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It is quite desirable for an operator at the remote controls
to have a real-time sensation of presence as if he or she
were in the remote anthropomorphic robot and to be able
to maneuver it dexterously. This concept is called
TELE-EXISTENCE. Realization of a visual display
with a sensation of presence is one of the most important
elements of this tele-existence. In this paper a method is
proposed to realize a tele-existence display and its design
procedure is 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.
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1. Introduction

The so-called ‘‘remote control technique’” used in skill-
fully manipulating a machine arm (manipulator) in a remote
location is called teleoperation. This concept was created
along with the technology for the manipulators used in
atomic power plants and in the development of power arti-
ficial Jimbs for amputees. In the teleoperator, the control
system from man to machine is emphasized, but the sensa-
tion feedback from machine to man exists only to the extent
of transmitting force information back to the operator in the
form of symmetry or force feedback. So, it has not been
possible to carry out work while having a sensation of pres-
ence by integrating all the sensations of working at a certain
place, such as the sensations of vision and touch.

In the case in which a robot is made to work in an
environment which is too dangerous for humans, it is desir-
able that its operator be able to carry out the task while
experiencing the conditions of the work site and while hav-
ing the sensation of presence, as if the human were actually
at the robot’s location. In recent years, studies have inten-
sified on making the sense feedback, from machine to op-
erator, high in ;i)resence sensation. This is often referred to
as telepresence™ or tele- existence >+,

One of the important components for realizing such a
system may be a real-time system capable of faithfully dis-
playing the conditions of the environment where the robot
works or the state of the robot in such a way that person
feels as if he or she were together with the robot.
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visual information based on the sensation of presence, and
its design method is clarified. In addition, based on the
design method, a visual information display device is stud-
ied and its prototype is constructed. Then it is verified that
the new prototype can generate the sensation of presence by
evaluating its effect quantitatively through a psychphysical
experiment.

Incidentally, in this paper, the remotely positioned robot
is assumed to be as similar to humans, in shape and size, as
possible, unless otherwise noted.

2. Basic Design of Tele-existence Visual Sys-
tem

Figure 1 gives the configuration of a basic tele-existence
system, and a concrete method for the configuration of vis-
ual display based on the sensation of presence is explained.

Figure 1(I) shows the principle of the recording and re-
production of wave fronts in holography as conceived in the
past. In other words, a closed surface is created so as to
surround the remote robot, and the wave fronts entering that
area are recorded at multiple points on the enclosure surface.
These wave fronts are then transmitted to the location of the
remote operator, and the wave fronts are reconstructed using
a reproduction device on a similar enclosure surface created
surrounding the operator. However, this method alone
would make it difficult to realize tele-existence for the fol-
lowing reasons:

(1) If the recording and reproduction device were to
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Fig. 1. Concept of wave front reconstruction (I) and tele-existence
In this paper, a system is proposed which can display display (1D).
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constructed so as to reconstruct the actual environment it
would be too large to be practical. In addition, in hologra-
phy, the recording and reproduction of real-time information
cannot be achieved with the available technology.

(2) Display of a distant background scene may be ap-
proximated by a large, two-dimensional screen, but techni-
cally, it is extremely difficult to reproduce nearby objects in
actual size, three-dimensionally, and in real time without
being occluded by real objects.

(3) Inparticular, the actual sensation of presence cannot
be achieved if the hands of the operator at a place different
from those of the robot. In tele-existence, the hands of the
operator must be seen where those of the robot ought to
appear. Hoverever, the realization of such a state is gener-
ally difficult by the use of this method. As a consequence,
it is not possible to acquire the true sensation of presence
based on the fact that the relationship among the background
scene, the task at hand, and the hands of the robot would
not produce the effect of the operator being inside the robot
or being, instead of the robot, at the place where the robot
is.

Figure 1(IT) shows the method of configuring tele-exist-
ence based on robot technology and the human sensory
structure to be proposed here. According to the method in
(I), an attempt is made to reproduce all the wave fronts at
the same time. But, it is not necessary to reproduce all the
wave fronts at the same time, in view of the working of the
human visual perception. The basis of human visual per-
ception is a pair of images focused on the retinas, and the
wave fronts received by a person as retina images at a given
instant are only parts of the total wave fronts. These wave
fronts change in real time with the movements of the per-
son’s head anc eyes. The person then creates, inside his
head, a three-dimensional world based on two images that
change with time, and projects it onto a place where that
object really exists.

