NAIST-IS-TR 97015

ISSN 0919-9527

T elepresence b y Real-time View-dep enden t

Image Generation from Omnidirectional

Video Streams

Y oshio Ono e, Kazumasa Y amaza w a, Haruo T ak em ura

and Naok azu Y ok o y a

1

August 1997

�

This pap er describ es a new approach to telepresence which realizes virtual tours into a

visualized dynamic real world without signi�cant time delay . W e prop ose a nov el concept

of instantour which enables us to instantly lo ok around a visualized space of a dynamic real

w orld. The instantour is realized by the following tw o steps: (1) video-rate omnidirectional

image acquisition and (2) real-time view-dep endent p ersp ective image generation from an

omnidirectional video stream. The prop osed technique is applicable to real-time telepresence

in the situtation where the real world to b e seen is far from an observ ation site, b ecause the

time delay from the change of viewing direction to the change of displayed image do es not

dep end on the actual distance b etw een b oth sites. Moreov er, multiple users can lo ok around

from a single viewp oint in a visualized dynamic real world in di�erent directions at the

same time. The prop osed technique is also useful for another type of telepresence which uses

recorded omnidirectional video streams. W e hav e developed a prototyp e of virtual instantour

system and hav e successfully exp erimented with real dynamic scenes.

Keyw ords: telepresence, omnidirectional imaging, Hyp erOmni Vision, vision-based graph-

ics, visualized dynamic real world, virtual reality

, virtual tour, video surveil-

lance and monitoring

1

Graduate Scho ol of Information Science, Nara Institute of Science and T echnology

8916-5 T ak ayama, Ikoma, Nara 630-01, Japan

E-mail: fyoshio-o, yamazawa, takemura, yokoy ag@is.aist-nara.ac.jp

� � � �

Virtual reality systems can b e classi�ed into tw o categories: (1) 3D computer graphics-based

system [7] and (2) image-based system [3, 4, 12]. The �rst approach fully dep ends up on real-

time 3D computer graphics techniques for mo deling and rendering virtual environmen ts,

while the second uses multiple-view, panoramic or omnidirectional images for generating

virtual environmen ts. Although the CG-based approach provides the high interactivit y in

general, the approach su�ers from exp ensive cost in b oth mo deling and rendering, which leads

to low quality of visualized scene and rendering for maintaining real-time computation. The

image-based approach can ov ercome these di�culties and moreover makes it p ossible to use

images of real world scenes which usually hav e more rich details than those generated by

using CG techniques [4]. How ev er, conv en tional image-based systems face another di�culty

of extra works in obtaining panoramic or omnidirectional images; that is, the time delay in

generating such wide-angle images can not b e ignored and makes it di�cult to treat dynamic

real worlds. F or example, panoramic images are often created by camera rotation [11, 20, 28]

or by integration of overlapping photographs taken with a regular camera [6]. Such pro cesses

are not suitable for acquiring image sequences of dynamic real world scenes.

The image-based approach to constructing virtual environmen ts is closely related to telep-

resence [9], which aims at providing a user the natural feeling of existing in the distance. In

most conv entional telepresence systems, active cameras such as panning and tilting cameras

are utilized to immersively present a user view-dep endent images of a scene in the distance.

This often su�ers from the time delay from the change of viewing direction to the change of

displa yed image. The time delay is mainly caused by b oth the communication b etw een an

observ ation site and an observed world and the control of cameras so as to follow the user’s

viewing direction. Esp ecially

, the former factor dep ends on the actual distance b etw een the

observ ation and observed sites.

Our ob jective is to develop a metho dology for realizing virtual tours into a visualized

dynamic real world without signi�cant time delay

. This could achiev e a nov el concept of

instan tour which enables us to lo ok around a visualized space of a dynamic real world

instan tly . In other words, we wan t to develop an instant tele-tour or telepresence system.

The instantour requires video-rate omnidirectional imaging of dynamic real scenes and view-

dep endent image display which simulates camera motions such as panning, tilting, rolling and

zo oming [17, 18]. This pap er describ es a new image-based approach to virtual environmen t

tour which meets the ab ov e ob jective. Our approach is based up on the integration of an

omnidirectional image sensor for real-time omnidirectional imaging and an image warping

tec hnique [21] for real-time view-dep endent image generation. This provides a nov el approach

to real-time telepresence and is applicable to the situtation where the real world to b e seen is far from an observ ation site, b ecause the time delay from the change of viewing direction

to the change of display ed image do es not dep end on the actual distance b etween b oth sites.

