waiting for the request to be approved by the server. The server assigns thenatatus of
client for a pre-defined period of time to the client on top of the master-ofignést queueOnly one client at the
time can have the status of master client.

The master client maintroducemanipulations to the local system, such as modifyingptimameters of the
controllers, and then observe their effects. At any time the user can elect to quit from thenodsterdreturn to
the standardnode,surrenderingcontrol of the experiment. Theerver forceghe transition to thebservermode
whenever the pre-assigned connect time expires.

In addition to the point-to-point mode, it is also possible to operate the system in a multi-clients session where



the master client is the instructor for the class wawiesout ademonstration thatan besimultaneouslyobserved
by all remote and local students participating in the class.

4.3. Classes of information streams

Different kinds ofinformation are exchangetetweenthe serverand the clientsaccording tofour different
classes, namely, (i) the parameter stream, (ii) the data stream, (iii) the administrativeaticqan the audio/video
stream. These streamuust sharethe availablebandwidth(which in turnmight bedifferent for eachclient). A
comparative summary of the characteristics of all four streams is given in Table 1.

4.3.1. The parameter stream

The parameter streansonsists of control packets sent by the master client to the server. This stream holds the
highest priority. In ouinverted-pendulunprototype theparameters arthe four gains of the state controller, the
sampling period, and the state of the “hand” button used to introduce perturbations (see Figure 2). Thewed/alues
to be transmitted with a very high priority in order to assurebtfs possible responsiveness. Thigjugte easy to
achieve since the amount of data transmitted is normallysraall. Forexample for a PIQ{proportional-integral-
derivative)controller, thedata requirednay consist of onlythree values, namely the values of the P,ahd D
constants. Apacket isexchangedbverytime the usechanges one of these three paramet&isice theparameter
stream providesnformation thatdirectly manipulates the physical system, ftih&atransmission must be highly
reliable. Consequenthadditionalcomputationarequirementsnay be imposed by theeed ofencryptingand/or
error control encodingthe values transmitted tavoid deliberate or inadvertenbrruption of thedataduring the
transmission phase.

4.3.2. The data stream

Thedata streantonsists of all signals of the physical process which are measured, such as outputs, set-points,
inputs and computedinternal values of the controller, for example #reor betweerthe set-pointsand the actual
position. This stream flows exclusively from therver tothe clientsandhas a priority just below thparameter-
stream priority. All values are sent in records consistingroéasured values faach ofthe measuredignals plus
the internal values of the controller. The size of the data to be transmitted depends on the astatathieqirocess
generates, and needs to be adapted to the available band@althiions such as compressiondacimation can be
used ifthe amount ofdata produced bthe processloesnot match theavailable bandwidth. The datastream is
broadcast by the server to the clients. In this progeskets can bst or mayarrive out-of-order. A buffer can
partially solve this problerandsmooth the stream adata. The bufferingtime must be small irorder not to
increasethe latency of the entire process. Anotlsefution is toreconstruct locally thalatausing areal-time
simulation that makes use of a model of the physical system. The model could feature thEaremmaitrdéhat are
constantly re-identified, updated, and broadcast by the servethisinase it isimportant to alert the usevhenever
simulated data is generated. The integrity in time of the data stream has only to be guaranteedbtaiéstay is
requested by the user (for playback or off-line analysis purposes). For live interaction, this is not quite as critical.



Table 1. Characteristics of the four types of information streasesl in real-time remote
experimentation.

c
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parameter client - server highest low small yes not allowed
data client — server high high large no allowed
audio/video client — server medium high largest no allowed
administrative client- server lowest low smallest yes not allowed

As an example of the size of a record in the data stream, consider a sitd@iethe controller works with a
10 millisecond sampling period and there is a circular buffer on the server side which can hpdns®(equivalent
to 5 seconds of data). There are four valmessuredand eachmeasurement is stored the form of shor{(4-byte)
records. If the server sends new measured data every 2 seconds, then theilbaakesists of 1600 bytes.€. 200
points x 4 values x 4 bytes).