As a result, if it is possible to measure the movements of
a person’s head and eyes faithfully, in real time, to move
the head and the eyes of the robot in line with those move-
ments, to transmit to the human side the pair of images
created in the visual input device of the robot at that time,
and to recreate these images accurately without a time delay,
on the person’s retinas using a suitable display device.
Then, that person can receive retina images equivalent to
those seen directly by the robot. In other words, using these
images, the person can create inside his or her head a three-
dimensional world equivalent to the one seen directly at the
place where the robot exists and then project it again into
the real world.

Thus, by scanning partial wave fronts continuously using
a human motion measurement device and a system consist-
ing of a display device and a slave robot, a recording and
reproduction device can be produced that is small enough
to be realistically configured, so problem (1), presented
above, can be solved.

In addition, this method creates a state in which visual
information of the direct observation on the human side is
shielded and instead, visual information from the remote
robot is displayed as if he were there. Moreover, as the
movements of the man’s hands and torso are measured faith-
fully and this information is used to move the manipulators
and body of the robot, when the operator manipulates his
own hands in front of his eyes, a configuration becomes
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possible in which the robot hands appear in front of its eyes
in the same position.

As a result, problems (2) and (3), which are present in
the conventional display, (I), can also be solved.

3. Design of Visual Information Display Sys-
tem

Figure 2 shows the method of configuring an ideal visual
display system. Two cameras are placed at the same dis-
tance a as that between the eyes of a person. The input
mechanism loaded with these cameras is controlled in con-
junction with the movement of the person’s head, as stated
previously.

First, the movement of a person’s eyes is measured, as
illustrated in I, and in conjunction with this information, the
convergence angle Or of the cameras and the convergence
angle 8y of the CRT display device are controlled so as to
obtain Or = On. At the same time, X; is determined, so that
the cameras are focused. In the display section, the lens
system situated in front of the CRT is controlled so as to
obtain Xt = X for the position of a virtual image of the CRT
and I = I; for the size of the image.

There are three parameters acting when a person per-
ceives space monochromatically: (1) the tension and relaxa-
tion of the crystalline lens controlling the muscles; (2) the
size of retina images; and (3) the convergence angles of the
two eyes. In the event that the ideal system in Fig.2 is used,
the values of parameters (1) to (3) above, for the perception
of the person using the system, are equal to those of parame-
ters (1) to (3) in direct observation, respectively. As a con-
sequence, the ideal system can receive the same visual
information as that in direct observation.

Next, an attempt will be made to simplify the ideal sys-
tem. An investigation of the features of a person’s percep-
tion makes it clear that as for (1), if the crystalline lenses
are fixed at 200mm, the natural fusion of the images takes
place in a convergence range from 100 to 500mm and that
if it is fixed at 1m, the fusion corresponds to a convergence
range at from 200mm to infinity. As a result, the sensation
of presence is not lost, even if the distance Xt in the image

real scene
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Fig. 2. Ideal visual display method of tele-existence system.
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Fig. 3. Simpler visual display method of tele-existence system.

displayed in Fig.2 is constant at Xh = Im. This fact was
verified during an experiment on space perception by the
present authors®.

If the display distance is fixed at 1m, then there remain
only two variables that need to be controlled: the size of
retina images and the convergence angle of the eyes, so the
device can be simplified. This simplification is illustrated
in Fig.3. The focal distances of the cameras are set at those
values obtained when a person’s eyes look 1m ahead, and
the images obtained by the cameras are denoted by Pr(4)
and Pr(A). Then the only thing that needs to be done, using
inverse transformations g "1, and q_lR of transformations g1,
and gr from By, and Br into PL(4) and Pr(A4), is to recon-
stitute the virtual images, BL and BR, in front of a person’s

eyes, as shown in Fig.3.