Th us this p otentially enables us to realize the real-time telepresence in the long distance.

F or example, we could reasonably lo ok around the Mars surface if the omnidirectional image

sensor would b e landed on the Mars and an image communication link would b e maintained

b etw een the earth and the Mars. It should b e noted that the prop osed technique is also

useful for another typ e of telepresence which uses recorded omnidirectional video streams.

This pap er is structured as follows. First we brie y describ e an omnidirectional image

sensor called Hyp erOmni Vision [24, 25] which can acquire an omnidirectional image of a real

scene at video-rate. Geometric transformation of an omnidirectional image is then discussed;

that is, an arbitrary single-view p ersp ective image and a cylindrical panoramic image are

computed from a circular omnidirectional image taken by the Hyp erOmni Vision. W e �nally

presen t a prototyp e of image-based virtual tour system which realizes the instantour of a

visualized real scene using the Hyp erOmni Vision and image warping techniques, as well as

some exp erimental results of computing lo oking-around image sequences from b oth minute-

to-min ute and recorded omnidirectional video streams.

� � � � � � �

Video-rate acquisition of an omnidirectional image of a dynamic real scene requires sp ecial-

ized cameras. A v ariety of sensors hav e b een develop ed to acquire omnidirectional visual

information on a 3D environmen t [5, 15, 23]. Optics of such sensors use a �sh-eye lens [1, 13],

a conic mirror [22], a spherical mirror [8], a hyperb oloidal mirror [24], or a parab oloidal mirror

[18]. W e employ the Hyp erOmni Vision using a hyp erb oloidal mirror which was originally

prop osed as an omnidirectional imaging sensor for rob ot navigation. In the following we

brie y describ e the geometry and characteristics of the sensor.

2.1 Overview of Hyp erOmni Vision

The Hyp erOmni Vision is mainly comp osed of a hyp erb oloidal mirror and a single CCD

camera as illustrated in Fig. 1. The hyp erb oloidal mirror is constructed of a hyp erb oloid

of two sheets of revolution, which has two fo cal p oints (O

M and O

C

). Note that the axis

of the camera is aligned with that of the hyp erb oloidal mirror and the camera center is

�xed at one of the fo cal p oints (O

C

) of the mirror. The hyp erb oloidal mirror yields a

360-degree circular omnidirectional image of a 3D environmen t around its axis. Given a

w orld co ordinate (X ; Y ; Z ) and an image co ordinate (x; y ) as shown in Fig. 1, the shap e of

h yp erb oloidal mirror is implicitly represented as:

Figure 1: Geometry of Hyp erOmni Vision.

X

2

+ Y

2

a

2

�

Z

2

b

2

= �1 (Z > 0): (1)

The inner fo cal p oint O

M of the mirror is at (0; 0; c) and the outer fo cal p oint (camera lens

cen ter) O

C is at (0; 0; �c) in the world co ordinate, where c = p

a

2

+ b

2

.

A newly develop ed prototyp e of the Hyp erOmni Vision is shown in Fig. 2 and its pa-

rameters are summarized in T able 1. An example of obtained omnidirectional image of a

lab oratory scene is shown in Fig. 3. The CCD resolution is 768 � 494 pixels and the angular

altitude range of the sensor is b etween +20 degrees and -90 degrees from a horizontal plane.

It can b e observed in Fig. 3 that the Hyp erOmni Vision provides a circular omnidirectional

view of the surroundings including the ground ( o or) and ob jects on it around the sensor

axis.

T able 1: Parameters of Hyp erOmni Vision.

a 42.1mm

b 42.7mm

c 59.9mm

diameter of mirror 150mm

fo cal length f 5.9� 47.2mm

Figure 2: Prototyp e of Hyp erOmni Vision.

Figure 3: Omnidirectional image.