4.3.3. The administrative stream

Theadministrative streans mainly used at the beginning of the exchanges between aarigtite server. It
is also used when a standard client requests to become a master client, and vice-versanfoypatibn exchanged
in this stream are thgsernameand thepasswordg hence this stream needs todrerypted.This dataexchange goes
both waysbetweenthe client to the server. The informatierchanged issery small in sizeand has the lowest
priority.

4.3.4. The audio/video stream

Finally, theaudio/video (A/V) strears broadcast from the server to the clients. This stream is analogous to
the data stream, but it holttswer priority. The A/V streandlemandghe mostbandwidthfor timely and accurate
transmission; however, in the configuratiproposed itactually uses onlyesidual bandwidtidue toits lower
priority. This is a keydifferencebetweenthe proposed paradigrfor remote real-time contra@ndthe usualvideo
conferencing/broadcastingplutions. The A/V information is important to tlemote user since iprovides a
facility for "seeing” and "hearing" theffects ofall manipulations. Clearly, better quality of the A/V transmission
leads to a more satisfactory experience for the remote user of the virtual laboratory.

Some of the solutionssedfor the datastream can be applied to low#re bandwidthrequiredfor the A/V
stream. No real distinctions are made between the audio and video part of theeggetiraugh in our prototypes
the need for the video feedback is obvious while the need for the sound feedback is more dependent to the experiment.
One particular case is the example of an electrical drive set-up that produces an audible vibratjgarainbters are
not adequately chosen. In this case the audio signal is very imploetzmtsehe video image wouldnot reveal the
problemdue tothe smalldisplacements othe drive that are realized. For our other prototype systems theund
does not provide useful information and can be switched off.



4.4, Hierarchy and speed requirements

The four different streamsneededfor remote experimentation hawdifferent transmission priorities. The
amount of data for each stream varies froffeva bits per secondfor the parametesstream to the fulbandwidth for
the A/V stream. Prioritization of the transmissionnexessary to guarantdeat the mostcrucial information is
transmitted in a timely fashion. The parameter stream has the highest priority since it contains critical information
concerning parameter modifications and other adjustments that the clients make on the physical spatametéy
modification in the clientnterface issent to theservervia the parametestreamandits effect is sentback to the
client via thedatastream.Hence,the datastream, whichacknowledgesll modificationsand revealstheir effects,
receives the second-highest priority.

The cumulative round-trip time in this parameter-data exchange is the sum of the transmissidor s
two streams. Typically, the time for the server to process the parameter adjustneiésneglected. Naturally the
cumulative time in the exchange should be as small as possiblex@anenceshows that useascceptance is very
good when the cumulative time ranges from 1 to 2 seconds. Wketumulative timeexceeds Secondghe user
needs to adapt to the delay and the interactivity decreases considerably. When moresétamdareeeded to see
the effects of gparametemodification, the usetends to resendsie parametemodification becausehe/shedid not
get a visible acknowledgment. Most of the time this leads to an unwanted cycle in theséospmote-process, and
makes the remote experimentation impracticablerdier to partially overcomethis limitation, visualinformation
in the GUI can monitor and display the state of the parameter transmission. Wherdslaghiapresent, thavhole
process should be switched to a batubde wherghe usersendsthe operation to bperformed tothe server and
watchesthe result in adelayedtime. While thiscan nolonger beconsideredeal-time remote experimentation it
certainly provides a workable alternative for Internet access to physical faclliiesd,thereare strong parallels in
this regardwith packet telephonynd packet video services whereetwork latency issensed periodicalland the
length of playback buffers is adjusted to facilitate smooth replay.

The A/V stream has the third-highest priority, since the information transmittaflidystream is tcsome
extentredundant tahe datastream. The A/V stream serves to giveaddedsensorialexperience tothe activity;
hence, its role is typically less crucial. The data and the video stream should be synchronowsldb tiramerate
drops the user needs to be able to figure out the relation between the video frame and the displayed measure.

