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Abstract
This paper presents an overview of our efforts on mixed
reality. These efforts span two aspects: how to create models of virtual objects, and how to integrate such virtual objects with real scenes. For model creation, we have
developed two methods, model-based and eigen-texture
rendering methods, both of which automatically create
models by observing the real objects. For the integration
of a virtual object with a real scene, we have developed a
method that renders virtual objects based on real illumination distribution. We have successfully tested the proposed
methods by using real images to demonstrate their effectiveness.

1 Introduction
Virtual reality is one of the most important techniques
for human-computer communications. In particular,
mixed reality, which integrates virtual images of objects
with real background-images, is the key technique for
electronic shopping and the virtual museum. Main research issues in mixed reality include how to obtain virtual
images of objects, and then how to integrate them with real
images.
Our efforts in the mixed reality research span two aspects: how to create models of virtual objects and how to
integrate such virtual objects with real scenes. For model
creation, we have developed two methods, model-based
and eigen-texture rendering, both of which automatically
create such rendering models by observing real objects.
The model-based rendering method first analyzes input
images of real objects, obtains reflectanceparameters from
this analysis, and then, using the determined reflectance
parameters, generates the virtual image [18]. This method
stores very compact information, namely reflectance parameters, and works well when an object surface follows a
known reflectance model.
For other objects that do not follow simple reflectance
models, we have developed the eigen-texture-rendering
method [12]. This method samples appearances of a real
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object, pastes the images onto the surface of the 3D model
of the object, and then compresses them on the 3D surface
(not on the image plane). Later, the compressed data can be
used for generating a virtual image of the object. The
method does not assume any known reflectance model, nor
does it require any detailed reflectance analysis, as was the
case in model-based rendering. Using the 3D model of the
object, the method can also generate shadows that appear
to have been cast by the virtual object, something that the
image-based rendering fails to do. Moreover, the method
achieves a high compression ratio because the compression is performed along pixels corresponding to the same
physical points.
For integration of virtual object with real scenes, we
have developed a method that renders virtual objects based
on real illuminationdistribution [15]. First, a radiance distribution in the real scene is determined from two omni-directional images of the scene. Then the measured radiance
distribution is used for rendering virtual objects superimposed onto the scene image. The proposed method has the
ability to synthesize a convincing image even for a complex radiance distribution, a task at which other methods
often fail.

2 Creating models from observation
Currently, most VR (virtual reality) systems utilize image-based rendering [2,5,10]. The image-based rendering
samples a set of color images of a real object and stores
them on the disk of a computer. A new image is then synthesized either by selecting an appropriate image from the
stored set or by interpolating multiple images. Apple’s
QuickTime VR is one of the earlier successful imagebased rendering methods. Image-based rendering does not
assume any reflectance characteristics of objects nor does
it require any detailed analysis of the reflectance characteristics of the objects; rather, the method need only to take
images of an object. The method can be applied to a wide
variety of real objects. And because it is also quite simple
and handy, image-based rendering is ideal for displaying
an object as a stand-alone without any background for the
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virtual reality.
On the other hand, image-based methods have critical
disadvantages on application to mixed reality. Few imagebased rendering methods employ accurate 3D models of
real objects. Thus, it is difficult to make cast shadows under real illuminations corresponding to the real background-image.
Unlike image-based rendering, model-based rendering
assumes reflectance models of an object and determines
reflectance parameters through detailed reflectance analysis. Later, the method uses those reflectance parameters to
generate virtual images by considering illumination conditions of the real scene. Since the reflectance parameters are
obtained at every surface point of the object, integration of
synthesized images with the real background can be accomplished quite realistically, i.e., the method can generate a realistic appearance of an object as well as of the
shadows cast by that object onto the background.

