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ABSTRACT 

In this paper, we propose a new method for generating an 
image-based 3 0  panoramic virtual environment (VE). 
The panoramic VE is generated using 3 0  depth informa- 
tion estimated from rotating two multi-siew cameras. 
Even though conventional 211 image-based mosaicking 
niethods provide a wide view, they have limitations in 
providing a user with a navigation-enabled virtual en\+ 
ronment. In order to resolve such obstacles, weprst  esti- 
mate the depth of the scene using two calibrated multi- 
view cameras and then stitch 31) point clouds instead of 
images. B v  rolating hvo cameras using a turn-table it 
enables users to navigate the resulting 3 0  virtual envi- 
ronment with HMD. 

1. INTRODUCTION 

Panoramic image provides a wide field of view or allows 
a user to look around the whole scene. It provides immer- 
sion when it combines with special personal display sys- 
tems such as HMD (Head Mounted Display). The virlual 
environment (VE) constructed with an image-based pano- 
rama provides more realism with relatively simple render- 
ing than a CG-based VE. As a result. the image-based 
panorama has been adopted in constructing various types 
of image-based viltual reality systems (BVR) [I]. 

Up to now, several approaches have been proposed to 
generate panoramic images. For example, a panorama can 
directly be generated using a Catadioptric omnidirectional 
camera [2]. However, it needs complicated Calibration 
and compensation due to the inherent characteristics of 
the camera. A panorama can be constructed using an un- 
calibrated camera 13) or a moving camera [4]. However, 
both Ime limitations in providing 3D feeling or allowing 
navigation, since such systems generate a panorama 
based on 2D images. To add 3D feeling, Peleg et al. con- 
struct a 3D virtual panorama while changing baseline to 
get different disparity using an off-center rotating camera 
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[ 5 ] .  Shum and Szeliski construct a similar system by us- 
ing range information from several viewpoints [6 ] .  Be- 
nosman and Devars get a depth map after rotating two 
linear image sensors with respect to an axis to generate 
hvo cylindrical projection images [7]. However. those 3D 
systems have difficulties in allowing users to navigate the 
VE- 

In this paper. we propose a new method for generating 
an image-based 3D panoramic VF. First, we estimate 
depth of the scene using two calibrated multi-view cam- 
eras. Then we stitch 3D point clouds instead of images 
by back-projecting the pixelwise depth into the 3D VF. 
Finally, we rotate two cameras using a turn-table. As a 
result, the proposed depth-based stitching enables a user 
witha HMD to navigate the resulting photo-realistic VE. 

The rest of the paper is organized as follows: In chapter 
2, we describe the proposed 3D VE generation method. 
Experimental results and analysis are explained in chapter 
3. Conclusion and future WO& will be mentioned in chap- 
ter4. 

2.3D VIRTUAL ENVIRONMENT GENERATION 

Image-based 3D panoramic virtual environment over- 
comes weak points of the 2D image-based panorama by 
allowing users to navigate the 3D VE through an HMD. 
The proposed navigation-enabled 3D VE is generated by 
the following steps: (i) calibration and 3D depth informa- 
tion estimation, (ii) depth-based stitching, and (iii) pano- 
ramic 3D VE generation. 

2.1. Camera calibration and depth-based stitching 
Point clouds estimated from two multi-view cameras are 
stitched to generate a panoramic 3D VE based on the 
geometric relationship between two cameras. Thus, an 
accurate camera calibration process is required. In this 
pqer,  two multi-view cameras at calibrated based on 
modlfied Zbang’s algorithm 191. However. the algorithm 
has problems when it is applied to VR applications since 
the accuracy becomes worse as distance increases. Thus. 
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we propose an effective inethod to get reliable res& at a 
long distance using two multi-view cameras whose three 
lenses are already calibrated [IO]. 

