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SUMMARY: A method is proposed to realize a mobile tele-
existence system which enables a human operator at the
controls to perform remote tasks dexterously with the feeling
that he or she exists in the slave mobile robot in the remote
environment. A prototype system was constructed and the
feasibility of the method was evaluated. The system consists
of an independent mobile robot with two TV- cameras, a remote
control station with visual and auditory displays with a
sensation of presence, and a communication link between the
human operator and the mobile robot. The effectiveness of the
proposed system was evaluated by navigation experiments of
the mobile robot through an obstructed space. Several display
and operation methods are compared quantitatively using the
time "elapsed, smoothness of the travelled path and the number
of collisions as the criteria for comparison.

INTRODUCTION

A typical potential use of the third generation robot [1] is
to liberate humans from work in potentially hazardous working
environments. These include, for example, work in nuclear
power plants, undersea operations and rescue operations in
disaster areas.

One robot system which can be used in these areas will be
the human-robot system that consists of several intelligent
mobile robots, a supervisory control sub-system, a remote
operator and a communication sub-system between them.

Figure 1 shows the author's concept of a human-intelligent
robot system which copes with essential work in hazardous
working environments.

Planning, scheduling and task sharing by several robots
can be handled by a supervisory controller [2]. Simultaneously,
each robot consecutively sends a work progress report to the
supervisory controller.

The reports are compiled and processed by the supervisory
controller and selected information is transmitted to the
human operator through visual, auditory and tactile
channels. The operator gives macro commands to each of the
robots via a voice recognition device.

When an intelligent robot is confronted with a task which
is beyond its own capacity, the control mode is switched to
the highly advanced type of teleoperation,i.e., telepresence,
remote-presence or tele-existence [3,4,5,6].

We call this advanced teleoperation, TELE-EXISTENCE [5].
Tele-existence tries to enable a human operator at the
controls to perform remote manipulation tasks dexterously
with the feeling that he or she exists in the remote
anthropomorphic robot in the remote environment.
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Fundamental studies for the realization of the tele-
existence system are now being conducted in the authors'
division of the Mechanical Engineering Laboratory as part of
the National Large Scale Project called JUPITER(JUvenescent
PIoneering TEchnology for Robots), which is a research and
development program of advanced robot technology for a system
that avoids the need for humans to work in potentially
hazardous working environments, such as nuclear power plants,
under sea, and disaster areas. :

In previous papers [5,6],the principle of the tele-
existence display method was proposed. Its design procedure
was explicitly defined. Experimental display hardware was
made, and the feasibility of the visual display with a
sensation of presence was demonstrated by psychophysical
experiments using the test hardware.

In this paper a method is proposed to realize a mobile tele-
existence system, which can be remotely driven with the auditory
and visual sensation of presence. A prototype system was
constructed and the feasibility of the method was evaluated. The
effectiveness of the proposed system was evaluated by navigation
experiments of the mobile robot through an obstructed space.
Several display and operation methods are compared gquantitatively
using the time elapsed, smoothness of the travelled path and the
number of collisions as the criteria for comparison.

SYSTEM CONFIGURATION

A prototype system with fundamental mobile tele-existence
functions has been assembled for experimentation.

Figure 2 shows the schematic diagram of the experimental
system. The system consists of an independent mobile robot
with two TV color cameras, a remote control station with the
visual and auditory displays with a sensation of presence,
and a communication link between the human operator and the
mobile robot.

The head movement of the human operator is measured in
real time and the robot's vision system is controlled to
follow the movement of the operator. The robot can be
navigated either by autonomous control or by the command of
the operator. The images acquired by the robot's vision
system are transmitted and displayed to the operator's two
eyes through head-linked CRT displays with an appropriate
lens system. The two images in turn fuse to give a very
natural visual sensation.