5

2.2 Characteristics of Omnidirectional Image

An omnidirectional image obtained by using the Hyp erOmni Vision is characterized by the

mapping of a scene onto an image plane through a hyp erb oloidal mirror and a lens. The

h yp erb oloidal mirror yields the image of a p oint in space as follows. As illustrated in Fig. 1, a

ra y going from the p oint P (X ; Y ; Z ) in space toward the fo cal p oint O

M of the hyperb oloidal

mirror is re ected by the mirror and passes through the other fo cal p oint (camera center) O

C

in tersecting an image plane at a p oint p(x; y ). Thus the image taken by Hyp erOmni Vision

is equiv alen t to the central pro jection of a scene onto the hyp erb oloidal mirror surface and

its single center of pro jection (viewp oint) is O

M

. This pro jection may b e called hyp erb oloidal

pr oje ction and yields the following equations.

Z = p

X

2

+ Y

2

tan

m

+ c;

m

= tan

�1

(b

2

+ c

2

) sin

c

� 2bc

(b

2

� c

2

) cos

c

;

c

= tan

�1 f

p

x

2

+ y

2

;

� = tan

�1

Y

X

= tan

�1 y

x

;

(2)

where

m denotes an angle representing the direction from the fo cal p oint O

M to the p oint

P (X ; Y ; Z ) in space,

c do es an angle representing the direction from the camera lens center

O

C to the pro jected p oint p(x; y ) in the image plane, f is the fo cal length of camera lens

(the distance b etw een the p oint O

C and the image plane), and � denotes the azimuth angle

of P (X ; Y ; Z ) (see Fig. 4).

All p oints with the same azimuth in space app ear on a radial line through the image

cen ter; in other words, the azimuth angle is inv arian t from changes in depth and height. The

ab ov e equations can b e rewritten as follows:

x = f (b

2

� c

2

)X

(b

2

+ c

2

)Z � 2bc p

X

2

+ Y

2

+ Z

2

;

y = f (b

2

� c

2

)Y

(b

2

+ c

2

)Z � 2bc p

X

2

+ Y

2

+ Z

2

;

(3)

whic h directly represents the pro jection of the p oint P (X ; Y ; Z ) in space to the p oint p(x; y )

in the image plane.

By the analysis of geometry

, the hyp erb oloidal pro jection has b een prov en to hav e the

adv an tage that a hyp erb oloidal pro jection image can b e easily transformed to b oth a cylin-

drical panoramic image and a familiar p ersp ective (distortion-free) image, where the origin

of transformed co ordinate is �xed at the fo cal p oint O

M

[25]. This feature is imp ortant for

6

Figure 4: Inv erse pro jection of an omnidirectional image to a virtual p ersp ective image plane.

virtual reality and telepresence applications. Other omnidirectional sensors using conic or

spherical mirrors do not hav e such a go o d feature. This is the main reason why we employ

the Hyp erOmni Vision for the present application.

� � �

� � � �

In the following we describ e the geometric transformation of an omnidirectional image to a

familiar p ersp ective image and a cylindrical panoramic image.

3.1 Generating Persp ective Images

The common p ersp ective image can b e computed from the circular omnidirectional image.

Figure 4 illustrates a tw o-dimensional geometry of the transformation of a circular omni-

directional image to a p ersp ective image, where a pixel in a transformed image plane is

represen ted by a p olar co ordinate (r; � ;

m

) in space whose origin is lo cated at the fo cal

p oint O

M

. Note that the azimuth angle � is omitted in Fig. 4. The angle

c is calculated

from the hyp erb oloidal pro jection as follows:

c

= tan

�1

(b

2

+ c

2

) sin

m

� 2bc

(b

2

� c

2

) cos

m

; (4)

where a, b and c are parameters of the hyperb oloid (see Fig. 4). The corresp onding co ordinate

(x; y ) in the omnidirectional image is obtained by substituting (� ;

c

) into the following

equations:

7

Figure 5: Computed p ersp ective image.

x = f

tan

c cos � ;

y = f

tan

c sin � :

(5)

If each pixel lo cation in a transformed image plane is represented by the world co ordinate

(X ; Y ; Z ), the corresp onding co ordinate (x; y ) in the source image can b e obtained by apply-

ing Eq. (3). This is computationally more e�cient than using Eq. (5) b ecause Eq. (3) do es

not contain trigonometric functions.