To lessen the projection errors, we capture several im- 
ages of the static pattern. Then, grid points of the pattem 
obtained through mean or median filters. are used for 
getting intrinsic parameters of the cameras. After obtain- 
ing intrinsic parameters, extrinsic parameters are calcu- 
lated for three lenses. The lenses of the multi-view cam- 
era see the same direction and are positioned on a single 
plane. The extrinsic parameters of each camera are ob- 
tained by averaging the extrinsic parameters of three 
lenses. The resulting extrinsic parameters provide rotation 
and translation matrices from the origin of the world co- 
ordinate to the centers of each camera as shown in Figure 
1 [11][121. 

Figure 1. Camera calibration 

Note however that, in general, the back-projected re- 
sults from the left and riglu camera are not matched in VE 
because independently estimated extrinsic parameters, (RL. 
TL) and (RR~  TR), have some inherent errors. Thus, we 
need to estimate the extrinsic parameters of two cameras 
using dependent calibration, i.e. iterative calibration of 
two cameras. 

For 3D depth-based stitching in VE, it is essential to ae- 
quire accurate Rm and T,. The relationship behveen two 
cameras. Ruland T,, can be expressed as follows: 

RLR = R,Ri' 
TL, = TR - RLJL (1) 

where, R, and T,are the rotation and translation matri- 
ces of right camera with respect to the left camera. 

We obtain the optimum values by exploiting back- 
projected 3D coordinates of Kgrid points for each camera 
through an optimization process. That is, given K grid 
points, Ru, and T, are found such that the distance be- 
tween corresponding grid points may be minimized. i.e., 

Given IWO sets of correspondingpoi,irs.~, 

(2) F i d  WJJ 8~ {RR,TR} 

where, 4, and GR, represent back-projected 3D coordi- 
nate of each grid point from left and right camera in VE. 
respectively. In real case. it is alnmst impossible to obtain 

exactly same values even though G L ~  and GR; should be 
the same. The difference is expressed as a function of {RL, 
TL) and {RR. TR}. Thus, the accurate geometric 
relationship between the two cameras (or extrinsic 
parameters) can be found by minimizing the difference. 

as an image coordinate of a 3D 

grid point GI=[xgi,.vgi: 4,]' of the pattern for the left cam- 
era. The back-projected point GL, into VE is represented 
as follows: 

Let us denote 

where, CL denotes the camera parameter. The back- 
projected point G,, tluough the right camera can be ex- 
pressed similarly. Therefore, by estimating R u  and Tu, 
minimizing Eq. (2). the relationship between two cameras 
can be obtained. Finally, the relationship enables two sets 
of  point clouds to be stitched in the VE. Note however 
that there still r e i ~ i n  some errors due to inaccurate 3D 
depth estimation. 

The following method is used to remove noise over 
overlapping areas after back-projecting the point clouds 
taken from both cameras into VE using Ru and T,. Let 
us assnme that a cube, w,hose side is I _  at the current mo- 
ment. The median filter is applied to eliminate noise. 

Figure 2. Noise removal 

(4) 

where, I, denotes stitching result for a point i. The snb- 

script qj represents the area specified by an i" cube. I 
L, 

and I denote point clouds from the left and right cam- 

era within the cube. The median filter is applied upon the 
point clouds for the overlapping area to remove noise, 
while maintaining a smooth depth change. The color of 
the resulting point after stitching is used as that of ia 
point. As a final step, bilinear interpolation is performed 
to display the point cloud in 3D VE to the user. 

2.2. Panoramic 3D virtual environment generation 
By rotating two multi-view cameras using a turn-table, 
VE can be genemted and users can navigate the resulting 
3D VE with a HMD. A user can see in any direction 
within a constant radius of VE as shown in Fignre 3. The 

lm, = Median(I,, ,I3, ) 
,CO. 