2.1 Model-based rendering
We have developed a model-based rendering method
for modeling object reflectance properties, as well as object shapes, by observing real objects [41. First, an object
surface shape is reconstmcted by merging multiple range
images of the object. By using the reconstructed object
shape and a sequence of color images of the object, parameters of a reflection model are estimated in a robust manner. The key point of the proposed method is that, first, the
diffuse and specular reflection components are separated
from the color image sequence, and then, reflectance parameters of each reflection component are estimated separately. This approach enables estimation of reflectance
properties of real objects whose surfaces show specularity
as well as diffusely reflected lights. The recovered object
shape and reflectance parameters are then used for synthesizing object images with realistic shading effects under
arbitrary illumination conditions.
Fig. 1 shows two frames of the input color image sequence as well as two synthesized images that were generated using the same illuminating/viewing condition as the
input color images. It can be seen that the synthesized images closely resemble the corresponding real images. In
particular, highlights, which generally are a very important
cue of surface material, appear on the side and the handle
of the mug naturally in the synthesized images.

2.2 Eigen-texture rendering method
The model-based rendering method can generate realistic appearances of an object from reflectance parameters
determined from real objects. Unfortunately, however,
some classes of object surfaces reveal complicated reflectance models, and the model-based rendering method cannot be applied to those classes of objects.
For those object surface classes, we propose a new rendering method, which we refer to as the eigen-texture ren-
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Fig. 1 Input and synthesized images

dering method [12,13,22]. Fig. 2 displays an overview of
the proposed method. The eigen-texture rendering method
creates a 3D model of an object from a sequence of range
images. The method aligns and pastes color images of the
object onto the 3D surface of the object model. Then, the
method compresses those images in the coordinate system
defined on the 3D-model surface. This compression is accomplished using the eigenspace method. The synthesis
process is achieved using the inverse transformation of the
eigenspace method. Cast shadows are generated using the
3D model. A virtual image under a complicated illumination condition is generated by summation of component
virtual images sampled under single illuminations thanks
to the linearity of image brightness.
1

Lmage sequence
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Fig. 2 Eigen-texture rendering method

We have implemented the eigen-texture rendering
method, and have applied it to a real object. The same experimental setup in the model-based rendering experiment
is used to sample sequence of color and range images of a
real object. Fig. 3 shows the images synthesized by using
8 dimensional eigenspace. Details of the images are reconstructed accurately, and the synthesized images are indistinguishable from the input images. The compression ratio
of the input image sequence was 7.9%. This ratio is quite

high when compared with that of other image compression
methods. Experimentalresult proves that the eigen-texture
rendering method is sufficiently effective in terms of compression. This is because the eigen-texturerendering method compresses the sequence of cell images that come from
the same physical area on the object surface. The variances
in the cell images are only caused by the relative directional change of the light source and the position of the viewer.
Cell images are thus highly correlative. On the other hand,
current image-based rendering methods usually compress
images in the image coordinate systems. Each pixel in the
sequence corresponds to a different physical point in the
image sequence. Thus, the variance carries both those
from the imaging geometries and those from the physical
locations.

tion consistency. Illumination of the real scene is directly
measured and used for rendering virtual objects [15]. Our
method measures a radiance distribution from all directions by a pair of omni-directionalimages taken by a CCD
camera with a fisheye lens. If we use only one omni-directional image, we can determine only the radiance distribution seen from the particular point where the omnidirectional image was captured. To overcome this limitation, our method uses an omni-directionalstereo algorithm
for measuring a radiance distribution of the real scene as a
3D spatial distribution (3D triangular mesh). Once the radiance distribution is obtained as a triangular mesh, the
real radiance distribution can be used for rendering a virtual object and for generating shadows cast by the virtual object onto the real scene wherever the virtual object is
placed in the scene.

3.1 Constructing a radiance map using omnidirectional Stereo
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Fig 3 Synthesized images (8 dimensions)

Using the model-based and eigen-texture rendering
method, we can create appearances of a virtual object. The
next section considers how to integrate these appearances
with real scenes for mixed reality.

