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Preface

This book summarizes the results of our modeling-from-reality (MFR)
project which took place over the last decade or so. The goal of this project
is to develop techniques for modeling real objects and/or environments into
geometric and photometric models through computer vision techniques. By
developing such techniques, time consuming modeling process, currently un-
dertaken by human programmers, can be (semi-)automatically performed, and,
as aresult, we can drastically shorten the developing time of such virtual reality
systems, reduce their developing cost, and widen their application areas.

Originally, we began to develop geometric modeling techniques that acquire
shape information of objects/environments for object recognition. Soon, this
effort evolved into an independent modeling project, virtual-reality modeling,
with the inclusion of photometric modeling aspects that acquire appearance
information, such as color, texture, and smoothness. Over the course of this
development, it became apparent that environmental modeling techniques were
necessary when applying our techniques to mixed realities that seamlessly
combine generated virtual models with other real/virtual images. The material
in his book covers these aspects of development.

The project has been conducted while the authors were/are at the Computer
Science Department of Carnegie Mellon University (CMU) and the Institute
of Industrial Science at the University of Tokyo. Many fellow researchers
contributed various aspects of the projects. Raj Reddy, Takeo Kanade, and
Masao Sakauchi guided us in conducting this project in the first, middle, and
last phases of this project, respectively. Steve Shafer and Shree Nayar were
our leaders in photometric modeling. Hideyuki Tamura introduced us to the
necessity of environmental modeling.

Several funding agencies supported this project. At CMU, the ARPA Image
Understanding program was the main sponsor of this project. A similar role was
played at the University of Tokyo by the Shin program, Ministry of Education.
Now this project has grown into an independent, IST Ikeuchi CREST program,
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with the goal of developing techniques for modeling Japanese cultural heritage
objects (as was introduced in the Epilogue of this book).

Publication of this book would not be realized without the editorial help
of Daisuke Miyazaki, Toru Takahashi, Yuko Saiki, Jennifer Evans, and Marie
Elm. Many thanks go to them.

KATSUSHI IKEUCHI

YOICHI SATO



Introduction
Katsushi Ikeuchi

Virtual reality systems have wide application areas, including 3D catalogues
for e-commerce, virtual museum virtual museums, and movie making. The
systems are also one of the most important interfaces between human operators
and computers in interactive games, flight simulators, and tele-operations.

One of the most important issues in virtual reality research is how to create
models for virtual reality systems. Currently, human programmers create those
models manually, a tedious and time-consuming job. The model creation period
is long, and its developing costs are very high.

Many, if not all, application areas of virtual reality systems have real objects
and/or environments to be modeled. For example, a virtual museum often has
real objects to be displayed in the museum. 3D catalogues for e-commerce have
real merchandise to be modeled and sold through internets. A flight simulator
has a real environment in which a virtual plane flies for simulation purposes.

The goal of the modeling-from-reality (MFR) project is to develop tech-
niques for the antomatic creation of virtual reality models through observation
of these real objects and environments. Recently, the computer vision field
has developed techniques for determining shapes of objects and measuring re-
flectance parameters by observing real objects and environments. The MFR
project aims to apply these newly developed methods to VR model creations
and to achieve automatic model creations through these techniques. As for the
benefits to be gained from this work, MFR will allow us to drastically reduce
both programming efforts and developing costs; in turn, the cost reduction will
enable us to widen possible application areas.

The MFR spans three aspects as shown in Figure I.1. First, the shape and
size of objects should be correctly represented. We will refer to this acquisition
of shape and size information from real objects/environments as geometric
modeling. Geometric modeling, however, provides only partial information
for virtual reality models. For final virtual reality models, photometric models,
such as color and smoothness, are also necessary. Photometric modeling deals
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Figure I.1  Three aspects of MFR

with how to create such photometric/appearance models of virtual objects
through observation. Further, for seamless integration of virtual objects with
real/virtual environments, it is necessary to establish geometric and photometric
consistency, including lighting conditions and viewing directions, between
them. Environmental modeling deals with acquiring such an environmental
model of the real background for seamless integration of a virtual object with
its background.

