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ABSTRACT

In this paper, we report on a convenient and unified framework for generating a photo-realistic interactive virtual
environment, (piVE) using heterogeneous multiview cameras, while not using bluescreen techniques and special ren-
dering hardware. In spite of the rapid growth of computer hardware, rendering a photo-realistic virtual environment
on the fly is still a challenging problem. With the proposed framework, exploiting stereo images/videos, piVE can be
rendered in realtime without using expensive high-end computer with rendering hardware. The proposed framework
consists of three main parts, i.e. (i) photo-realistic virtual space generation exploiting a camera with stereoscopic
adapter, (ii) generation of a video avatar (a special object representing the user) by exploiting multiview camera,
and (iii) graphics object rendering according to the given camera parameters and the user’s interaction. We also
address z-keying issues among background video, graphics objects and video avatar.
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1. INTRODUCTION

While virtual reality is a powerful tool for a range of applications, its usefulness is mainly limited by the real time
rendering of a realistic virtual environment (VE)*. Traditionally, virtual reality systems use 3D computer graphics to
model and render virtual environments in real-time. In general, the modeling of photo-realistic VE (pVE) is difficult
and labor-intensive. In addition, the rendering of complicated pVE on the fly requires expensive special purpose
rendering hardware. In spite of the rapid growth of computers, the rendering quality and scene complexity are often
limited because of the real time constraint.

Over the last few decades, geometry-based rendering (GBR) techniques have been widely adopted in virtual
reality (VR) systems to generate VE. In general, the GBR techniques use geometric model to build virtual space
and objects. With a well-calibrated tracking system, interaction or operation in the GBR-based VE is relatively
easy, because each object in the space is well modeled and controlled. However, the GBR-based VE has difficulties
in representing pVE on the fly, since required computational power goes far beyond the performance of available
computers. Especially, a real-world scene is too complex to be rendered, e.g. a normal room consists of millions of
polygons, i.e. giga bytes of data.

Meanwhile, as an alternative to traditional GBR, image-based rendering (IBR) techniques can generate pVE. The
IBR gives the virtual space fairly realistic feeling since 3D space is represented based on captured images. However,
there are still many challenges to be met before IBR gains the wide acceptance in VR systems. For example, the
interaction with objects in IBR-based VE is very difficult since there is no geometric model in IBR-based approaches.
The more modeling, the better interaction we experience.

In this paper, we present a new hybrid approach which uses a combination of image-based and geometry-based
rendering approaches [1] . The proposed unified framework is a convenient way for generating a photo-realistic
interactive virtual environment (piVE) on the fly, without using expensive rendering hardware. In addition, the
user can interact with CG objects in piVE through the video avatar, a special object representing the user, which
is generated without using bluscreen techniques. The proposed framework consists of three main parts, i.e. (i)
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photo-realistic virtual space generation exploiting a camera with stereoscopic adapter, (ii) video avatar generation
exploiting multiview camera, and (iii) graphics object rendering according to the given camera parameters and the
user’s interaction.

In this framework, we exploit two heterogeneous multiview cameras to construct piVE. As shown in Figure 1,
we first generate IBR-based VE using a portable stereo camera, e.g. camcorder with stereoscopic adapter [2]. Then,
we capture the user using a multiveiw camera and segment the user out from natural video sequences by exploiting
hybrid cues such as color, edge, motion, disparity, etc [3,4]. The segmented user with depth information is used to
generate a video avatar, which replace a CG avatar in piVE. Next, given the camera parameters, we render only a
few CG objects to provide users with the illusion of interaction in piVE. The mixing among the virtual space, video
avatar and CG objects, what is called z-keying, is performed by comparing pixelwise depth information. Finally,

according to the user’s interaction event (e.g. collision), we update the CG objects, instead of re-rendering the whole
VE.
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Figure 1. Basic structure for generating photo-realistic interactive virtual environment. we first generate IBR-based
VE using a portable stereo camera. Then, we capture the user using a multiveiw camera and segment the user out
from natural video sequences. The segmented user with depth information is used to generate a video avatar. Given
the camera parameters, we render only a few CG objects to provide users with the illusion of interaction in piVE.
Finally, according to the user’s interaction event (e.g. collision), we update the CG objects, instead of re-rendering
the whole VE.

This paper is organized as follows. In section 2, we explain the image-based background generation scheme
exploiting stereo video. The video avatar generation scheme is explained in section 3. In section 4, we describe how
CG objects are consistently mixed into the image-based virtual space. A resulting photo-realistic interactive virtual
environment and discussion about possible applications are provided in Section 5 and 6, respectively.