*  The actual design method based on the above method of
recomposition is presented in Fig.4. Figure 4(a) shows the
characteristics of direct observation by a human. The dis-
tance between the person’s eyes is denoted by Wi and the
distance from the center of the crystalline lenses to the reti-
nas by am. Now, if by observing an object with a size lobj
located at a distance dobj from the observer a convergence
angle o and a size /m of an image of the object on the retinas
can be obtained, then the distance and size of the object can
be determined, using the known parameters and observation
values, as follows:

Aoy = % cot (%) ................ (1a)

lobj = Qob; * lm / Am v v v e e e e e e e e e e (lb)

Now, a plane vertical to the observation direction, located
at a distance dyir forward of the observer, is considered in
place of the actual image, and by carrying out the perspec-
tive transformation of an observed object, with its projection
center at the center of the crystalline lenses, on that virtual
plane, its size is denoted by lyir and the shift of the left and
right transformed images on the virtual plane (equivalent
disparity,) by eq.

Using these symbols lyir and eq, Eq.(1) can now be re-
written as follows:

dobj = Wadu/ (Wn-eq)

lobj = obj N lvir / dvir ................ (2b)
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Fig. 4. Design parameters of a visual display with a sensation
of presence.

That is to say, instead of placing an object of a size Iob;
at a place dobj in reality, a perspective-transformation image
lvir of lobj is placed eq away on the virtual plane located at
a distance of dyir. If, at this time, the distance dvyir is fixed
50 as to be able to ignore the effects of the muscular tension
and the relaxation of the crystalline lenses, then it is possible
to obtain the same effect as that for the time when an object
is actually observed. '

Figure 4(b) shows a method for realizing the configura-
tion in Fig.4(a). Figure 4(c) shows the configuration of the
TV camera system on the side of the robot (slave) used for
obtaining the image displayed on the TV at that time. The
distance Ws between the lenses of the two TV cameras on
the slave side is set equal to the distance Em between the
two eyes of the person (master).

Wom Wi o oo 3)

The distance Weam between two imaging elements (such
as CCDs, etc.) of the TV cameras and the central distance
Wais between a pair of TV monitors are made to equal Ws.
Even though different physical dimensions are involved, it
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is possible to satisfy the conditions of Eq.(4) equivalently
using an optical method or by an electric method involving
scanning line processing, etc.

Wem= Wais= Wso o oo 4

Under these conditions, the image enlargement ratio 3 (as
a function of dob;j) and y are defined as follows:

B é [ldis / lobj]at dobj

Y é lais / Is

where l4is is the size of the image on the TV display and
ls is the size of the image on the imaging plane of the
camera. Now, if the distance between the lens of a camera
with the lens at a focal distance fs and the imaging plane is
given by as (fs dobj/(dobj-fs)=fs), then the TV display must be
placed at a location am in front of an observer so as to satisfy
Eq.(6) (refer to Appendix A):

anm = B : dobj ...................

an= Y- as

Moreover, the images of the TV display are moved onto
the virtual plane by placing a convex lens at a focal distance
fm in front of the eyes of the observer. In other words, fm
is used which satisfies Eq.(7):

fom i 0

dvir —an

4, Production of Visual Information Dis-
play System Prototypes

4.1. Visual Information Display Unit

Two types of color display units were created on a trial
basis. One was created with special emphasis on the image
quality using 4-inch color CRTs; the other was intended to
be lightweight and made use of 1.5-inch color CRTs. Each
of these units uses MOS type semiconductor color cameras
as its input cameras. The focal distance can be set arbitrar-
ily between 12.5 and 75mm according to a computer com-
mand. The iris diaphragm can be adjusted automatically.
Figure 5 shows the 4-inch configuration, while Fig.6 illus-
trates the 1.5-inch configuration. The values of f for fs =
12.5mm are 0.16 and 0.053, respectively. In addition, the
values of y are 12.9 and 4.25, respectively. As a result, the
optimum parameters are determined by setting am = 161mm
and fm = 192=190mm for the 4-inch system and am = 53mm
and fm = 56=60mm for the 1.5-inch system. Furthermore,
in the case of the 1.5-inch system, its convergence angle is
controlled by signals from the computer. Incidentally, the
weights of the displays of the 4-inch and 1.5-inch systems
are about 10kg and 6kg, respectively.