Geometric Modeling

Geometric modeling acquires the shape and size of objects through obser-
vation. In one sense, the vision community has a long history of geometric
modeling research. For example, shape-from-shading [1] and binocular stereo
[2, 3] both aim to obtain such shape information from images. Recently, vari-
ous types of range sensors have also become widely available. These computer
vision techniques and range sensors provide a cloud of points that poses their
own three dimensional coordinates, or so-called 2-1/2D representations [4, 5].
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This cloud of points, however, provides only partial information. A cloud
of points representation consists of a set of unstructured points, observed from
one single viewing direction. In a cloud of point representation, adjacent points
are not always connected to each other. For a complete geometric model, it is
necessary to establish connection information among points, i.e. which points
are connected to which points, through triangular meshes. Also, one cloud
of points is obtained from a single observation, corresponding to only a part
of an object. It is necessary to combine those partial data into one single
representation corresponding to the whole surface of an object.

Complete geometric modeling requires a three step operation as shown in
Figure 1.2. The first step is to generate a mesh representation, for each view,
from a cloud of points. The second step, the alignment step, is to determine
the relative configuration between two meshes from two different viewing di-
rections. Although we can use various means, such as GPS or a rotary table, to
determine the sensing configuration, geometric modeling needs far better accu-
racy in this alignment step; thus, it is necessary to determine the configuration
by using image data. Then, using the configuration obtained from this align-
ment step, we can set all partial mesh representations in one coordinate system.
The third and final step is the merging step, to combine these aligned mesh rep-
resentations into a single consistent representation corresponding to the whole
surface of the object. This process is accomplished with the consideration of
data accuracy and reliability.

Shum, Ikeuchi, and Reddy, in Chapter 1, propose a method to simuitaneously
conduct both the second and the third steps, the alignment and merging, by
assuming that the object to be modeled consists only of planar faces. First,
they segment input range images into planar faces; then, they extract face
equations, and establish correspondences among planar faces from different
viewing directions. Using these correspondences, they set up an observation
matrix. Here the components of the matrix are the equation parameters of the
faces. The rows correspond to viewing directions, and the columns correspond
to face numbers. By using the weighted least square minimization, Shum et
al. decompose this matrix as a product of an interframe-transformation matrix
and a face-equation matrix, of which equations are represented with respect to
a one world coordinate system.

Higuchi, Hebert, and Ikeuchi, in Chapter 2, describe how they developed
an alignment algorithm for free-formed objects. One of the difficulties
encountered when handling free-formed objects is that there are no clear entities
for establishing correspondences. For example, in the previous chapter, Shum
et. al. employ planar faces for correspondence entities for matching. Free-
formed objects do not have such convenient units. Higuchi et al. divided a
free-formed surface into uniformly distributed triangular patches by using the
technique originally developed by Hebert, Delingette, and Tkeuchi [6]. Each
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Figure 1.2 Three steps for geometric modeling: mesh generation, alignment, and merging
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triangular patch obtained by this method has roughly the same area and the same
topological structure. They use these triangular patches as matching entities.
At each triangular patch, they measure color and curvature. For the sake of
convenience, they map those curvature and color distributions over the unit
sphere, and compare two spherical representations, given from two viewing
directions, for establishing correspondences and alignment of views.