4.5. Other requirements

It is desirablethat the remote experimentation system shoulduaélable 24 hours day andshould require
minimal local maintenance. That means the process should be able to go back to adfastate— forexample
return the pendulum to theenter ofthe track— immediatelafter an undesirablstate or adangeroussituation is
identified. Such undesirable situations may occur due to a number of reasons, including a user action, the selection of
wrong parameters, a network problem or a loss of connection, etc. Precautions should be taken so that the physical
system is protected from damage in all contingencies.

On the otherhand, the precautionaryproceduresshould allow the user tmperatesufficiently close to
undesirable states so that he/she can learn from the experience. For example, specifying a large gain in the controller
that adjusts the arm position will cause the arnddwelopposition oscillations. This will progressively move the
arm to one end of the track where it will activate a built-in position sensodi@nnectshe controllerand safely
reposition the pendulum away from teed ofthe track. Of course, therecautionanprocedureshould be robust
enough toguarantee recoverfyom unwantedstates, such as when the user spec#iaseedingly large controller
gains.

The user in a remote location should also be able to perturb the physical process in order to evaluate the ability
of a set of controparameters to rejedhe effect of the inducedperturbation. For example, in thease of a
mechanical system, larake could be used to charttpe acceleration othe process. A mechanism foperforming



such perturbations must lirtegrated inthe softwareand madeavailable to the remote user. In thase of our

inverted pendulum prototype, when the user selects a perturbation box featuring the drawing of a hand (see Figure 2),
an arbitrarybias is temporarilyadded tothe signal sent to the controlldrence effectively inducing a large step-
change type of disturbance on the arm position.

5. Remote Experimentation vs. Videoconferencing/Broadcasting

A growing collection of software is now available to transmit or broadcast audio and video through the Internet.
One may argue that viddwoadcasting/conferencing 8milar to the remote experimentatiparadigm,and indeed,
this analogydoes hold in the sensdhat both send audioand video images. Furthermore, thdata stream
(measurements) can conceivably be interpreted as audio or video data. However, there are significant differences.

The main difference between video conferenendreal-time remote experimentatidies in thefact that in
the latter the emphasis is on transmittangl receiving themost recent data, even this is done atthe expense of
discarding older or out-of-order data. dontrast,video conferencing softwateies to sendall the data, recent and
older, without anyperceivabldosses from the userjgoint of view. Consequently, if possible, no information is
dropped, and buffer sizes are increasedrifer tosmooth the transmission. Note thatderthis perspectivebuffers
should be avoided as much as possible in real-time remote experimentation.

The original version of our systemsed acommercial off-the-shelf software [6] toansmit audio and video
signals. This solution gave acceptable delays— approximately one tgefoamds— foexperimentatiorconducted
within the local university LAN. Unfortunately th@erformance became unacceptdbletransatlantic experiments
because the delays became significantly greater and were highly unpredictable. Sinacagetiés stream was not
adaptivelymanaged bythe server, it wasiot possible tosynchronize the A/V streawith the datastream and
manage their relative priorities. This problem is more important than transmasdays becausine user may be
misled about the actual state of the process and may not be able to determine which information to trust.

Another difference lies in the fact that Wwdeo-conferencing/broadcastipgeference igjiven to theaudioover
the video since the humagar isvery sensitive to theontinuity of the sound. Interruptions of theund stream,
even for short periods of time, are disturbing for the user. In contrast, the opposite is true for the vision since the eye
can easily adapt to "jerky" images. However, with some exceptions, in remote experimentatidediseeam is
often more important than treudio streambecauseahe visual information plays kargerrole in making theuser
participates in the experiment with sensory information.