3 Integrating virtual objects with a
real scene
For superimposing virtual objects onto a real scene appropriately [1,20], the following three aspects have to be
taken into account: geometry, illumination, and time.
More specifically, the virtual object has to be located at a
desired location in the real scene, and the object must appear at the correct location in the image (consistency ofgeometry). Also, shading of the virtual object has to match
that of other objects in the scene, and the virtual object
must cast a correct shadow, i.e., a shadow whose characteristics are consistent with those of the shadows in the real
scene (consistency of illumination). Lastly, motions of the
virtual object and the real objects have to be coordinated
(consistency of time).
In this paper, we are mainly concerned with illumina-

A CCD camera with a fisheye lens is placed at two
known locations in the scene to capture two omni-directional images from different locations. The direction of
line-of-sight is determined from the image coordinate of
the point corresponding to the line-of-sight using a known
geometry of the fisheye lens.
Most of the incoming light energy in a real scene comes
from direct light sources such as a fluorescent lamp and a
window to the outside; the rest of the incoming light energy comes from indirect illumination such as reflection
from a wall. For this reason, it is important to know the accurate locations of direct light sources in order to represent
an illumination distribution of a real scene.
Fortunately, direct light sources usually appear as significantly bright points in an omni-directional image.
Therefore, it is relatively easy to identify direct light sources in the image. In our method, we extract feature points
with high contrast in the two omni-directional images by
using a comer extractor.
After feature points are extracted, 3D coordinates of
points in the real scene corresponding to the extracted feature points are determined by using a stereo algorithm.
This is done by obtaining an intersection point of a pair of
lines-of-sight given by a pair of feature points.
In order to include indirect light sources such as walls
and ceilings, we set up a 3D triangular mesh of the entire
scene. First, we construct a 2D triangular mesh by applying 2D Delaunay triangulation to the feature points in the
first omni image. That determines the connectivity of a 3D
triangular mesh whose vertices are the 3D points corresponding to the feature points in the image. Then, using the
connectivity, a 3D triangular mesh is created from the 3D
feature points.
The obtained triangular mesh approximates an entire
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shape of the real scene, e.g., the ceiling and walls of a
room, which act as direct or indirect light sources. After
the shape of the real scene is obtained as a triangular mesh,
the radiance of the scene is estimated by using the image
brightness of the omni-directionalimages. This brightness
value is warped on the correspondingtriangular mesh. The
3D textured mesh is referred to as a radiance map.

3.2 Generating soft shadow
For superimposing virtual objects onto the real scene,
we first compute the total irradiance at a point on a virtual
object surface from the radiance map. Then, we also compute the partial irradiance due to the occlusion by a virtual
object. By multiplying the ratio of these two irradiances to
the real irradiance, we generate soft shadow. In this section, we assume that a virtual object always exists between
the camera projection center and real objects in the scene
and that the virtual object is located on the table, of which
the position is known.
For each pixel in the input image of the real scene, a ray
extending from the camera projection center through the
pixel is generated by using the transformation between the
world coordinate system and the image coordinate system.
If the ray intersects a virtual object, we consider that the
pixel corresponds to a point on the virtual object surface.
Then we compute a color to be observed at the surface
point under the measured radiance distribution of the real
scene with the Toaance-Sparrow reflectance model. The
computed color is stored in the pixel as the surface color of
the virtual object at the pixel.
If a ray through an image pixel does not intersect with a
virtual object, the color of a real object surface corresponding to the image pixel needs to be modified so that a shadow cast by the virtual object is created on the real object
surface.
First, we obtain a 3D coordinate of a point on a real object surface where a ray through an image pixel intersects
the real object. Then, a total irradiance E, at the surface
point is computed from the radiance map by assuming that
a virtual object does not occlude incoming light at the surface point. Then, a partial irradiance E, at the surface point

3.3 Experimental Results
An image was taken of a tabletop and miscellaneousobjects on the tabletop in our laboratory. From the same
camera position, another image of the tabletop with a calibration board was taken. The input image and the calibration image are shown in Figure Fig. 4 (a) and (b).
First, regularly spaced dots on the calibration board
were extracted in the calibration image to determine their
2D image coordinates.From pairs of the 2D image coordinates and the 3D world coordinates that were given a prior,
the transformation between the world coordinate system
and the image coordinate system was estimated by using
the camera calibration algorithm [21]. Two omni-directional images of the scene, e.g., the ceiling of the laboratory in this experiment, were taken. Fig. 4 (c) shows the two
omni-directionalimages. From this pair of images, the radiance map shown in Fig 4 (d) is obtained using the omnistereo algorithm. Fig 4 (e) shows the resulting image that
contains a virtual object with a soft shadow on the tabletop.

