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Initiated at CERN in 1992, the "World WideWeb" (WMWY,
including the HTML language and the HTTP protocol)[ ]

provides a standard graphical interface to the Internet.
"Point-and-click" clients for reading hypertext have been
ported to most computer platforms; the worldwide number
of usersiswell over 500,000 and growing rapidly.

As feasibility study, we built a systemthat allows a robot
manipulator to be teleoperated via the WMAN. Although the
$eld of teleoperation dates back over 50 years, the WMWW
providesa low-cost and widely-available interfacethat can
make teleoperated resources accessible to anyone with a
desktop (or laptop!) computer and modem.

The "Mercury Project” consists of an industrial robot
armJittedwith a CCD camera and a pneumatic system. We
placed a sandbox$lled with buried artifacts in the robot
workspace. Using the ISMAP feature of HTTP, users can
remotely movethe cameratoview desired locationsor direct
a short burst of compressed air into the sand to view the
newly cleared region.

To our knowledge, the Mercury Project istheJirst system
to permit WMAW users to remotely view and alter the real
world. Since it came online September 1, 1994, the system
has been available almost continuously. As of February |,
1995, the project had been accessed by over 50,000 unique
sitesaround the world®.

This paper focuses on interface design, robot hardware,
and systemarchitecture. Archival informationincluding ex-
ample images, operator logsand the answer to the puzze is
availableat:

http://www.usc.edu/dept/raiders/

1 Goalssf the Project

In the Spring of 1994, hundreds of WWW servers were
coming online every week. We conjectured that it might
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be possible to use this medium to allow low cost public
access to a teleoperated robot, in effect providing: desktop
teleoperation.

Figure 1. Robot, camera and air nozzle above workspace.

Asillustratedin Figure 1, we set up a SCARA-typerobot
amover a semi-annular workspace containing sand and
buried artifacts. We attached a CCD camera to theend of
thearm along withanozzletodirect air burstsintothesand.
We then developed an interface so this hardware could be
controlled viathe WWW.

Our primary criterion was that the system be reliable
enough to operate 24 hours a day and survive user attempts
at sabotage. A practical criterion wasthat thesystem below
in cost aswehad alimited budget. Itisworth notingthat the
manufacturing industry uses similar criteria, reliability and
cost, to evaluaterobotsfor production. Thus our experience
with RISC robotics[2] proved helpful.

Our secondary goal wasto create an evolving \/\/ site
that would encourage repeat visits by users. Towu-d this
end, all of theburied artifactswerederived froman ucnamed
19th Century text. Usersarechallenged to identify thistext
and thereby collectively solvethe'puzzle". After tach 5-
minute operating session, users are prompted to describe
their findings and hypothesesin an ongoing Operator's Log.
Asof 1 February 1995, although theL ogincludesover 1000
pages of entries, the puzzle hasyet to be solved.
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2 Rdated Work

Goertz demonstrated one of the first "master-dave" tele-
operators 50 years at the Argonne National Laboratory[3].
Remotely operated mechanisms have long been desired for
usein inhospitableenvironmentssuch as radiationsites, un-
dersea [4] and space exploration [5]. At General Electric,
Mosher [6] devel oped acomplex two-armtelwperator with
vidw cameras. Prosthetichandswereal so appliedtotel eop-
eration [7]. Morerecently, tel eoperationisbeing considered
for medical diagnosis [8], manufacturing[9] and microma:
nipulation [lo]. See Sheridan [11] for an excellent review
of the extensiveliterature on teleoperationand telerobotics.

Most of these systems require fairly complex hardware
a the human interface: exoskeleton master linkages are
attached to the human amto minimize the kinesthetic ef-
fects of distance to create a sense of "tele-presence’. Our
objective was to provide widespread access by using only
the "point-and-click" interface avail able under the standard
HTML language.

A number of WWW sites provide access to remote de-
vicessuch as cameras, coffeepots, and coke machines 1121
Althoughwebelieveour systemwasthefirsttoalow WWW
users to manipulate a remote environment, remote motion
control was independently explored by severd other re-
searchers. In October 1994, Mark Cox of Bradford Univer-
sity reported a system that allows WWW usersto remotely
schedule photos from a robotic telescope [13] and Rich
Wallace of NYU demonstrated a remote camera that can
be selectively aimed using a WWW ISMAP [14]. Shortly
after the Mercury Project came online, Ken Taylor of the
University of Western Australia demonstrated a remotely
controlled six-axis telerobot with a fixed observing camera
1151 Although Taylor's system requires users to type in
spatial coordinates to specify relative arm movements, his
system allows WWW usersto pick up blocksby controlling
therobot's parallel-jaw gripper.