4.2. Experimental System for Visual Information Dis-
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Fig. 5. Display employing 4 inch color CRTs.
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Figure 7 shows an outline of the experimental system.
The movement of the person’s head is measured using a
goniometer with six degrees of freedom fixed on the helmet,
and put through coordinate transformation into the com-
puter. On the basis of this information, the active visual
display unit also with six degrees of freedom, is coordinated
to the movements of the person. At the same time, the input
mechanism, a pair of cameras with six degrees of freedom,
is also coordinated to the movements of the person. How-
ever, the present system has one degree of freedom omitted.

The multi-degree-of-freedom display system is com-
posed of a goniometer for measuring the movement of the
head, with six degrees of freedom, and a master-slave type
display device for minimizing the feeling of the head con-
straint. '

One of the problems that arises when the degree of free-
dom of the head movement to be measured is increased, is
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Fig. 7. Schematic diagram of the experimental system.

the feeling of constraint due to the weight of the display
unit. An experiment has already been carried out with one
degree of freedom, and the feeling of constraint due to the
inertia of the display unit was an issue. The one-degree-of-
freedom experimental apparatus was configured to allow
rotation of the unified body of the goniometer and the dis-
play unit horizontally using the power of the neck ™. . The
weight of the display device (about 4kg) was supported on
a rotating axle, but considerable power was required for
rotating and stopping the display device; it was feared that
the sensation of presence would be damaged due to the
feeling of constraint by the band in the head section. Here,
since measurements are made of not only left and right
rotations, but also back and forth vibrations, it is necessary
to move the display device up and down in conjunction with
these movements. If the force of inertia and gravitational
force acting on the display device are to be supported by the
neck, the burden on the neck increases further due to an
increase in the weight of a display system which had been
made to display color. Under these circumstances, the test
device created here has a separate display device and go-
niometer with an actuator on the side of the display device,
so that the burden on the neck comes entirely from the
goniometer. This is a type of master-slave system in which
the display device moves in conjunction with the movement
of the head, measured with the goniometer in real time.
However, since the goniometer and the arm of the display
device must be positioned so as to overlap almost com-
pletely, it is difficult to make the shapes of the goniometer
and the display device identical. In addition, the position
and direction of a single point on the head section, measured
with the goniometer, are not necessarily identical to the
position and direction of the display device. For this reason,
it is necessary to calculate coordinates that put the detector
on the master side and the actuator on the slave side in a
one-to-one correspondence.

A general view of the apparatus is given in Fig.8. The
goniometer has a very small frictional resistance (less than
10gf) in the horizontal direction, since it has a horizontal,
two-link mechanism. The weights of the helmet and the
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Fig. 8. General view of the experimental hardware. Goniome-
ter with six degrees of freedom (right) and servo-controlled
display mechanism with five degrees of freedom (left).

goniometer (1.4kg) are compensated, for using a spring. A
total of six degrees of freedom in terms of position and
posture, can be measured.

As for the display unit driving mechanism, it has five
degrees of freedom, the rotational movement around the line
of vision is omitted because it has nothing to do with the
field of vision. With the use of a 5-joint link, the structure
was made symmetric with respect to the left and right sides,
and the effect of the gravitational force was made easy to
compensate for by movement in the horizontal direction
being independent of the vertical movement. Direct drive
was achieved using a torque motor, by Inland Corp., as an
actuator.

5. Evaluation of the Visual Information Dis-
play Unit

5.1. Horopter and Its Expression

The most important point in evaluating a visual display
device is that the psychological visual space, as seen directly
by the viewer, be in a one-to-one correspondence with the
psychological visual space, as seen through the visual dis-
play device. As one of the methods for investigating this
quantitatively, a method is proposed have whereby the psy-
chological visual space is approximated as a Riemann space
of constant curvature and then its parameters are compared
between the case of observation through the device and the
case of a direct observation.

As shown in Fig.9(a), a horizontal plane at the helghl of
the eyes of the observer is considered, and the x-axis is
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defined as the forward direction inside that plane; the a
y-axis is in the direction, across the face of the observer, and
perpendicular to the x-axis. Here, L and R express the po-
sitions of the left and right eyes of the observer.