RI 
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procedure for generating VE is as follows. First, we 
closely locate two cameras to estimate more accurate ex- 
trinsic parameters of both cameras. Then, the baseline 
between two cameras is adjusted according to applica- 
tions. Note that only translation vectors are affected and 
the relative rotation matrix does not change because cam- 
eras move only in a horizontal direction along the bar on 
the turn-table. 

After translation and rotation matrices are estimated 
from the reference position, two virtual cameras can be 
positioned in a VE. Finally, 3D depth information from 
each camera is obtained while rotating the turn-table 
every constant degree as shown in Figure 3. 3D informa- 
tion is illustrated as point cloud and rendered onto the VE. 
We can obtain the point cloud in all directions and final 
3D VE through 3D depth-based stitching. 

Figure 3. Virtual environment generation 

We can measure how much observation gain we can get 
by comparing the case with that of one camera-based 
panorama. Figure 4 shows a top-view of a general indoor 
environment and a turn-table with two multi-view cam- 
eras. The upper circle represents an area where users can 
see the scene in 3D. Thus, by comparing maximum circle 
circumference seen from a centered-camera with that seen 
from the proposed method, we can see the observation 
gain of the proposed method. 

I I 

Figure 4. Gain of user navigation area 

When one camera is used and a user sees the modeled 
cylinder from the rotation axis, the maximum angle be- 
tween two tangential lines is 7r - 2Sz, where O2 denotes 
maximum angle formed by a normal. When the radius of 
the modeled human is d, the circle circumference A is as 
follows. 

where, h is the distance from rotation axis to the center of 
an object and r is a radius of modeling-disabled area. 

r=Rcus(T] FOI' 

where, R is rotation radius, FOV is field of view of a 
multi-view camera. 

On the other hand, in case of the proposed method, the 
observable maximum angle is a+28,  , where 0, is a 
maximum angle by a normal when tangential lines are 
fonned from each camera to the cylinder. However, as 
shown in the right side of Figure 4, the difference be- 
tween the position of original camera CO, and that of a 
camera by tangential line with a circle radius R, is negli- 
gible because the rotational axis is far enough from the 
environment. The maximum length of circumference B is 
expressed by approximation as follows: 

Thus, the maximum gain C of an observable range by 
the proposed method is given as Eq. (8) and is repre- 
sented as a function of R. 

Accordingly, given h and d, C increases almost linearly 
with R increasing. 

3. EXPERIMENTAL RESULTS AND ANALYSIS 

We have performed experiments in a general indoor 
environment under a normal fluorescence lighting 
condition. We employed two IEEE 1394 cameras 
(Digiclops) to capture background. The camera 
calibration was accomplished using OpenCV librruy and 
a Xeon I.OGHz CPU computer was used. In the 
experiments, the size of indoor environment is 7mxSm 
and pattem size is 1.75mx 1.25m. 

Table 1. Error range ofextrinsic parameters 

Distance 1 = Im = 4m 
Imagesize I 640x480 I 640x480 

Patternsize 1 0.3mx0.2111 1 I .75mx I .25m 
Error Range I within+O.Olm I within *0.04m 

Figure 5 shows depth-based stitching results after the 
proposed optimization procedure. Figure 5(a) and Figure 
S(b) are the back-projected results of point clouds from 
both left and right cameras, respectively. Figure 5(c) 
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shoivs a composite image after 3D depth-based stitching. 
As shown in Table 1: the error becomes bigger with the 
distance increasing. Thus, we reduced the errors by ap- 
plying the optimization process to get accurate Xu and 
Tu as shown in Figure 5 .  

Figure S. Depth-based 3 D  stitching (a) left image (b) right 
image (c )  stitched image 

L I 

(8) (b) 

Figure 6.Zoom-in andzoom-out 

Several scenes seen from a navigation-enabled area are 
shown in the Figure 7, and Figure 8 is a top-view of VE. 
As can be seen from Figure 8, the VE fonns a rectangular 
shape. The right side shows another space out of room as 
shown in Figure 7@). 