3 System Design and User Interface

To facilitate use by a wide audience of non-speciaists, we
sought to make all robot controls avail ableviathe standard
point-and-click mouse commands as shown in Figure 2.
Thisforced usto consider a 2D workspacewith only afew
buttonsfor out-of-plane effects. Users are trained with an
on-linetutorial prior to operating the robot.

The user interface centers around the bitmap that we call
the "' statusimage' as shown in Figure 3. Any number of
"observers" carl simultanwusly view the status image, but
only thecurrent " operator™ can send commands by clicking
on theimage. To limit access to one operator a a time,
we implemented password authentication and a queue that
giveseach operator 5 minutesat the helm.

When the operator clicks on the status image using the
mouse, theX'Y coordinatesaretransferredback toour server,
which interprets them to decode the desired robot action.
This action can be: (1) a global moveto center the camera
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Figure 2. Theinterfaceas viewed by a WWW browser.

a XY in the schematic workspace, (2) a loca move to
center the cameraat XY in the camera image, (3) moving
the camera to one of two fixed Z heights, or (4) blowing
a burst of compressed air into the sand directly below the
camera

Weworked to reduce the size of the statusimageto min-
imize turnaround time when a command is issued. The
average image size for the status image, encoded as a .gif
file, is17.3 Kbytes. Althoughwere ableto achieveresponse
timesof 10 secondsfor on-campus users, cycle times of up
to 60 seconds werereported from usersin Europeoperating
via 14.4K telephonelines.

Just for fun, wecreated afictional context for thesystem,
inventing the history of a deceased paleohydrologist who
had discovered unexplainedartifactsin aradioactiveregion
of southwest Nevada. We explained that the Mercury robot
wasoriginally developed to explore that regionand that one
mandate of our grant wasto make our system " availableto
the broader scientificcommunity". A hypertext document
describingthis background providesan onlineintroduction.

4 Robot and Camera

The SCARA robot is an IBM SR5427 built by Smkyoin
early 1980. SCARA standsfor "Selective Compliance As-
sembly Robot Arm"; common in industrial assembly for
"pick-and-place” operationsbecauseit isfast, accurate and
has a large 2.5D workspace. We selected this robot over
other robotsin our 1ab due to its excellent durability, large
workspace, and becauseit was gathering dust in our lab.



Figure3: The"statusimage™”. At therightisa schematic top view of the semi-annular workspace and robot linkage. At left
isa CCD camera image of theview directly beneath the robot end-effector. UpPown buttons areincluded for Z motion of
thecamera, and the round button is used to blow a burst of compressed air into the sand.

Unfortunately IBM no longer supportsthisrobot and we
were forced to read two antiquated BASIC programs and
monitor their serial linetransmissions to decipher the proto-
colsneeded for seria control of therobot. Therobot accepts
joint motion commands using | EEE format and checksums.

Toallow users to manipul atethe remote environment we
initially planned to placeasimplegripper at theend effector.
Anticipating user attemptsat sabotage(whichis, after all, the
time-honored hacker tradition), weopted to use compressed
air as themedium for manipulation.

TheCCD cameraisan EDC 1000from ElectrimInc. This
camera was chosen based on size and cost. Image datais
sent from the camera back through a custom serial lineto
a video capture card. The camera image has a resolution
of 192 by 165 pixels with 256 shades of gray, which we
truncate to 64 shades to reduce transfer time. Exposure
time can be changed by software to range between 64msto
200ms. Althougrhwe dowed therobot to minimize dynamic
effects, mechanical settling times are long enough to cause
image blur at the camera. To avoid this, we implemented a
stability check by taking twoimages separated by 64msand
differencing them. Subsequent images are taken until the
two successive images are sufficiently similar.

To avoid the complexity of another servo motor, we use
afixed focus camera and choose afocal point that compro-
mises between thetwofixed camera heights. Theworkspace
isprimarily illuminated by standard florescent fixtures. We
tested acontrast enhancement routineto normalize thelight-
ing of each image captured from thecamera. Thisincreased
image quality in most cases but exaggerated intensity vari-
ations across the workspace.