By computing the ab ove geometric transformation b etw een (x; y ) and (r; � ;

m

), or (x; y )

and (X ; Y ; Z ), a p ersp ective image viewing in an arbitrary direction from the �xed p oint

O

M can b e generated from an omnidirectional image. Some interp olation is needed in ac-

tual transformation. Figure 5 shows an example of computed p ersp ective image which is

obtained from a part of Fig. 3, where the bi-linear interp olation using four nearest neighb ors

is employ ed.

3.2 Generating Panoramic Images

Con ven tional cylindrical panoramic images can also b e easily computed from the circular

omnidirectional image by using equations similar to those given in the previous section,

where a transformed p ersp ective image plane should b e replaced by a cylindrical image

surface. Figure 6 shows an example of a cylindrical panoramic image computed from the

omnidirectional image in Fig. 3.

8

Figure 6: Computed cylindrical panoramic image.

� � �

� � � � � � � �

No w we describ e a prototype of image-based interactiv e virtual tour system using the Hy-

p erOmni Vision. The interactivit y here means the change of viewing direction and can b e

actually achieved by using v arious interactiv e devices such as a mouse, joystic k and 3D p osi-

tioning sensors. Among those, we assume to use a magnetic head-tracking facility attached

on a head mounted display in the following. In our system, camera motions such as panning,

tilting and rolling are simulated by generating view-dep endent images from omnidirectional

images.

4.1 Algorithm

A common p ersp ective image is generated by clipping a part of circular omnidirectional image

and is display ed on a head mounted display

. Although such a p ersp ective transformation can

b e achiev ed by applying the transformation describ ed in Subsection 3.1 to all the pixels in

a destination image, we actually compute the exact transformation only for sparsely spaced

grid p oints for maintaining real-time computation.

The ow of view-dep endent image generation from omnidirectional images is given in the

follo wings.

1. At the b eginning, uniformly spaced grids are simply generated on a rectangular desti-

nation image (see Fig. 7).

2. User’s head p osition and viewing direction are measured by a magnetic head tracker

attached with a head mounted display

. Let the viewing direction b e denoted by a

rotation matrix R .

9

Figure 7: T ransformation of omnidirectional image to p ersp ective image.

3. According to the ab ov e measurement, the corresp onding viewing area in a source omni-

directional image is determined and then clipp ed (see Fig. 7). Note that the user’s head

p osition (viewp oint) is assumed to lo cate at the inner fo cal p oint O

M of the Hyp erOmni

Vision. Using the rotation matrix R , each grid p oint co ordinate (u; v ) in the destination

image is represented in the world co ordinate (X ; Y ; Z ) as follows:

0

B

B

B

@

X

Y

Z

1

C

C

C

A

= R

0

B

B

B

@ u

v

f

h

1

C

C

C

A

; (6)

where f

h is the fo cal length of a virtual p ersp ective camera which is equiv alen t to the

distance from the viewp oint O

M to the destination image plane in space. The grid

p oints which corresp ond to those in the destination image are also determined in the

source image by applying the transformation describ ed in Subsection 3.1.

4. The destination image is computed from the clipp ed source image and grid p oints by

applying an image warping technique with bi-linear interpolation [16]; that is, each

quadrilateral in the source image is linearly warp ed to the corresp onding rectangular

area in the destination image. Note that the computed destination image is not exactly

a p ersp ective image but a pseudo-p ersp e ctive image, and thus is geometrically distorted

in some degree.

5. The completed destination image is �nally display ed on the head mounted display via

a down converter.

The ab ov e steps are iterated according to continuous measurements of user’s view direc-

tion for providing an image sequence of virtual tour of a dynamic real scene. It should b e

noted that the computation time and the quality (the degree of geometrical distortion) of

images computed by the algorithm ab ov e dep end on the num b er of grids initially generated

10

Figure 8: Hardware con�guration of instantour system prototyp e.

in the destination image in Step 1 of the algorithm. This problem will further b e discussed

in later.