Wheeler, Sato, and Ikeuchi, in Chapter 3, continue the discussion of free-
formed objects. They propose a robust merging method for creating a trian-
gulated surface mesh from multiple partial meshes. Based on the alignment
algorithm discussed in the previous chapter, Wheeler et al. first align all partial
meshes in one coordinate system, and convert them into a volumetric implicit-
surface representation. From this implicit-surface representation, they obtain
a consensus surface mesh using a variant of the marching-cubes algorithm [7].
Unlike previous techniques based on implicit-surface representation [8], their
method estimates the signed distance to the object surface by first finding a
consensus of local coherent observations of the surface. Due to this consensus
operation, the method is very robust against noise existing in the range data,

Photometric Modeling

Photometric modeling aims to acquire the appearance of the object [9, 10].
One of the common methods for representing appearances is the texture map-
ping that pastes one single texture color at each mesh, usually given from a
frontal direction of the mesh. This method is a simple and handy way to acquire
the textural appearance of an object. However, because each mesh possesses
only one single color value, the method provides neither subtle color differences
nor the shift of specular points caused by the movement of the viewer.

In order to generate such appearance differences, the MFR project developed
two methods, model-based and eigen-texture rendering. The model-based
rendering method analyzes the surface of an object and extracts reflectance
parameters under the assumption of an underlying surface reflectance model.
This method is compact and efficient for appearance generation, provided
that the surface follows a certain type of reflectance model. For exceptional
surfaces that do not follow such typical reflectance models, we have also
developed the eigen-texture rendering method. This is an extension of texture
mapping. A usual texture mapping pastes only one single texture at each point,
while this method pastes all possible textures at each point. Since pasting all
the possible textures requires a huge amount of data, we have developed an
efficient compression method, which we refer to as eigen-texture rendering.

Both the model-based and eigen-texture rendering methods employ a se-
quence of color images of an object generated by either the movement of the
light source or the object, or both. For an image sequence given by a mov-
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ing light source, image correspondence is relatively easy, because the relative
relation between the viewer and the object never changes during the imaging
process, and the same pixel in the image sequence corresponds to the same
physical point. For a sequence given by the movement of an object, we first
calibrate the movement of the object and the color TV camera, and from this
relation we can track image pixels corresponding to the same physical point
over the image sequence.

Model-based rendering, described in Chapter 5, estimates surface reflectance
parameters at each point of an object. Color variance at each physical point,
caused by the different illumination geometry, enables us to separate the surface
reflection component from the body reflection component. Here the basic
assumption is the Shafer’s dichromatic reflection model, which assumes that
the reflected light consists of surface and body reflection components [11]. As
the result of this separation operation, sequences of body and surface reflection
are obtained at each position of an object. The Torrance-Sparrow reflection
model is independently applied to both sequences and reflectance parameters
are estimated [12, 13]. This method is much more robust than the previous
method that directly fit the Torrance-Sparrow models to the data through the
non-linear minimization [14].

Figure 1.3(b) shows synthesized images with the reflectance parameters
obtained by the model-based rendering, while, for comparison, Figure 1.3(a)
shows original input images. This demonstrates the effectiveness of model-
based rendering. The necessary information to be stored is the reflectance
parameters at each point on the object surface. The method achieves a quite
compact representation of an object.

Model-based rendering can be applied to a class of objects. Model-based
rendering employs the dichromatic reflectance model as the underlying as-
sumption; the method cannot be used for those objects that do not follow the
dichromatic model. Those excepted objects, which account for 30-40 % of our
daily life objects, include clothes and fur. For such classes of objects, Nishino,
Sato, and Ikeuchi developed the eigen-texture rendering method.

As does the model-based rendering, the eigen-texture rendering method,
described in Chapter 5, also employs a 3D geometric model. Figure 1.4 shows
anoverview of eigen-texture rendering. The method pastes all possible textures,
given under either the movement of a light source or the object, or both, onto
the 3D surface of the object model. Unlike standard texture mapping, which
pastes only a single texture at each point onto the 3D surface, the eigen-texture
method pastes all the possible textures at each point. Obviously, this is a
large amount of data; but the method compresses those textures, through the
eigenspace method. The compression is achieved along the object coordinate
system defined on the surface of the 3D geometric model; all the textures
are compared and compressed at the same physical position; there is high
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correlation between textures among images - texture difference is due only
to the difference of lighting geometry, but the underlying body color is the
same. Thus, we can achieve high compression ratio. For example, an image
sequence consisting of 360 images can be satisfactorily synthesized using only
eight images. Moreover, it is known that, if the surface is Lambertian, only 3
eigen-images are required in order to recover 360 original images.