The head of the observer is fixed so as not to move at all
in a state where no stimuli are present, such as inside a dark
room, and multiple small points of illumination are pre-
sented on the horizontal plane mentioned above in front of
the observer.

An attempt is made to rearrange those small illuminated
points so that they are seen by the observer to be parallel to
the facial plane, that parallel with the y-axis. It is not always
the case that those points arranged physically in parallel are
observed to be parallel, psychologically; a physical arrange-
ment that appears to be parallel, psychologically, is seen
differently depending on the distance from the observer to
that parallel line.

That is to say, at a certain distance a from the observer,

y
L
a .
R
(a)
y
Distance Alley
L Parallel Alley

X

R _:\

Fig. 9. Helmholtz horopter curves for different fixations (a),
and distance and parallel alleys (b).

(b)

a physically straight arrangement is also observed psycho-
logically as a straight line parallel to the facial plane, but at
a longer distance, an arrangement on a convex line, relative
to the observer, is observed as a straight line. On the other
hand, at a closer distance, an arrangement on a concave line,
relative to the observer, on the contrary, is observed as a
straight line. Such curves are called Helmholtz horopters.

Figure 9(b) shows a physical arrangement that appears
parallel with the x-axis, and is called Hildebrand’s parallel
alley. In addition, an arrangement of two points alley equi-
distant from the y-axis shows a different result from a par-
allel arrangement, and is called Blumenfeld’s distance alley.

Such horopters and alleys show the same tendency re-
gardless of who the observer is. Moreover, the specific
forms of the horopters and alleys are, needless to say, dif-
ferent to different observers, but as long as a single person
is involved, they are always constant.

Figure 10 shows a schematic of the process of mapping
from the physical space coordinate system to the psycho-
logical visual space. Now, if an investigation is conducted
in order to find out whether a difference exists between the
transformations in direct observations and those via a dis-
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through
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/ display

Fig. 10. Mapping from phsical space (bipolar coordinates) onto
visual space (polar coordinates) for direct observation and through
tele-existence display with various display parameters.

play system, such as in a tele-existence system, then that
display system can be evaluated. In other words, by com-
paring the results of horopters and alleys in direct observa-
tions with those obtained by observations via a
tele-existence display system, that display system can be
evaluated.

There are two ways to express horopters and alleys: over
a psychological space, or directly over a physical space.
The Euclidean expressions of horopters and alleys, in a psy-
chological space, can be approximated using the following
equations, after setting the coordinate system of the psycho-
logical visual space to (E,n,L), as shown in Fig.10, and as-
suming among the varlables in the diagram that ¢ = ¢, 6 =

8, and p = 2exp(- o*y)

_(E +M)-1=A5 . ... ... (8a)
Bevmy-1-m .. (8b)
Bgem)rlacn. (8)

The expressions indicated by Eq.(8) are those of horop-
ters in a physchological visual space, and are effective in
showing that a visual space is a non-Euclidean space, par-
ticularly the hyperbolic space of Lobachevski and Bolyai . 6)

However, these expressions are defective in that their
meanings are hard to comprehend intuitively, and also that
estimation of the parameters K, A, and o is not stable in
general unless a fairly large number of points are measured.

The other expressions of horopters are based on a method
for describing horopter curves themselves in a physical
space. In general, they can be described as a group of f{x,y)
= 0 curves.

In this case, an experiment in horopter measurement is
carried out as described below. By using three illumination
points, the ones at the two ends are fixed on’ a straight line,
parallel to the facial plane, and the one in'the center is
moved to where it appears to be exactly on that straight line.
In other words, with x = r denoting the distance from the
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facial plane to the measurement point, the coordinates of the
two points are fixed as (r,—yo) and (r,y0), where yo is posi-
tive. Next, the x coordinate of the small illumination point
in the center is adjusted, so that at a point (%, 0) the three
points are assumed to be on a straight line. Then

where Ax is a function of x; by using this Ax(r), the horopters
can be expressed. In actuality, xi(i = 1,...,n) are obtained,
and (¢= 3 xi/n) is used.