2. PHOTO-REALISTIC BACKGROUND WITH STEREO VIDEO

With the proposed framework, exploiting stereo images/videos, IBR-based VE can be rendered on the fly without
using expensive high-end computers. IBR has developed many new algorithms that avoid much of the overhead
found in polygonal rendering. As a first step towards IBR-based piVE, we incorporate epipolar geometry analysis to
process stereo video sequences. Exploiting stereo images in modeling of piVE provides various advantages over using
an image. For example, stereo vision provides 3D information (such as orientations and distances) of the objects
in the scene. However, the difficulties in stereo imaging mainly stem from capturing well-controlled stereo images,
which is a key step toward accurate depth estimation.

In general, stereo images can be captured using a pair of stereo cameras, where each camera captures a scene
from a slightly different perspective. However, several well-known problems arise from capturing stereo images/video
sequences, since two cameras will generally have slightly different physical characteristics. Without accurate camera
calibration, we may fail to estimate accurate 3D information and to provide realistic 3D effects on the screen.
Meanwhile, a camera with a stereoscopic adapter, e.g. NuView system, can be considered as a new way to capture



stereo images/video sequences, because it can alleviate those problems arising from the different characteristics of
a pair of stereo cameras [2]. Note that it also allows users to access all the functions built into the camcorder, e.g.
zoom, auto-focus, auto-exposure, special effects, etc.

The stereoscopic adapter (e.g. Nu-View system) captures stereo video in field sequential format. The adapter
consists of a sturdy black plastic housing, a reflecting mirror and liquid crystal shutters (LCS). The prismatic beam
splitter and the orthogonally positioned polarizing surfaces (1.45” x 1.25”) in the LCS open and close the light valves,
to record either the direct image or the mirror reflected image on alternate fields of the video. As a result, the left
image is recorded during the ”odd” field, and the right image is recorded during the ”even” field, or vice versa. The
field sequential format is necessary to be transformed to other formats, e.g. above/below format and/or side-by-side
format, since stereo images in field sequential format makes further processing difficult. We transform the sequences
to side-by-side format after a spatial interpolation such as linear or bilinear interpolation between lines.

To estimate 3D information from the stereo video sequences, we need to perform camera calibration which
determines the distortion model and model parameters. In general, standard stereo camera calibration techniques
follow 3-step procedures. First, they establish a list of 3D world coordinates and corresponding 2D image coordinates.
Given this list, camera parameters are estimated for each camera using a set of equations. Finally, the epipolar
geometry is constructed from the projection matrices. We calibrate the camera with a stereoscopic adapter using
Tsai’s calibration algorithm [5].

The Tsai algorithm estimates 11 model parameters: five intrinsic (also called internal or interior) and six extrinsic
(also called external or exterior) parameters. The intrinsic camera parameters include the effective focal length f,
the first order radial lens distortion coefficient k1, the principal point (the center of radial lens) [c;,¢,], and the
scale factor s,. The extrinsic parameters include the rotation matrix R (rotation angles for the transformation
between the world and camera coordinate frames) and transformation matrix 7' (translational components for the
transformation between the world and camera coordinate frames). After performing Tsai’s algorithm, the rectification
can be accomplished by exploiting the transformation matrix obtained from the relationship between the two sets of
extrinsic parameters, {R,T}; and {R, T, }», where the subscript 1 and 2 denote left and right, respectively [2].

After proper calibration and rectification, we estimate disparity using various hybrid cues [2—4,6]. Disparity
estimation is recognized as the most difficult step in stereo imaging. Many disparity estimation algorithms have
been proposed, but the resulting disparity is not accurate enough to be used in real applications. To overcome the
weakness of available estimation schemes, we adopt a hierarchical block matching scheme with hybrid cues, which
exploit edges as well as intensity similarity, based on MRF framework [2—4,6]. We start with a block to maintain
consistency of the estimation, and then segment the block according to the estimation error and variance level. The
edge information is exploited to estimate accurate disparity along the object boundaries.

In addition, we adopt a moving object segmentation scheme to estimate relatively accurate depth information
for moving objects, especially along object boundaries. As shown in Figure 2 (a) and (b), we first perform disparity
estimation for a static scene and then we estimate disparity of the scene with moving objects. By exploiting statistics
of the static scene, we can separate moving objects from the scene. The segmented moving objects with disparity
can be combined to the static background scene. The more detailed explanation on the scheme is in Section 3.
Given disparity information and camera parameters, 3D position can be calculated by triangulation. The resulting
background video with depth information is ready to be used as a virtual space for piVE.