5 System Architecture

Asshown in Figure4, WWW clientsfrom around theworld
enter our system through the Internet. The system includes
three communicating subsystems. Server A responds to
Universal Resource Locator (URL) requests for any fileon
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theraiders/ directory. Server A runsthevanillaNCSAHTTP
Demon v.1.3 on a Sun SPARCserver 1000, with SunOS
Release 5.3. Server A caches the most recent status image
and sends it whenever an observer request comesin.

When a user registers as an operator by entering a pass-
word, we use a database server to verify. This server, B,
runs on the same machine as Server A. The database server
is custom programmed for this project, but performs fairly
standard database functions.

When an operator is verified, Server A either adds the
operator to thequeue or communicates with Server C which
controls therobot. Server A decodesthe ISMAP X and Y
mouse coordinates, and sends them across campus to Server
C viaEthernet.

On Server C, a custom program decodes the XY coordi-
natesintoarobot command and verifiesthat thecommand is
legal, e.g., within therobot workspace. If itis, thecommand
isthen executed viaacommand sent totherobot over a4800
baud serial line. Once thecommand iscompleted, server C
usesaloca frame buffer to capture theimage.

Server C then generates anew schematic view of therobot
in the resulting configuration, combinesit with the camera
image and appropriately highlighted control buttonstoform



Figure5: Samplecameraimages. Top row showsscene be-
foreburst of compressed air, bottomrow after. Left column
taken by camerain the up position, Right column by camera
in thedown position.

anew statusimage. Server C then compresses thisimage
into GIF format and returnsit to Server A, which updates
the most recent statusimage and returnsit to theclient.

To maintain compatibility with the widest possibleset of
user platforms, westayedwithinthethestandard H'I TP pro-
tocol. For example, although X windows permit livevideo
feed, we sacrificed thisfeature for the sake of compatibil-
ity. We hopethat future versionsof the protocol will alow
the server to connect to and update clientsto avoid manual
re-loading of images.

The major difficulty in implementing Server C was
scheduling responsesto the network, the local mouse, and
theimagecapture board. Althoughwe serioudy considered
a multi-tasking environment such as Linux, the Electrim
camera was only compatible with DOS and the company
would not part with any sourcecode. Thuswe hand-crafted
our memory management and used the screen itself as a
memory buffer. This enabled us to speed a custom GIF
encoder down to afew microsecondsper statusimage.

5.1 Random Tokens

Each timeServer A returnsa new statusimagetoan operator
or observer, it addsalargerandom number to itsembedded
URL for the update button. This random token prevents
theclient from caching the statusimage (otherwiserepeated
requeststo update the image would ssimply reload the local

image and not request an updated imagefrom Server A).

The random token also allows Server A to identify and
track clients. When an operator logsin with a verified pass-
word, Server A trackstheoperator by maintaining adatabase
of recent clientssothat URL requests can be customized de-
pending on the user's status. For examplethe queueis only
visibleto the operatorsand those on deck.

Servers A and B are at oppositeends of the USC campus
and areconnected viaEthernet. Each machinehasitsown|P
address and residesin the usc.edu domain. Communication
is achieved using a socket connection between the two ma-
chines. Theimplementationon Server A wasdoneusing the
standard BSD socketfunctionsprovided withthe SunOS4.1
operatingsystem and Perl. On Server C we used a publicly
available socket packagecalled Waterloo TCP and Borland
C. TheWaterlooTCP packagewas obtainedfromtheftpsite
dorm.rutgers.edu in thefile/ pub/ nsdos/ wat t cpl wat t cp. zi p.

6 Performance

We expected that the system wouldfail after about 6 weeks
of continuoususe. Although Gentner goes in to groom the
sand onceaday, the systemis till in operationand hasrun
unattended for the past 6 months.

Network throughput averages 20 Kbyteslsec, which is
poor compared with 500 Kbytes/sec that can be achieved
between two Sun workstationsin close proximity on the
campus network. At this time we feel that the delaysare
being imposed by the MS-DOS operating system running
on Server C because of its inability to support networking
operationsand its lack of multitaskingabilities, which ne-
cessitatesbusy waitingcyclesin the PC software to obtain
concurrencebetween the robotic/cameraoperationsand the
networkingduties.