4.2 Implementation

A prototyp e of interactive virtual tour system for realizing the instantour in a real scene

has b een developed [17]. The system con�guration is illustrated in Fig. 8; the system is

comp osed of a standard workstation (Silicon Graphics Indigo2 / Maximum Impact (R4400,

250MHz)) with a video b oard (Impact Video), Hyp erOmni Vision ver.2, 3D magnetic track er

(P olhemus 3SP

ACE F

ASTRAK), wireless video communication facilities (Premier Wireless

CS-200) and head mounted display (Olympus Mediamask). The 3D magnetic head track er

is attached with the head mounted display

. The Hyp erOmni Vision can b e mounted on

a mobile facility such as a mobile rob ot and a car. Pseudo-p ersp ective view generation

describ ed ab ov e is achieved by software with a graphics accelerator on the workstation.

� � �

W e hav e carried out tw o kinds of exp eriments: one is with indo or dynamic environments

using the prototyp e system in Fig. 8, and the other is with recorded omnidirectional video

streams of outdo or dynamic scenes. In the �rst exp eriment, dynamic omnidirectional images

are transmitted from the Hyp erOmni Vision to the workstation via wireless video communi-

11 cation. In the second exp eriment, play-bac k ed video streams are inputted to the workstation.

In b oth exp eriments, view-dep endent images are computed and are presented to a user in

real-time in the same wa y .

Prior to these exp eriments we hav e examined to determine the optimal num b er of grids

for generating view-dep endent images. The num b er of grids are exp erimentally analyzed in

t wo asp ects: (1) video-rate view generation and (2) unp erceptible geometrical distortion of

generated image.

5.1 Preliminary Exp eriments

As mentioned earlier, the computation time and the quality of images computed dep end

on the number of grids that are initially generated in the rectangular destination image.

Our requirement is to reduce the computation time less than a time unit of video pro cessing

(1/30 second) and to generate high quality images so that users can not p erceive geometrical

distortions. In order to decide the optimal number of grids, we have preliminarily exp eri-

men ted with several di�erent numbers of grid p oints for measuring the computation time and

sub jectively ev aluating the degree of geometrical distortion in computed pseudo-p ersp ective

images.

Figure 9 shows examples of generated pseudo-p ersp ective images of the size of 720 �

486 pixels with di�erent num b ers of grids, which are computed from an omnidirectional

image containing a test pattern. In the sub jective ev aluation of image quality

, straight line

segmen ts and circular arcs are mainly used as cues to examine geometrical distortions. As

can b e seen in Figs. 9(a) and (b), the geometrical distortion can b e clearly p erceived in the

images computed from the small num b er of grids, 4 � 3 and 8 � 6, resp ectively . F rom

exp eriments including Fig. 9, we hav e concluded that the num b er of grid p oints must b e

greater than 8 � 6 for providing images of unp erceptible geometrical distortion. Figure 10

illustrates the image computation time and the image refreshing interv al with resp ect to

the num b er of initially generated grids. The image computation time means the measured

time in determining grid p oint co ordinates in the source image plus the theoretical time in

executing the image warping to complete a pseudo-p ersp ective destination image for each

view, while the image refreshing interv al implies the time interv al b etween consecutive tw o

views are display ed. This exp erimental result tells us that the num b er of grid p oints must

b e less than 64 � 48 for real-time image generation. Consequently the reasonable number

of grids is b etw een 16 � 12 and 32 � 24 for the present system con�guration.

W e note that the measurement of viewing direction, view-dep endent image computation

and image display are p erformed asynchronously with one another in the present prototyp e

system. The viewing direction is measured every 8.3msec and the image display is refreshed

12

(a) 4 � 3 grids (b) 8 � 6 grids (c) 16 � 12 grids

(d) 32 � 24 grids (e) 64 � 48 grids (f ) 128 � 96 grids

Figure 9: Pseudo-p ersp ective images computed with di�erent number of grids.

Figure 10: Image computation time and image refreshing interv al with resp ect to number of grids.

13 ev ery 33.3msec. Using 16 � 12 grids, the time delay from user’s head motion to corresp onding

image display onto the head mounted display v aries in time from 51.5msec to 93.1msec, where

a computed pseudo-p ersp ective image has the size of 720 � 486 pixels.