3. VIDEO AVATAR IN VIRTUAL ENVIRONMENT

The video avatar of the user is generated by exploiting a multiview camera, i.e moving object separation and video
texture mapping. In VE, the user can usually be represented by a CG avatar, which has some communication
ability in VE. The CG avatars have been widely accepted in VE since the shapes of avatars need not be an accurate
representation of the user, or be human at all. However, the behavior of the avatar needs to be synchronized to the
actions of the user so that the user experience interaction with VE through the avatar. In the proposed framework,
we replace the CG avatar with a video avatar to improve realism of interaction. The video avatar is generated by
mapping video texture of the segmented user on to the avatar.

There has been a growing interest in object segmentation to provide various applications with object-based
functionalities such as interactivity and scalability. The capability of extracting moving objects from video sequences
is a fundamental and crucial problem of many vision applications. The difficulties of automatic segmentation mainly
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Figure 2. Photo-realistic virtual space generation. (a) static background (b) background with moving objects. We
estimate more accurate disparity along object boundaries by adopting moving object segmentation scheme from a
static scene.

come from defining semantically meaningful areas. Even in cases where we have a clear definition about the areas
of interest, an accurate and reliable segmentation is a challenging and demanding task because those areas are not
homogeneous with respect to low-level features such as intensity, color, motion, disparity, etc.

To alleviate these difficulties, several hybrid schemes have been proposed. Among those, motion information has
been widely accepted as a crucial cue, under the assumption that the objects of interest (OOI) can be characterized
by a coherent motion. Even in case of moving objects, motion similarity may not work well due to various error
sources including occlusions and inaccurate motion estimation. Therefore, additional information is necessary to
detect accurate boundaries of objects.

In the proposed framework, we adopt a slightly different approach to separate objects from the static background.
The basic idea of separating moving objects from the background scene is to subtract the current image from a
reference image which is acquired from a static background during a period of time. The subtraction leaves only
non-stationary or new objects. The proposed segmentation algorithm consists of the following three steps: (1) static
background modeling (2) moving object segmentation and (3) shadow removing.

The object separation technique based on static background modeling has been used for years in many vision
systems as a preprocessing step for object detection and tracking. However, many of these algorithms are susceptible
to both global and local illumination changes which cause the consequent processes to fail. The proposed normalized
color space is able to cope with the slight change of illumination conditions. The proposed algorithm for detecting
moving objects from a static background scene works fairly well on real image sequences of outdoor scenes, as shown
in Figure 2.

We first set up the multiview camera according to the camera position information, {7, R}, which is obtained in
camera, calibration stage of the camera with stereoscopic adapter. We then gather statistics over a number of static
background frames, i.e. N(m, o), where m and o denote the pixelwise mean and standard deviation of the image.
Let the color image be I(R,G, B). The resulting mean image, I,,(R,G, B), is used for the reference background
image and the standard deviation, I,(R,G, B), is used for extracting moving objects as threshold values. The mean
image and standard deviation are calculated as follows:

L—-1
1
t=0
1 L—-1
Io’(RaGaB)ij = z (It(RaGaB) _Im(R,G,B))2 (2)
t=0

where L denotes the total number of image frames used to estimate statistics. We choose L to be 30.



Each pixel can be classified into objects or background by evaluating the difference between the reference back-
ground image and the current image in the color space in terms of (R,G,B). To separate pixels in the moving objects
from pixels in background, we measure euclidian distance in RGB color space, and then compare it with the threshold.
The threshold is determined in order to obtain a desired detection rate in the subtraction operation. The distance,
Dy, and threshold, Th, are defined as follow.

Di = V(Ii(R) = Ln(R))? + (I(G) — In(G))? + (I:(B) — In(B))? (3)
Th = «- (IJ(R) + L,(G) + IJ(B)) (4)

where variable « is determined according to the changing lighting condition.

As shown in Figure 3, to incorporate chromaticity, we introduce normalized color space. Normally, moving objects
make shadow and shading effects according to (changing) lighting conditions. However, the (R,G,B) color space is
not a proper space to deal with shadow and shading effects. Normalized mean and color images, respectively, defined
as follows.

_ In(R,G,B)
Ly (r,g,b) = S (R, G,B)’ (5)
_ It(R7G7B)
It (T', g, b) - St (R, G, B) (6)

where S,,, and S;, respectively, denote the summation of (R,G,B) component of the mean reference and ¢-th frame
images, i.e. Sy (R, G, B) = L,(R) + In,(G) + I,(B) and Si(R,G, B) = Ii(R) + It(G) + I;(B). The distance and
threshold for the normalized color space, D; and Th, are defined as follow.