When server C detects an error, it automatically resets
the robot controller, recalibrates, and returns the robot to
its previous position. Also, server A automatically sends
email if any of thekey serversstop functioning. Thisoccurs
on average twice a month usualy due to re-starts of the
primary usc server. Server A aso sends mail to the project
team if server C stopsresponding, which occursabout once
amonth.

We monitor system usage with standard access-logsand
with custom logsat Server B. In WWW parlance, a'hit" is
aclient request for afilefrom our system directorgr tree. In
theperiod 1 Aug, 1994 through 1 Feb, 1995: 1,968,637 hits
were made by 52,153 uniquehosts (see Figures6 and 7). If
we define uses” as clustersof hits with less than half hour
idle time, the system was used 87,700 times due to repeat
visits. The daily average was 430 uses which generated
approximately 1000 new images. In 1994, the Mercury
Project accounted for roughly half of all requeststo USC's
WWW server.

Space prevents us from discussing more sophisticated
analysis of usage patterns such as the deterministic finite
automaton transitionmodel created by Wallace and Fisher

El6L

7 Op&ralor Logs

Some samples from ove  100PAES of operator'slogs:

From: Rex Kwok <rkwok@cs.su.oz.au>
Date: Thu Nov 32152:17 PST 1994
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Figure8: Compositeimage of workspacewith artifactssuch as miniaturelantern, seed packet, €etc..
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Figure6: Cumulativenumber of unique (new) hostsaccess-
ing the project.

"FANTASTIC! It isamazing to operate a robot arm from
Australia.”

From: Scott Hankin <hankin@osf.or g>
Date: Fri Sep23093459PDT 1994:

" ...this site seem; similar to the Internet. The search is
analogousto trying to find something on the net, where you
scan to locateareasof interest. Sometimesyou'll encounter
a useful nugget of information like [the antique lantern];
other times you'll discover information which seems valid
but may be misleading, like the sample of 'fool's gold".
Some i~formatioms in diferent languages, like the scrap of

Asla
Others 1%

Europe
15%

14%

South Pacific
2%

North America
68%

Figure 7: Breakdown of total number of hits by continent.

paper with text in English and German which pointsto the
multinational nature of the net"

From: Dr. SteveM. Potter <spotter @gg.caltech.edu>
Date: Thu Oct 27 23:30:09 PDT 1994

"What fun! Cool idea, folks. Best use of formsand click-
able maps| have seen...I waswondering how | know this
is not a clever laser-disk full of picturesyou grabbed, with
no robot, until i saw the time on the watch after blasting it.
That was when my skepticism evaporated.”

And our favorite..

From: James Bryant < cbryant @ax. j axnet . cony
Date: Sat Sep 10 08:54:11 PDT 1994

"1 don't believel have seena nicer application of science,
or its money on the net.”
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8 Discussionand FutureApplications

The system design exemplifies RISC Robotics, which ad-
vocates Reduced Intricacy in Sensing and Control. The
SCARA-typerobot requiresonly 4 axes, is relativelyinex-
pensiveand robust, and it iseasy toavoid singularities. The
end effector we've used here is also about the minimum.
For moreon RISC as applied to industrial robotics, see 121

We view this project as a feasibility study for a broad
rangeof new applicationsusingthelnternet to bringremote
classroomsand sci entificlab equi pment toamuch wider au-
dience. Remote scholars might gain accessto pricelessand
otherwise inaccessible resources (a Grecian urn, a Guten-
berg Bible, etc.), thus providing an alternativeto pre-stored
librarieswhicharelimitedin termsof perspectiveand depth
of resolution.

Since we can offer no guarantees about transmission
times, our interface design is not suitable for time-critical
interactions such as remote assembly with force fedback.
Our system also suffers by forcing operators to work se-
quentially and wait in a queue. In our next project, we
hope to multi-task the robot so that many operators can be
accomodated! in parallel.

A variant of our system might allow high-school students
to collect rock samples Fran the moon. Anather version
might allow researcherstoremotely control aScanning Thn-
nelling Electron Microscope. The NSFand ARPA recently
proposed similar ideas for "Virtsad Labordtories’ [gj. M/F
believe that widespread access to "desktop tdmxgpemtion”
can pemit the next generation of students and researchers
to share experiencesthat can advance basic and applied sci-

ence.

Figure 9: The Mercury robot and authors (L to R: Mascha,
Goldberg, Sutter, Wiegley, Rothenberg, and Gentner. photo

by Irene Firtiig.)
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