5.2 Indo or Scene

No w we present an application of the prop osed technique to real-time telepresence. Figure

11 shows a sampled instantour sequence of virtually lo oking around a real indo or scene which

con tains a walking p erson, as well as the corresp onding sequence of input omnidirectional

images taken in the p erio d of 6.5sec. In this exp eriment, view-dep endent images are com-

puted using 32 � 24 grids. It can b e seen that tw o p ersons app ear in the scene in the p erio d

and the view of a user of the system is tracking one of tw o walk ers. This provides a user

the natural feeling of lo oking around a real dynamic 3D environmen t at a �xed view p oint.

It should again b e noted that the time delay do es not dep end on the actual distance from

the user (viewer) to the world to b e seen, while conven tional telepresence systems based on

activ e regular cameras su�er from the signi�cant time delay caused by the communication

b etw een b oth tw o sites. The exp eriment ab ov e exhibits the p otential of applying the pro-

p osed technique to instant tour, tele-op eration, video surveillance and monitoring (VSAM)

[10, 15] and so on.

5.3 Outdo or Scene

Figure 12 shows exp erimental results of interactively viewing an outdo or scene from a

recorded omnidirectional video stream. In this exp eriment, omnidirectional video is ob-

tained in adv ance from the Hyp erOmni Vision mounted on the ro of of a car (see Fig. 13)

whic h is manually driven on a public road in the Keihanna Science City area lo cated in Nara

and Kyoto. A video stream is recorded by a standard Hi-8 video recorder. Note that the

circular omnidirectional images contain 360-degree views around the moving car as well as

the camera and the car ro of in the center of each image. The computed pseudo-p ersp ective

video stream in Fig. 12 shows an image sequence of lo oking around the scene at a crossing

on the road. This provides a user the feeling of lo oking around a real dynamic world from

mo ving viewp oints.

The exp eriment here exhibits another p ossibility of the prop osed technique of telepresence

using recorded omnidirectional video streams. This could lead to promising applications such

as virtual sightseeing and interactiv e video. W e are planning to acquire omnidirectional video

streams of trav eling along a row of stores and houses on a street in Nara City

, an ancient

capital of Japan. This will also contribute to visual archiving and appreciation of historic

scenes.

14

(1) (2) (3) (4)

(5) (6) (7) (8)

(a) Omnidirectional images in time sequence.

(1) (2) (3) (4)

(5) (6) (7) (8)

(b) Generated lo oking-around sequence of images.

Figure 11: Exp erimental result with a real indo or scene. The input omnidirectional video stream was

obtained from Hyp erOmni Vision lo cated at a �xed p osition.

15

(1) (2) (3) (4)

(5) (6) (7) (8)

(a) Omnidirectional images in time sequence.

(1) (2) (3) (4)

(5) (6) (7) (8)

(b) Generated lo oking-around sequence of images.

Figure 12: Exp erimental result with a real outdo or scene. The input omnidirectional video stream was

obtained from Hyp erOmni Vision mounted on a moving car.

16

Figure 13: Hyp erOmni Vision mounted on a car.

5.4 Discussions

Exp erimental results including those in Figs. 11 and 12 have exhibited the satisfactory

p erformance of the prop osed virtual tour system. The real-time telepresence system enables

us to tour into a visualized space of a dynamic real world in real-time. In other words, we

can virtually observe a \mirrored" world which v aries in concurrence with the corresp onding

real 3D environmen t. T elepresence with recorded omnidirectional video streams leads to

virtual sightseeing and interactiv e video applications.

It has b een exp erimentally prov en that the prototyp e system provides us the natural

feeling of lo oking around a real dynamic world. How ev er, there still remain some problems;

for example, the quality of images displayed on a head mounted display is low, esp ecially

in an area of scene which is pro jected around the center of the hyp erb oloidal mirror of

omnidirectional image sensor. This comes from the intrinsic prop erty of the Hyp erOmni

Vision. This could b e resolved by the developmen t of a high-resolution CCD camera or

a high-resolution omnidirectional image sensor based on di�erent optics [14, 26]. Another

problem is the blurring in some parts of the image, which is caused by the v arying depth

of �eld on the curved mirror surface of Hyp erOmni Vision. This could b e relaxed to some

exten t by adjusting the lens ap erture. One p ossibility of improving the sensor is stereoscopic

omnidirectional imaging [26, 27], which will provides the capability of stereoscopic viewing

of a visualized world. These should further b e inv estigated.