The remote station is controlled by a micro- processor
(PC9801 VM2 with D-board 16 and micro-VAX II). The movement
of the human operator's head and the position of the control
knob and switches are measured in real time, processed by
the computer, and are sent to the mobile robot via a
wireless modem (HD-9600-ACH).

The mobile robot is a battery operated-three wheeled
cart, which is controlled by a micro-processor (PC 9801 VM2)
with a co-processor (D-board 16). Command signals are
received by an on-board wireless modem (HD-9600/B-~ACH) and
pieces of processed information are wused to control the
movement of the TV cameras, direction and velocity control
of the propulsion subsystem, steering subsystem, and the
brake subsystem.
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Two video signals from the two color TV cameras are
transmitted in turn to the remote station by two UHF
transmitters (Ch.22 and Ch.26).

Video signals are received by the UHF receivers and are
conveyed to the visual and auditory display either directly
or through computer superimposers.

Two CRT displays with appropriate lens systems are placed
immediately in front of the operator's eyes. Remote scenes
taken by left and right cameras on board the robot are
displayed on left and right CRTs, which are focussed by. the
lens systems on the corresponding left and right retinae,
respectively. The visual angle with which each eye sees the
object on the CRT display is controlled so that it coincides
with that of the direct observation. The disparity of the
two corresponding pictures on the two CRTs is controlled so
that the distance to the displayed object is always kept at
the same distance as that of the real object [5,6].

Auditory information is displayed by a head set. The left
and right signals are received from the microphones fixed
to the left and right TV cameras, respectively.

During routine navigation tasks, the robot travels
autonomously using the environmental map and the environmental
information gathered by the visual sensors (two TV cameras and
an ultrasonic sensor) and internal sensors (two odometers on
the rear wheels). Visual information is processed remotely by
the micro VAX II, while ultrasonic and odometer signals are
processed by the micro-processor on board the robot.

The navigation process can be monitored by the operator.
When the robot encounters a task which the robot is not able
to manage by itself, it stops and asks the operator for help.
At that time the operator controls the robot using joysticks
as though he were driving that robot like an automobile,

i.e., as if he were on board the robot at the position where
the robot's TV cameras are located.

Figure 3 shows the prototype tele-existence mobile robot
and Table 1 shows its specifications. Fig. 4 shows the head-
linked display with a sensation of presence used in the system.

PRINCIPLE OF THE DISPLAY WITH A SENSATION OF PRESENCE

Essential parameters for human three dimensional perception
of an object are: (1) the size of the retinal image of the
object, or visual angle, (2) convergence of the two eyes, or
equivalent disparity of the two retinal images, and (3)
accomodation of the crystalline lenses. Adding to the above
monochromatic parameters, fidelity in color is important for
a realistic displayl(6].

Figure 5 shows a schematic diagram of the direct
observation of an object in three dimensional space. The
human observer measures the convergence angle (& ) and the
size of the object on the retina (lm). Since the distance
between the two eyes (Wm) and the distance between the
crystalline lens and the retina (am) are known, a human
observer can estimate the distance to the object (dobj) and
the size of the object (lobj) as follow:

dobj = Wm/2tan( {/2)
lobj= dobj*1lm/am
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If we think of a virtual plane at a distance of dvir
perpendicular to the direction of the head; and project
the object image onto the plane as shown in Fig. 5,
and the human observer observes the projected images by
using the corresponding eyes, then the observed
parameters, i.e., ol and lobj, are the same and the human
observer gets the same lobj and dobj. The lobj and dobj
can be derived by using the equivalent disparity (ed) on
the virtual plane and the projected image size on the
virtual plane (lvir) as follows:

dobj
lobj

Wm*dvir/(Wm-ed)
dobj*lvir/dvir

mou

where dvir is the distance to the virtual plane.

Figure 6 shows the display system which reproduces
the same situation as the direct observation. Two TV
displays and lens systems produce the virtual images
of the size 1lvir on the virtual plane at the distance
of dvir with the equivalent disparity of ed.