In the present experiment, the horopters are evaluated
quantitatively by using Ax of Eq.(9).

5.2. Experiment

Using two small light-emitting diodes, or LEDs, (3mm
in diameter) inside a dark room, small illumination points
are created, and arranged so that yo = 150mm at points
(r,y0) and (r,y0). Here, r can be 1, 1.5, 2, 2.5, or 3m, and

in each case, a third LED is placed in the center given by -

(x,0).

The central LED is placed on the x-y table whose position
can be controlled, so that an operator can move the position
of the LED freely by controlling the x coordinate.

A subject with his head fixed by means of a head rest,
measures his a horopter by adjusting the x coordinate of the
central illumination point so as to ensure that the three illu-
mination points are put on a straight line parallel to the
y-axis.

Using the same conditions, this experiment is carried out
for the case of direct observation and for the case of obser-
vation via a display system.

Figure 11(a) shows examples of the experiments on
horopters through direct observation, while Fig.11(b) gives
examples of the results of the horopter experiments con-
ducted by fixing the convergence angle of the display so as
to make it equal to the convergence angle of direct obser-
vations at 2m. The symbols (O and [ ] indicated in the
central section of the diagram show the measurements. The
horopter curves shown were obtained by connecting the av-
erage values of the measurements and the two ends by

I 1 [eml

3 [r%\g_’/

2.50\_&’/O
[0

2 D\—o'—/o
[}

i P
-15 L R 15 [em]
direct horopter ma

observation
(a) Horopter for direct observation.

226

3ml

’ O ———0
J. 1

-15 L R 15 [cm]
fg =13 horopter ma
fm =50 (mm]
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mm for 1.5 inch display.

1 tem)
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direct
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(c) Comparison among different display parame-
ters of 1.5inch display at dy(,=2m.

Fig. 11. Experimental results for dvi: = 2m (subject ma).

means of smooth curves symmetric with respect to the x-
axis. For the display purpose, the 1.5-inch system was used.
Since dyir = 2m and am = 55mm, so the optimum parameters
for tele-existence are given as fs = 13mm and fi-57mm.
Because the convergence angle is adjusted for 2m, if there
is any shift from that point, the horopters are found to be
different from the one based on direct observation. Fig-
ure 11(c) compares the horopters obtained at an observation
distance of 2m at various display parameters. It is seen that
when the focal lengths of the eye piece and the objective
lens are varied from their proper values, the size of the
images on the retinas changes, or when the convergence
angle varies, the horopters shift from the one for direct ob-
servation. The variance of data increases accordingly.

The relationship between the focal lengths of the eye-
piece and the objective lens, which the horopter pattern best
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(b) Indirect observation with f,=12.5mm and fp=
190 mm for 4 inch display.

matches the one for direct observation, is the relationship
determined by the design method in Chapter 3, namely that
fs=13mm and fin = 60mm. In this case, Ax(r = 2m) = 11mm
is the same as 11mm for the direct observations; thus the
present design method is shown to be valid. Incidentally,
for fm, even if it is 50mm, as long as fs is 13mm, then the
average value is Ax = 12mm, which is nearly in agreement
with the value for direct observation, so not much trouble is
expected in practice.

Figure 12 indicates the various results in the case in
which the observation distance is set at Im. A set of five
displays each is given; their average is shown by the symbol
(O, with a vertical bar indicating the upper and lower limits
and, therefore, the range of data variation. For this experi-
ment, the 4-inch display was used. Since the optimum dis-
play conditions are dyir = 1m and am = 262m, so fs = 12.5m
and fm = 190mm. With fin fixed at 190mm, fs was varied
from 10 to 12.5, 15, and 20. As a result, Ax(r = 1m) as-
sumed values -15, 13, 32, and 40mm, respectively. It is thus
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Fig. 12. Experimental results for dvi; = 1 m using 4 inch
display (subject ha).

clear that when the focal length fs of the lens on the camera
side is 12.5mm, the results most closely approached the Ax
= 3mm of the horopter of direct observation. In addition,
the data variance is small for the case of 12.5mm.