Dy = (I(r) = In(r)® + (Ie(9) — Im(9))? + (I:(b) — In(b))? (7)
Th = «- (Ia'(r) + Ia(g) + Izr(b)) (8)

where variable « is determined according to the changing lighting condition.

(a) (b)

Figure 3. Classification in color space. (a) classification in RGB space (b) classification in normalized RGB
space. The current image I;(R,G, B) is performed pixelwise comparison with mean reference Image I,,(R, G, B)
and classified into background, if the difference is less than the threshold values, f(I,), a function of I,(R,G, B).
Meanwhile, the objects further can be classified into shadow or shading in the normalized 2D color space. In the
proposed framework, we classify the shadows as a part of the background.

In the proposed normalized color space, we can separate moving objects from background. The difference between
the normalized color image I;(r,g,b) and the normalized mean of the reference image I,,,(r, g,b) is calculated. As



shown in Figure 3 (b), if the the difference of the pixel is larger than the threshold, then the pixel is classified as a
part of background. Note that we can speed up the process by only checking the difference in the normalized color
space, if the pixel is classified as a part of the objects. If the pixel is classified as objects, then we further decompose
the color difference into brightness and chromaticity components. Then, based on the observation that shadow has
similar chromaticity but slightly different (usually lower) brightness than those of the same pixel in the background
image, we can label the pixels into a third category, i.e. shadow. Note however that, in the proposed framework, we
classify the shadow as a part of the background, since we only need to separate moving objects from the background.

We also exploit depth information to reduce misclassification, while segmenting the moving object. The underlying
assumption is that the moving objects have limited range of depth. Using this assumption we remove spot noises
in the segmented object. In addition, we apply two types of median filter (7 x 7 and 3 x 3) to fill the hole while
maintaining sharp boundaries. Figure 4 shows the segmented user from the natural background scene, without using
bluescreen techniques. As shown in Figure 4 (¢), we have a segmented object with sharp boundary, after applying
the proposed separation scheme in the normalized color space.

Figure 4. Moving object segmentation. (a) current image (b) initial object segmentation (c) segmented object after
shadow removing. To maintain sharp object boundaries we exploit hybrid cues including color, edge, depth, etc. To
reduce mis-classification rate between objects and background, we also use median filters, which smooth out spot
noise.

4. INTERACTIVE VIRTUAL ENVIRONMENT WITH CG OBJECTS

The interactive virtual environment (iVE) is usually constructed by adding CG objects, whose behaviors are con-
trolled by external user input. In general, we can add three types of CG objects into the VE: (i) isolated objects
that have no interaction with oyher objects in the VE, (ii) objects that interact with each other, and (iii) objects
that interact with video avatars. The VE evolves according to the interaction events of those CG objects and video
avatars.

In mixing CG objects into pVE, one of the most importance issues is the registration between CG objects and
background scenes. To provide a natural looking VE, the exact position of the real camera must be known to place
the CG objects correctly in the pVE. We exploit the camera parameters, which are obtained in the camera calibration
stage while generating virtual space [2,5].

Another important issue to achieve a more natural composition is taking into account the shadow and shading
effects, according to changing lighting conditions. In the proposed framework we assume that lighting conditions are
not significantly changing and the direction of light sources are known. These assumptions work fairly well because we
use outdoor scenes as background video and, according to given lighting condition, we can control lighting condition
of the CG objects and thus accordingly change shadow/shading effects for the rendered CG objects, as shown in
Figure 5.

5. PHOTO-REALISTIC INTERACTIVE VIRTUAL ENVIRONMENT

In general, natural 3D mixing of two videos/images is still a challenging task. The well-known chroma-keying is a 2D
technique, which cuts out foreground objects using chroma-keying and then composites them with separately shot
background scene [7,8]. As a result, the real objects are always in front of 2D background scene. The constraint
of chroma-keying technique can be overcome by the z-keying (distance-keying) that composites objects with natural
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Figure 5. CG objects with changing lighting conditions. (a) image (b) depth value (c) light source in West (d)
light source in North (e) light source in South (f) light source in East. According to given lighting condition, we can

control lighting condition of the CG objects and thus accordingly change shadow/shading effects for the rendered
CG objects.

or/and synthetic imagery using pixelwise depth information [9,10]. The z-key switch properly composites real and
real /virtual objects by comparing depth information of both images for each pixel, e.g. the nearer one to the camera
will occlude the others. However, the usage of the conventional z-keying scheme is usually restricted to the bluescreen
environment to separate objects from one video sequence [7,8].