. -. ..
(a) Original scene

(b) Calibration image

given by non-occluded light sources is computed as
N

E, =

(d) Measured radiance map

C (2%/N)SiL(Bi, ~ p i ) c 0 ~ 0 i
i =O

whereSi = 0 if the virtual object occludes L(Bi,v i ) , and

Si = 1 otherwise.
The ratio of the total radiance E, to the total radiance

E, is multiplied to the color at the intersection between the
ray and the plane on which the case shadow is generated.

(e) Synthesized images
Fig 4 Results of illumination estimation
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4 Estimating illumination distribution from a single image
The previous method requires direct measurements of illumination distributions using a pair of fish-eye cameras.
Some applications require to estimate illumination distributions from a single image. This section describes a
method to estimate such distributions from observing a
distribution of shadows around an object of which shape is
known. Let us assume that the surface on which an object
exists, be a Lambertian surface.
Let us examine the terms in the equations to calculate
soft-shadows. Since the shape of an object is known, occlusion parameters Si ,whether the direction, i, is occlud-

tribution, we set up a similar set of simultaneous linear
equations. By solving these equations, we can estimate illumination distribution. From the estimated distribution,
we can obtain soft shadows. Figure 6b shows those obtained from Figure 6a.

(a) 0 riginal

(b) Synthesized

Fig 5 Known Albedo

ed or not, is given from the relation between the pixel
position and the object shape. Once the sampling direction
is determined, cosei is also a known value. These two
known parameters are combined into a known parameter

a i . E i is the image brightness at the pixel. Here, Li is an

(a) Original

(b) Synthesized

unknown illumination brightness. Thus,
Fig 6 Unknow Albedo
N

E =

aiLi
i =O

5 Conclusions
is a linear equation of unknown valueLi , where

a i = (2z/N)Sicosei,
Li = L(€Ii, Pi).
We can set up one equation at each pixel. From observing a distribution of image brightness inside of a soft shadow E ,we can set up simultaneous linear equations:

a21 a22 ... .*. aZNllL21 = lE2/

... ... ... ... ...
aM2... ...

la,

By solving this set of equations, we can estimate an illumination distribution from a single image. From observing
image brightness distributioninside of a soft shadow in Fig
5a, we obtain an illuminationdistribution, and then synthesized a soft shadow in Fig. 5b.
In case of an unknown albedo, the method requires a pair
of images, with and without an object.Figure6a shows one
of a pair of an input image. First, we compensate the effect
of albedo by taking the ratio of image brightness, between
these two images, at each pixel. Then, using the ratio dis-

We have explored the automatic generation of photorealistic object models from observation. For those objects
with known reflectance models, we proposed a modelbased rendering method that obtains reflectance parameters from sequences of range and color images. For other
classes of objects, we have developed an eigen-textured
rendering method that stores and compresses appearances
of objects on their 3D mesh models. Our experiments have
shown that both of our rendering methods can be effectively used for synthesizing realistic object images. We have
also developed a new method of superimposingvirtual objects onto images of real scenes by taking into account the
radiance distribution of the scenes. To demonstrate the effectiveness of the proposed method, we have successfully
tested our method by using real images taken in both indoor and outdoor environments.
As a future direction, we begin a project to obtain virtual models of historic assets in Japan. We, Japanese, is a
unique position in this respect, because most of Japanese
cultural assets are made of wood and papers, while most of
foreign assets are made of stones. Thus, at any moments,
they may be destroyed due to thunderstorm or fire. Figure
7 shows one of the digitized image of Kamakura big Buddha. We are currently working on this set of data into a
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mixed reality model.

Fig 7 Range data of Kamakura Big Buddda
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