Most video conferencing/broadcasting software tend to incrdeséuffer atthe receptionend in order to
smooth the transmissionncreasing buffersneansadding delayswhich doesthe opposite of what theemote
experimentation tries to do. In the latase older(out of order) information is dropped if newerinformation is
available. However, the removal béiffershas itsdrawbacks.For examplebuffers are neededfor compression,
especially for video signals where more than one video frame is required by high compression-rate algddéums.
compression may be in some cases unavoidable, depending on ted¢tre number of colors of the image to be
transmitted. Typical compression schemesndb send any data if the imagedoes not change between two
consecutive frames. Naturally, when the image charapedly the compression schendelivers a largamount of
data. By lowering the frame rate one can reduce the size of the transmittdmlitialtés introducessome drawbacks.
Lets take the example offeame rateoriginally set at 10rames persecondwhich is to bereduced to Irame per
second. If the codec (coder-decoder) needs the 3 last images to perform the compression, it will takerclodia
second in the former case aBdeconds irthe latter caseHence,the compression timacreasesproportionally to
the compression ratio.

6. Optimizing the Use of the Available Bandwidth

In order touse the availablbandwidthefficiently the transmissiomate of the different streamsneeds to be



adjusted based on the respective stream priorities. Different techniques usad lielower therequired dataate to
make better use of the availattdendwidth. The first technique isdatacompression, but it involves tade-off
because of the additional delay introduced through the compression and decompression op€hisialetay should
be kept much smaller than the transmission delay.

Since the A/V stream requires the most bandwidth great attention should be taken to manage it dédedully.
conferencing/broadcasting offers a compression rate of up to 50:1; however, suchcanmitily be achieved when
the compression is done in both theaceandtime dimensionsThesesolutionsexpect a stream antinuous as
possible, which might not be the case in remote experimentation.

Another problem arises when clients are not on the same network. For example, some might Hecah the
LAN while others may b&onnectedrom home usingdial-up line. The server needs to adapt thesedifferent
bandwidth requirements. One solution for the video stream is for the server to layer tharchaged it at different
resolutions [7]. When a low bandwidth is available the cligotild only use a low-resolution imageWhen more
bandwidth is available the client would use the low-resolution image and also the higher layer image.

Data decimation, where only one sample aveamples is transmitted, can also be used to lower the bandwidth
required. The intermediate steps can be reconstructed on the client's end where interpolation or asheailitios
can be used to regenerdtee missing measurementddowever, if two measuresare too distant in time the
reconstruction can miss fast phenomenon such as high-frequency oscillations.

A virtual-reality model can also hgsed as a replacement thie video signal. In thiscasethe clientsoftware
animates a graphical representation of the physical process using regularly updated coprauiddesbythe server
via thedatastream. Anotheconceptcalled phantom process [8] uses the los&hulation todirectly reflect the
effect of the user actionsd., parameter modification) without waitirfgr the server to senthe informationback.
At the client'sendthe user sees two windows: offiee of delaybut showing the results of thghantom-process
simulation, and one with a transmission delay but showing the image of the physical process. This techségue is
in robotics applications where delays due to distance cannatdided. Phantom-process schemes oftequire the
use of some kind of mechanism, such as artificial intelligence schemdsalteith unmeasured and/arnknown
events that may be missed by the base model.

7. Conclusions

Remote-control experiments over the Interaretfeasible for long-distancapplications, such as transatlantic
communications, via garadigmthat involves aclient-serverstructure. Theequirements othese systems are
significantly different from those of conventionaloadcasting or videoconferenciagstems particularlgue to the
enhancec&mphasis given to the successful transmissioreadntdata tothe detriment ofolder data. Experience
shows that multiple aspects must be taken into consideration to obtain adei@mance, including aystem for
prioritizing information streamand the utilization of appropriatedata compression mechanisms. Theerested
reader may test real-time remote experimentation by accebsiiglepresence Web Servgnttp://iawww.epfl.ch)
at the Swiss Federal Institute of Technology.
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