Figure 7 shows the slave robot's camera system,
where the distance between lenses Ws is set to be equal
to Wm. The distance between two CCD devices (wcam) 1is
usually ,but not necessarily, set as Wcam=Wdis=Ws, where
Wdis is the distance between the two centers of the TV

displays.
Under these conditions, we define a magnification
factor )’= ldis/ls. Then by arranging am= 4/ *as, we have

the condition of Fig.6, which is the same condition as

for a direct observation. Practically, am can be

determined by measuring the size of the image on the diplay
(1dis) when monitored through the TV camera for a known size
object lobj at the known distance dobj as:

am = [ *dobj, where = 1ldis/lobj.

The focal length of the lens (fm) must be selected to
meet the condition that the virtual image of the TV
display is on the virtual plane.

Ideally the distance to the virtual plane (dvir) should
be controlled to coincide with the dobj controlling both fm
and am. However, experiments revealed that if
200 mm < dobj < oo , dvir can be fixed to 1000 mm, and
if 145 mm £dobj $2000mm, dvir can be fixed to 500 mm.

This makes the design and realization of the system more
practical.

If these conditions are satisfied and the cameras
and the display system follow the head movement of the
operator, the ideal condition of the direct observation
is always maintained.

In order to have a wide view without moving the
operator's head, a short focal length of the camera (fs)
must be selected and the appropriate values for as and am
must be set.

The display system of Fig. 4 is designed to meet these
conditions.
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EXPERIMENTS

In order to evaluate the effect of the application of the
tele-existence display to the mobile robot system, a comparison
between a conventional display and a tele-existence display was
conducted.

Figure 8 shows the task that the remote operator should
execute. The goal is set at a distance of 25 m; two cylindrical
obstacles block the way. The remote operator controls the
mobile robot, observing the situation using either a conventinal
two dimensional display (14 inch TV monitor) or the tele-
existence diplay. The operator uses a joystick which assigns the
velocity and the direction of the mobile robot's travel.

Three operational modes are set for the tele-existence
display and conventional display as shown in Fig. 9. In
independent-mode, the camera is controlled to follow the head
movement of the human operator and the steering is controlled by
the operator using the joystick. In the follow-steering mode,
the camera follows the movement of the steering, which is also
controlled by the operator using the joystick. In the look-ahead
mode camera is fixed in the forward looking direction.

Preliminary experiments revealed the fact that it is quite
helpful for the remote operator to have a reference which
indicates the orientation of the robot's body. Therefore, a
rectangular frame with a reference at the center of the front
side is fixed in front of the robot -(See Fig.3), so that the
operator can see the orientation of the robot's body through
the display.

Table 2 shows the results. The table gives the time elapsed
to reach the goal for the combination of the four display types
and three operational modes with a fixed camera angle of 48
degrees, for a human subject (the average of three trials).

For other subjects, the same tendency was observed although the
absolute values varies from subject to subject.

With the conventional TV display it is quite difficult to
operate. Collisions occur frequently. Both independent-mode and
follow-steering mode using the tele-existence display with a
reference, show the superior results. This coincides with the
subjective feeling of all five subjects that these are quite
natural and easy to operate.

To analyze the difference between independent-mode and
follow-steering mode, trajectories of the mobile robot under
two operational modes were measured and compared. Appendix 1
shows the calculation algorithm for the trajectory.

Figure 10 shows the best result for the independent-mode,
while Fig. 11 shows the best result for the follow-steering
mode. It was confirmed from Fig. 10 (a) that the vehicle stopped
when the operator searched the environment turning his head in
the independent-mode. This increased the total time elapsed and
made the trajectory a little bit uneven.

In the follow-steering mode of Fig. 11(a), the tele-vehicle
did not stop while searching, which reduced the time elapsed
and made the trajectory smoother (fig. 11(b)).