Although the exp eriments ab ov e are carried out in a single user mo de, the system can

b e easily extended to a multiple user mo de by indep endently computing multiple di�erent

17 views from a single omnidirectional video stream. The multiple user mo de system could

enable multiple users to lo ok around a scene in di�erent directions at the same time. This

feature may further b e exploited in some telepresence applications.

� �

W e hav e prop osed a new virtual tour system by which we can instantly lo ok around a visual-

ized world of a real dynamic scene. This system is characterized by real-time omnidirectional

image acquisition and real-time generation of view-dep endent images from dynamic omni-

directional images. Exp eriments have shown the feasibility of the prototyp e system. The

prop osed approach has the following adv an tages ov er conv en tional telepresence systems based

on active regular cameras: (1) the time delay from viewers’ head motion to corresp onding

image display do es not dep end on the actual distance b etween viewers and the real world to

b e seen; (2) multiple users can lo ok around in di�erent directions at the same time.

The future work includes: (1) extension of omnidirectional imaging for acquiring stereo-

scopic information on a 3D environmen t [2, 19, 26, 27]; (2) developmen t of a new high-

resolution omnidirectional image sensor using pyramidal mirrors and multiple cameras [14,

26]; (3) presentation of (stereophonic) auditory information synchronized with the visual

scenes. These could drastically improve the reality of telepresence in the future.

� � � �

This work was supp orted in part by the T elecommunications Adv ancemen t Organization

of Japan and the T elecommunications Adv ancemen t F oundation, and also by Grant-in-Aid

for Scienti�c Research under Grant No. 09555127 from the Ministry of Education, Science,

Sp orts and Culture. Kazumasa Y amaza w a would like to thank Y asushi Y agi and Masahiko

Y ac hida of Osak a Universit y for their guidance in the work of developing omnidirectional

image sensors.

�

[1] Z.L. Cao, S.J. Oh and E.L. Hall: \Dynamic omnidirectional vision for mobile rob ots",

Journal of R ob otic Systems, V ol.3, No.1, pp.5-17, 1986.

[2] A. Chaen, K. Y amaza w a, N. Y oko y a and H. T ak emura: \Omnidirectional stereo vision

using Hyp erOmni Vision", IEICE T ec h. Rep ort, IE96-122, F ebruary 1997 (in Japanese).

18

[3] S.E. Chen and L. Williams: \View interp olation for image synthesis", Pr o c. SIG-

GRAPH’93, pp.279-288, Anaheim, CA, August 1993.

[4] S.E. Chen: \QuickTime VR | An image-based approach to virtual environmen t navi-

gation", Pr o c. SIGGRAPH’95, pp.29-38, Los Angeles, CA, August 1995.

[5] K. Der, A. Basu and J. Reyda: \Interactiv e viewing of panoramic images", Pr o c. Vision

Interfac e ’97, pp.162-169, Kelowna, British Columbia, May 1997.

[6] N. Greene: \Creating raster omnimax images from multiple p ersp ective views using the

elliptical weigh ted average �lter", IEEE Computer Gr aphics and Applic ations, V ol.6,

No.6, pp.21-27, 1986.

[7] L.F. Ho dges, B.A. W atson, G.D. Kessler, B.O. Rothbaum and D. Op dyke: \Virtually

conquering fear of ying", IEEE Computer Gr aphics and Applic ations, V ol.16, No.6,

pp.42-49, Nov em b er 1996.

[8] J. Hong, X. T an, B. Pinette, R. W eiss and E.M. Riseman: \Image-based homing", Pr o c.

1991 IEEE Int. Conf. on R ob otics and Automation, pp.620-625, Sacramento, CA, April

1991.

[9] Sp ecial Issue on Immersive T elepresence, IEEE MultiMe dia, V ol.4, No.1, pp.17-56, Jan-

uary 1997.

[10] T. Kanade and K. Ikeuc hi: \Image understanding research at CMU", Pr o c. DARP A

Image Understanding Workshop, pp.95-109, New Orleans, May 1997.