In the proposed framework, the z-keying between video avatar and background is performed without using
bluscreen techniques. As explained in Section 3, the user is segmented from nature scene using proposed object
segmentation scheme, exploiting normalized color space and depth information. In addition, the segmented object
result in video avatar which has depth information by exploiting stereo geometry. We also maintain consistency in
z-keying among virtual space, video avatars and CG objects by exploiting camera parameters of multiview cameras.

We use two two different types of multiview cameras, a camera with stereoscopic adapter (SONY TRV900 with
NuView) [11] and a well-calibrated multiview camera (DigiClops) [12]. Due to its portability and simplicity, the Nu-
view adapter [2] is used to generate photo-realistic virtual space. Meanwhile, the DigiClops is used to generate video
avatar on the fly. Since we use two different types of multiview cameras, in order to make z-keying natural-looking,
we need to know exact camera parameters including position and rotation matrices for both cameras.

To maintain the consistency between the real space of the user and the virtual space of the video avatar, we
need to use unified camera parameters. In this framework, the parameters of the camera with adapter are used as
a reference. We first exploit pre-calculated camera parameters to set up the multiview cameras, to make procedure
simple. Then, we compensate for the position and rotation errors of the multiview camera by finding a principal axis
in 3D from the disparity information of the segmented user. The camera position and rotation information can be
estimated based on the assumption that a line passing through the user is perpendicular to the floor. To preserve
the original 3D geometry of the composed image, the video avatar has to be enlarged or reduced in proportion to
the focal distance. Let the video avatar and background video be a and b, respectively. As shown in Figure 6, the
depth between the camera and the object in the composed image Zp, can be approximated as follows [13]

Zys = 7, x It )

fa

where Z, denotes the distance between the camera and the object. The focal lengths of the foreground and back-
ground cameras are f, and f,, respectively. As a result, the user would feel that the absolute size of the video avatar



in the composed image remains unchanged. In case of camera movements, it may also require synchronizing camera
movements or synthesizing views of real background video scene. Without loss of generality, we also add CG objects
into the piVE.

Za

Screen Image

(a) Foreground Image (c) Composite Image (b) Background Image

Figure 6. Z-keying maintaining size consistency [13]. (a) the video avatar (b) the background video (c) composite

video. To preserve the original 3D geometry of the composed image, the the foreground or background has to be

enlarged or reduced in proportion to the focal distance. Let the focal lengths of the foreground and background

cameras be f, and fp, respective}lcy. The depth between the camera and the object in the composed image Z;, can
b

be approximated as Zp, = Z, X i where Z, denotes the distance between the camera and the object.

Figure 7 and 8 show the z-keying process and the final piVE, respectively. The whole objects have disparity
information by exploiting multiview images and hardware z-buffer. Finally, the user can interact with CG objects in
the piVE through the video avatar. We update the virtual CG objects, instead of the whole VE, if the interaction
between the video avatar and the CG objects are detected. Although the interaction in the resulting piVE is
limited since there is no exact geometric model in this method, we still experience the illusion of interaction by the
manipulation of the CG objects, which give fairly realistic feeling. We also can add shadow and shading effects to the
video avatar as well as CG objects, by exploiting the information of the light source in the background video. [3,4].

6. SUMMARY AND DISCUSSION

In this paper, we proposed a cost-effective way to yield photo-realistic interactive virtual environment by exploiting
multiview images/video. We first generate photo-realistic virtual environment by exploiting stereo video. We then
segment the objects from natural static background to generate video avatars and then mix the video avatars into
photo-realistic virtual environment. We finally add computer generated virtual objects into the environment, which
makes user experience the illusion of interaction with the photo-realistic virtual environment, without modeling and
rendering the whole virtual environment.

According to preliminary experiments, we show how the proposed photo-realistic interactive VE can replace
computer-generated 3D graphics VE. The proposed framework will play a key role in developing immersive enter-
tainment systems such as ATR MIC Interactive DAnce System (MIDAS) [3,14] and ATR I-cubed Tangible Music
System [15,16]. The remaining technical challenges for the proposed framework to enable wide-ranging applications
are to include the camera movement and to improve interactivity.
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Figure 7. Components of virtual environment. (a) Background video (b) depth image of the background video (c)
CG object (d) depth image of the CG objects (e) video avatar (f) depth image of the video avatar.
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Figure 8. Z-keying for photo-realistic virtual environment (piVE). (a) composed image I (b) depth image of image
I. (c) composed image II (d) depth image of image II. (e) composed image III (f) depth image of image III. By
comparing pixelwise depth information, we mix CG objects and video avatar into ipVE. The user interact with the
CG objects in the piVE through the video avatar. As a result, the piVE rendered without high-end computers and
rendering hardware by combining image-based rendering and model-based rendering techniques.