629




CONCLUSION

A method was proposed to realize a mobile tele-existence
system which enables a human operator at the controls to
perform remote tasks dexterously with the feelings that
he or she exists in the slave mobile robot in the remote
environment. A prototype system was made and the
feasibility of the method was evaluated.

The effectiveness of the proposed system was evaluated
by navigation experiments of the mobile robot through an
obstructed space. Several display and operation methods were
compared quantitatively using the time elapsed, smoothness
of the travelled path and the number of collisions as the
criteria for comparison.

The follow-steering operational mode using tele-existence
display with a vehicle direction reference showed the best
result. The independent-mode was found to be useful for the
operator to accurately observe the environment by stopping
the tele-vehicle.

REFERENCES

[1] S.Tachi,"Sensors for Robotics," Proceedings of the Xth
World Congress of International Measurement
Confederation (ACTA IMEKO), vol.5, pp.1-17, Prague,
Czechoslovakia, April 1985.

[2] T.B.Sheridan,"Toward a general model of supervisory
control," in T.B.Sheridan and G.Johannsen ed.,
Monitoring Behavior and Supervisory Control, Plenum, New
York, 1976. -

[3] S.S.Fisher et al.,"Virtual environment display system,"
ACM 1986 Workshop on Interactive 3D Graphics, pp.1-11,
Chapel Hill, North Carolina, October 1986.

[4] J.D.Hightower, E.H.Spain et al.,"Telepresence: A hybrid
approach to high-performance robots," Proceedings of the
'37 International Conference on Advanced Robotics (ICAR),
pp.563-573, Versailles, France, October 1987.

[S] S.Tachi et al.,"Tele-existence (I) -Design and evaluation
of a visual display with sensation of presence-,"
Proceedings of the 5th Symposium on Theory and Practice
of Robots and Manipulators (RoManSy 84), pp.245-254,
CISM-IFToMM, Udine, Italy, June 1984.

[6] S.Tachi and H.Arai,'"Study on tele-existence (II) -Three
dimensional color display with sensation of presence-,
Proceedings of the '85 International Conference on
Advanced Robotics (ICAR), pp.345-352, Tokyo, Japan,
Sept. 1985.

630



we3lsAS 30qoy uewny sYy3z JO werbetg OT3RWIYDS | °bta

Sutpuejsispuny woissIly ¢ NN joLjuoy uonyofy 1 DN
jusWSS9SSY uonenNg ; YS duissesoaq adendue] : g7
aseq aje(] 28paimouy] I gl uots109(] a
Burssedor uoljewaoju] L1osusg ; JIS Sulpueisaapup) juswiuodiaus : [)49]
B e e - UO13IBD IUNWILOY)
1
i 2L
¥
m j10day] /asuodsay 2[NPOA purwiwo)
1221490
purwwo))
13(jo.3u07)
2avis— /{ Snowouoine _
s <t
aae 099U .:cm_:mqrn
| teiradatiddivatinsdicditieslientioed uaa.m13q - 1
i TUBWAIRSEIW ~ LLXTLL
) wopyedqunwwosy |\ vt AN e [0
! Saee
¥ o
e j10day /esuodsay v
pEY i ¢ ‘
3 QO Joduoa puPWILIo]) (N an @
CpUETRY mN
EXTIE \A Snowouoing M XL
llllll gavas jo uoijesusg ™
“I JUWIANSLIW lm ©
i > yarm Lepdsig
¥ 90UBISIX —3[3 ] g
Kiitos ~ (310day/asuodsay)
109190 < “ mashutioialivniefi ffiudibuniinsgibuibubuion fugl bdhuduas o
jon (puewiwon))
A4
SAE[S 7 SNOWOUGINE wo:mummxmlmﬂwh—u E Qumum LO\MVEM HE®E®>O:~
||||||| Yadeas [W SISOUIUA ueumn (¢] ucwgwhzmmwmd
w. justioanseaw v ‘ Ju m m w
“ yooadg =
! o}
a utpuejsaapu :
_. e W_onmm\wmcoawmx N {pue] GQD A”|
109 obalndnis 289
40 Joauss puewwon) 1 ﬂfm
s30q0Yy -
uuuuuuu ey uaam1a
£ JUSWainseaus 4. L
" H uo1IBd IUNWWOY) esed eje(]
« dIS :
= a@dpejmou
ke 2 110d3}] /asuodsay Pl p:
199[q) =3 GO way KR mt
’ i purwwon) [PuueyD)
VS
uolssiwsued
3\ejs [ snewdodojae ‘ : rH.
uotjeurlojuy