(a) ( b )  (C) 
Figure 7. Scenes from seen different directions 

Figure 8. Topview of VE 

Figure 9 explains the observable gain C (Eq. (8)) of a 
user according to the distance between two cameras. 

(a) (b) 
Figure 9. Observable gain according to the distance betwren 

two cameras (a) obsewable gain according to 11 in case of 
+O.h (b) observable gain according to d i n  caw of b=lm 

For example, let us put a cylindrical object w>ith a radius 
0.5m in fronl of the rotational axis by h i .  If the distance 
between the two cameras is 2m, 24% gain is obtained. On 
the other hand, if the object radius is 1.75m and distance 
from the rotation axis to the object center is 4111. 24% gain 
is obtained. 

4. CONCLUSIONS AND FUTURE WORK 

In this paper, we propose a new method to generate an 
image-based 3D panoramic VE. The proposed method 
provides a user with a wide FOV and enables the user 
with a Hh4D to naturally navigate the VE within a con- 
stant radius. It also provides a photo-realistic VE with 
less rendering time than the conventional CG-based VE. 
It also obtains obselvable modeling gain as the rotation 
radius increases. There are several remaining challenges. 
To reduce stitching error: more accurate camera calibra- 
tion is needed. To apply the proposed method to real-time 
application we need a fast stitching algorithm. A natural 
cornposition between virtual objects and background VE 
requires light soutce estimation and analysis to match 
illumination condition of the VE. 

5. REFERENCES 

[ I ]  H. Chen, “Building Panoramas from Photographs Taken w 
ith a Hand-held Camera.” Ph.D. Dissertation, Universilv o 

[41 

191 

f Hong Kong, 2002. 
S.  K. Navar, ‘Catadiontric Omnidirectional Camera,” IEE 
E Conrp& S m i q  C& on CVPR’97, pp.482-488, 1997. 
H. Y. Shum and R. Szeliski, “Construction of Panoramic I 
niage Mosaics with Global and Local Alignment.” Iiv’l. J 
ountal ofCmputer Vision, vol. 36(2), pp. 101- 130.2000. 
S. Peleg, B. Rousso, A.  Rav-Acha and A. Zomet. “Mosaic 
king on adaptive manifolds.’ IEEE Trans. on PAW’, vol. 2 
2(10), pp. 1144-1154, moo. 
S.  Peleg et. al. “Canieras for stereo panoramic imaging:’ 
CVPR, vol. I ,  pp. 208-214.2000. 
H.Y. Shum and R. Szeliski, “Stereo reconstruction from m 
uI tiperspective panoramas,” ICCV, vol. 1 pp. 14-2 I 1999. 
R. Benosman and J. Devars_ “Panoramic stereovision sens 
or,”Proc. I 4 1  Iiirl. CO,,/ on PR. pp. 767-769, 1998. 
W. W w , N .  Kim and Y. Iwadate. “Stereo imaging using a 
camera with stereoscopic adapter,” Proc. of IEEE - SAIC 
2000, ~ 0 1 . 2 , ~ ~ .  1512-1517,Oet. 2 W .  
2. Zhang, “Flexible camera calibration by viewing a plane 
from unknown orientations.” Proc. of fk Seventh IEEE I 

iir’ICoi,/,vol. I, pp. 666-673_ 1999. 
Point Grev Research Inc.. h t t o : i i w . o t m e w o n i  
S. Kim and W. Woo: “Image-based 3D Mosaicking using 
Multiple 3D Cameras,’’ Korean btstitste of Conmmnica- 
IionsScierices (KICSSZOOZ), vo1.?6, pp.S8-61,2002. 
S .  Kim and W. Woo, “Virtual Environment Generation usi 
ng 3D Image-based Panorama;” 15“ Il’orkslrop on Image 
Processirig midlnioge Understandiiig, pp. 11 1- 116,2003. 

I - 920 