Environmental Modeling

For most virtual reality systems, it is quite rare for a single virtual object to
be displayed alone; rather, a virtual image is often superimposed onto a real or
virtual image [15, 16]. For example, in a virtual 3D catalogue, it is preferable
to display virtual merchandise on the shelf of a shop in a virtual mall rather
than showing it simply floating in air. And it is far better to display virtual
pieces of fine art in a virtual museum environment.

Such superimposition requires that consistency between the virtual object
and its environment be established in several aspects. One of these aspects
is geometric consistency. Both virtual objects and background images are
displayed in the same scale, and their coordinate systems are aligned so that the
virtual object is displayed in the right position. However, geometric consistency
is not enough. In Figure 1.5, the two dodecahedra are displayed in the same
position. Namely, both images are equivalent in terms of geometric consistency.
In the left image, the dodecahedron appears to be floating, while in the right
image, it seems to be sitting on the table. The left one does not have shadows,
while the right one does; this difference is due to photometric inconsistency. For
the human perceptual system, such photometric consistency plays an important
role.

For establishing photometric consistency, we have developed two methods:
direct and indirect. Sato, Sato, and Ikeuchi describe the direct method in
Chapter 6. The direct method measures the illumination distribution of the
background environment. A pair of TV cameras fitted with fish-eye lenses
acquire images at two different locations as shown in Figure 1.6. By using this
pair of images, the three dimensional structure of the surrounding environment
is constructed using triangularization. Once a rough 3D geometric model of
the environment is constructed, the method pastes illumination brightness over
the 3D geometric structure to complete the radiance map of the environment.
Note that, for soft shadows, not only direct light sources such as incandescent
bulbs or florescent lights, but also indirect sources such as walls or ceilings
are included in the radiance map. By using the completed radiance map, Sato
et. al. established the method for calculating brightness of virtual objects and
projected soft shadows from the virtual object to the real background.
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Figure 1.5 Two dodecahedra without and with shadows

y

Figure 1.6  The direct method for environmental modeling
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Figure I.7 The result of the indirect method

One of the difficulties of the direct method is that we have to bring such
equipment to the real environment. Some modeling tasks require estimating the
illumination environment from a given single image to create a seamless image
integrated with a virtual object and a real background image. In Chapter 7, Sato,
Sato, and Ikeuchi describe the indirect method, which estimates an illumination
environment from a given single image. They employ the linearity of the image
brightness such that the image brightness of one point is represented as a linear
combination of image brightness given from all possible light sources. From
this image linearity and the assumption that one object shape in the image is
known, Sato et. al. set up a system of linear equations, whose coefficients are
known from the shape of the objects, whose independent variables are unknown
light source brightness, and whose dependent variables are the observed image
brightness at each pixel around the object. By solving the set of linear equations,
they estimate the illumination environment of the input image and generate soft
shadows around a virtual object superimposed on the image. Figure 1.7(a) is
the input image. The method estimates the illumination environment from the
image brightness around the central object and generates a soft shadow around
the virtual object as shown in Figure 1.7(b).

In the Epilogue, we present a future direction of the MFR: modeling all
Japanese cultural heritage objects through the use of these MFR techniques.
As akick-off project for our efforts, Ikeuchi et al. digitized the great Buddha of
Kamakura. The digitization consists of three aspects: how to create geometric
models of the great Buddha; how to create photometric models of the great
Buddha; and how to integrate such a generated digital Buddha with a virtual
main hall of the Buddha, whose real counterpart was destroyed in the 12 century.
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Through this project, we have demonstrated effectiveness of these techniques
as well as the importance of this line of research.
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