[11] A. Krishnan and N. Ahuja: \Panoramic image acquisition", Pr o c. 1996 IEEE Computer

So ciety Conf. on Computer Vision and Pattern R e c o gnition, pp.379-384, San F rancisco,

CA, June 1996.

[12] G. Miller, E. Ho�ert, S.E. Chen, E. Patterson, D. Blackketter, S. Rubin, S.A. Applin,

D. Yim and J. Hanan: \The virtual museum: Interactive 3D navigation of a multimedia

database", Journal of Visualization and Computer Animation, V ol.3, pp.183-197, 1992.

[13] K. Miyamoto: \Fish eye lens", Journal of Optic al So ciety of Americ a, V ol.54, No.8,

pp.1060-1061, August 1964.

[14] V. Nalwa: \A true omnidirectional viewer", T ec h. Rep ort, Bell Lab oratories, Holmdel,

NJ, F ebruary 1996.

[15] S.K. Nay ar and T.E. Boult: \Omnidirectional VSAM systems: PI rep ort", Pr o c.

DARP

A Image Understanding Workshop, pp.55-61, New Orleans, May 1997.

[16] J. Neider, T. Davis and M. W o o: Op enGL Pr o gr amming Guide, Addison W esley

, 1993.

19

[17] Y. Ono e, K. Y amaza w a, H. T ak em ura and N. Y ok o y a: \T elepresence by real-time view-

dep endent image generation from omnidirectional images", IEICE T ec h. Rep ort, PRMU

97-20, May 1997 (in Japanese).

[18] V. Peri and S.K. Nay ar: \Generation of p ersp ective and panoramic video from om-

nidirectional video", Pr o c. DARP

A Image Understanding Workshop, pp.243-245, New

Orleans, May 1997.

[19] D. Southw ell, A. Basu, M. Fiala and J. Reyda: \Panoramic stereo", Pr o c. 13th Int.

Conf. on Pattern R e c o gnition, V ol.I, pp.378-382, Vienna, Austria, August 1996.

[20] R. Szeliski: \Video mosaics for virtual environmen ts", IEEE Computer Gr aphics and

Applic ations, V ol.16, No.2, pp.22-30, March 1996.

[21] G. W olb erg: Digital Image Warping, IEEE Computer So ciety Press, Los Alamitos, CA,

1990.

[22] Y. Y agi, S. Kaw ato and S. Tsuji: \Real-time omnidirectional image sensor (COPIS)

for vision-guided navigation", IEEE T r ans. on R ob otics and Automation, V ol.10, No.1,

pp.11-22, F ebruary 1994.

[23] Y. Y agi: \Omnidirectional imaging", IEICE T ec h. Rep ort, PRMU 96-140, January 1997

(in Japanese).

[24] K. Y amazaw a, Y. Y agi and M. Y ac hida: \New real-time omnidirectional image sensor

with hyp erb oloidal mirror", Pr o c. 8th Sc andinavian Conf. on Image Analysis, V ol.2,

pp.1381-1387, T romso, Norwa y , May 1993.

[25] K. Y amaza w a, Y. Y agi and M. Y ac hida: \Obstacle detection with omnidirectional image

sensor Hyp erOmni Vision", Pr o c. 1995 IEEE Int. Conf. on R ob otics and Automation,

pp.1062-1067, Nagoy a, Japan, May 1995.

[26] K. Y amaza wa, H. Iwasa, H. T ak em ura and N. Y ok o y a: \High-resolution omnidirectional

stereo imaging using pyramidal mirrors", Pr o c. 1997 IEICE Gener al Conf., No.D-12-

146, March 1997 (in Japanese).

[27] N. Y ok o y a, K. Y amaza wa and H. T akem ura: \Omnidirectional stereo imaging sensor

using a comp osite hyp erb oloidal mirror", Pr o c. 1997 IEICE Gener al Conf., No.D-12-

145, March 1997 (in Japanese).

[28] J.Y. Zheng and S. Tsuji: \Panoramic representation of scenes for route understanding",

Pr o c. 10th Int. Conf. on Pattern R e c o gnition, V ol.I, pp.161-167, Atlan tic City

, NJ, June

1990.

20