MASTER ASSIST COMPUTER SYSTEM ON BOARD COMPUTER SYSTEM 7|
Z |
L UHF RECEIVER  —— ANTENNA Jertf ANTENNA b—ro L, UHF TRANSMITTER ;
}
R|  UHF RECEIVER  |——— ANTENNA Jed{ ANTENNA iR UHF TRANSMITTER '
s
— By
L_E SUPERIMPOSER | | | SUPERIMPOSER MODEM MODEM Hi{  D-BOARD-15
] VIDEO MEMORY VIDEQ MEMORY D/A (CAMERA MOVEMENT) DISK
| STEREO DISPLAY D-BOARD-16 | D-BOARD-16 D/A (SPEED CONTROL: X
i
VISION * i 1;
AUDITION L} A/p (HEAD MOVEMENT) D/A (STEERING CONTROL, ;
DIO | BRAKE ON-OFF MEMORY !
—! A/D (SPEED) P Py
FORWY ARD’ BACKWARD ¢
; SERVO CONTROLLER £/ COUN
N\ A/D (STEERING) ] RV CONTROLLER E/1 YUNTER ‘
STATLS COUNTER —tp
DIO | BRAKE UVOFF. PC9801
MASTER FORW ARD; BACKWARD — SN BOARD
MODE CHANGE
STATUS K L
PC9801 [ RS232C M
I MOBILE ROBOT
RS232C /
m n
K VAXL | —— s —— @

Fig.2 Experimental Mobile Tele-existence System

Prototype Mobile Tele-existence
Vehicle (Tele-Vehicle I)

Fig.4 Head-linked Stereo Display

with a Sensation of Presence
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CAMERA ANGLE 48°

Lood Ahead Follow Steering Independent
wlthout
difficult difficult difflcult
reference
2-D DISPLAY
with
543" 4°35" 4°'28"
reference
without
3'18" 2'12" 2’6"
TELE-ZXISTENCE reference
DISPLAY with
2'40" 1'15" 1'6"
reference
Table 2 Comparison of the Time Elapsed for Differnt Operation

a) Determine directlon

Dir=8gn (81+8S,)

1} Forward : Dir=1 i) Reverse : Dir=-—1
b) Stralght motlon test
Strailt ¢ Dir=0
If @ Abs(S1—8S¢) < limit
¢) If reversed motion @
1) Change Sign of S1,5¢ I Swap S1,S-
d) Determine step rotatlon relative to cart position and orlentatlon
S1—S,
A0=———
C _bse
Sr+ C_bse C__bse
= +
S1—Sr 2
Ay =Rsind 8 Ax=R(1l —cosd48)
a) Base ref to global co-ordinate
Aye = Dir(dycosd—Adxsin8)
Axe = Dir(Axcos8+Adysind)
8=04+46
XM=XU-D+dX,
Y=Y U~-1) +dy,
Range Suppression of 8
- S 8 S =
it 8 > = 0=2x—86
i 8 < —= 0=2x+40
Addltional Processing
® miscount at O speed @ if Limit S 2 st__ahoad
Note
S = Speed Loft Sr = Speed Rlght
C _bse = Dlstance between rear wheels  average time  100ms
Appendix Algorithm for the Trajectory Analysis
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