Figure 13 shows the results obtained by another opera-
tor, who also obtained the best results at fs = 12.5mm, which
assumed values closest to Ax for the direct observation and
for which the data variance was small. It is shown by these
experiments on horopters that in terms of the recognition of
space, the tele-existence design method is valid.

It should be pointed out here that although these results
were obtained for a horizontal plane in front of the face,
even when the display plane was off horizontal, it was pos-
sible to obtain horopters, which could be regarded as equal
to those for direct observation, as long as the angle of ele-
vation was within =10 degrees.

Moreover, if the display range is wider, the head must
necessarily move. In the test system created in Section 4,

~ whenever the head faces the direction, the slave camera

system faces the same direction accordingly. So, as long as

‘the central section of the field of vision is considered the

conditions supporting the data within the horizontal plane
are maintained, and the same state as that of direct observa-
tions can be ensured for a wide range.

6. Conclusions

An effort was made to find conditions under which the
convergence angle and the visual angle, with respect to the
direct observation, could be maintained during observations
using a tele-existence system with robot cameras and the
display system. On the basis of these conditions, test dis-
play systems were created, and a psychological visual space
was measured using horopters. The validity of'the proposed
design method was demonstrated after comparing the horop-
ter shapes from observations using a tele-existence system
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Appendix A
If

Am 9é Yas

then it is not possible to get an accurate sense of distance.
Suppose now that (Fig.A-1)

an > Yas

Since the true position of an object is given when its
image is reproduced on yas, so the point P generated by PR
and Pr. pinpoints the true position of the object (the distance
PH from the y-axis to P is denoted by z).

When the image is displayed at the position am, then Pr
and Pr move to P’R and P’L, respectively, in parallel with
the x-axis (am = yas + ad).

With the use of these points P’r and P’1, the position of
the object created can be determined, and also this position

is proved to be on pg.

If the intersection of the extensions of i.Px’ and pg is
denoted by P’ and that of the extensions of P’ and g by
P’ then

_ L.P
PP'= —— PPy
LPx
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R.P;,
Because

PRPR/=PRPL’=ad’

LPr

it is true that pp = pp7; hence P’ coincides with P”’.

As a result, according to this display system, only the depth
changes, and the nositions of x and y remain unchanged.
If PP = Az thon

an — Ads

Yas

Az =

Or, the z coordinate of the object, according to this dis-
play system, is

a
Z=z4+Az= "2
Yas

Appendix B

In the event that the distance & from the lens to the eyes
of an observer cannot be ignored, the display in Fig.B-1
should work well.

In this case, am and fm can be given as follows:

o= Bldoy—K) - o oo (B-1)
am(dvir — k) ~
T e e (B-2)
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Appendix C

The features that are targeted by tele-existence are as
follows.

(1) That a sophisticated sensation of presence suitable
for work be obtained. The display of sensations to humans
should create an extremely sophisticated sensation of pres-
ence centered on the semsesof vision, hearing, and touch.
This must be realized in terms of, not only the background
environment and the objects, but also positional relation-
ships between the person’s hands, and others. In other
words, what is seen in a tele-existence system is not the
hands of its operator, but should rather be the hands of the
robot as if they were in the place where the hands of the
operator are. In addition, such robot hands should be dex-
terous enough to be able to carry out tasks just as well as
human hands.

(2) That the remote robot be an intelligent robot with
autonomous capabilities (alter ego of its operator). Unlike
conventional remote controls, the robot itself should be
autonomously functional, able to carry out routine work
without an operator, and able to shift into the tele-existence
mode, as a result of an order to the robot or the judgement
of the operator, if necessary. If this is possible, the operator
would no longer needs to carry out boring tasks, and could,
instead, control multiple robots at the same time.

(3) That the expansion of human capability be possible.
For instance, even if one were in a pitch-black environment,
one’s sensory capability would be expanded so that tasks
could be performed with the sensation of working in a light
place and without losing the sensation of presence. In ad-
dition, a tele-existence system should possess a power scale
transformation capability for that would allow the perform-
ance of heavy work, as if it were light work, without losing
the sensation of presence, or a size-scale transformation ca-
pability, for example, performing surgery on blood vessels
with the sensation that rubber hoses were being handled.
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