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Figure 15. Synthesized Komoku-ten. (a) Picture of Komoku-ten, (b) Geometric model, and (c) Synthesized result under a new lighting condition
generated using the texturing result.

Assume that the coordinate system of the image sen-
sor is (xc, yc) and the corresponding point in the range
image is (X, Y, Z); the relationship between them can be
described as:
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The matrixC34 represents the relationship between the
image and the world coordinate, and it can be calculated

by scanning the calibration box. Inversely, when we map
the texture images onto the geometrical triangular mesh−→Xn = {(xn, yn, zn|1 ≤ n ≤ 3}, the corresponding points
in image coordinate−→xc = {xc, yc} can be easily calcu-
lated as:

xc = c11Xn + c12Yn + c13Zn + c14

c31Xn + c32Yn + c33Zn + c34
,

yc = c21Xn + c22Yn + c23Zn + c24

c31Xn + c32Yn + c33Zn + c34
(18)

For the modeling of the Koumoku-Ten clay Þgure, we
used 60 range images and color images that were taken at
the same time. Figure 15 shows a picture of Komoku-Ten
(a), the geometric model (b), and the synthesis result un-
der a new lighting condition generated using the texturing
result (c).
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To determine the relative pose that coincides with the
position of 2D color edges and projected 3D reßectance
edges, we use theM-estimator.

First, the distance between corresponding 2D color
edge points and 3D reßectance edge points is evaluated
as shown in Fig. 17, wherezi is a 3D error vector that is
on a perpendicular line from a 3D reßectance edge point
to the stretched line between the optical center and a 2D
color edge point on the image plane.

� i = Zi sin� (19)

whereZi is the distance between the optical center and
a 3D reßectance edge point, and� is the angle be-
tween the color edge point and the reßectance edge
point.

The system Þnds the conÞguration,P,which minimizes
the total error,E, where� is an error function. The min-
imum of E(p) can be obtained by
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We can consider	 (� ) as a weight function to evaluate
error terms.
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By substituting Eq. (21) into (20) we obtain
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We choose the Lorentzian function for this function.
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By solving this equation using the conjugate gradient
method, we can obtain the conÞgurationPthat minimizes
the error term and gives the relative relationship between
the camera and the range sensor. Figure 18 shows the
texture-mapped Kamakura Buddha. Since this method
minimizes a non-linear equation, we need an initial align-
ment. The initial alignment is given manually using our
GUI. For the current implementation, relatively accurate
alignment is necessary for rotation, but it is not the case
for translation.

4. Restoring the Original Nara Great Buddha

One of the advantages of obtaining digital data of cultural
heritage objects is to modify those data and display the
original appearance of the object. In order to demonstrate

Figure 18. Texturing result.

this ability, after we obtain the precise geometric and
photometric information about cultural heritage objects
in their current state, we can modify the current data into
a hypothesized original state. In this section, we describe
one of the examples: the restoration of the Nara Great
Buddha and its main hall.

The Nara Great Buddha is one of the most impor-
tant heritage objects in Japan. The Buddha statue is
sitting in the Buddha palace at the Toudaiji temple in
Nara, Japan. Originally, this temple and statue were con-
structed by order of the Shomu emperor, in the 8th cen-
tury. Here, the original one is referred to as ÒTempyou
Big Buddha.Ó The original Tempyou Buddha was made
of bronze and covered with gold plate. Unfortunately,
however, the palace was burned and the statue was
melted twice due to civil war in Japan. The current Bud-
dha and palace were rebuilt in the 17th and 18th cen-
turies. Accordingly, the shape of the current Great Bud-
dha is different from that of the original one in the 8th
century.

4.1. Restoring the Nara Great Buddha

As the Þrst step, we acquired the complete 3D mesh
model of the Nara Great Buddha in its current state
by using the geometrical modeling techniques described
in Section 2. We collected more than 100 partial mesh
models using CYRAX sensors. Those partial mesh
models were aligned using the parallel alignment al-
gorithm on a PC cluster and merged into a uniÞed
mesh model with 70M polygon. Figure 19 shows the
picture of the current Buddha, and its 3D geometric
model.

We synthesized the original state by morphing the 3D
mesh of the model from this mesh model. From some lit-
erature inherited at various temples, we knew the sizes of
various face parts such as the nose and mouth. ÒEnryaku-
so-rokubun,Ó ÒDaibutsuden-hibun,Ó ÒHichidaiji-nikki,Ó
and ÒGokokuji-honnsyoji-enngishuÓ are representative
documents that contain those sizes. Unfortunately,



The Great Buddha Project 203

Figure 19. Nara Buddha (a) Picture of current Buddha, (b) 3D geometric model of current Buddha.

Figure 20. Comparison in 3D models. (a) Current Buddha, (b) Original Buddha.

however, those numbers often contradict each other.
Some researchers investigated which number is the most
reliable one. We followed their method to compare them
and determined a common Þgure for each part.

Table 2 shows the obtained estimated and the current
dimensions of various face parts. Here, all the documents
employ the unit called Òshaku.Ó We interpreted shaku as
the tempyo shaku, and one shaku is assumed to be 0.2964
meters among the various interpretations of shaku. Notice
that relatively large differences exist in height measure-
ments.

Using these data, we designed a two-step morphing
algorithm. First, we globally changed the scale of the
whole portions (for example, Height when sitting, Face
Length, Nose Length); these are gradually modiÞed. In
the second stage, vertices were moved one by one itera-
tively, similarly to the constraint propagation algorithm,

using smoothness and uniform constraints. The two-stage
morphing enabled us to obtain the complete model of the
original Great Buddha. Figure 20 shows the 3D models of
the current (a) and the original Great Buddha (Tempyou

Table 2. Current and estimated dimensions of various face parts

Parts name Current (m) Original (m)

Height when sitting 14.98 15.85

Eye length 1.02 1.16

Face length 3.20 2.82

Ear length 2.54 2.52

Palm length 1.48 1.66

Foot length 3.74 3.56

Nose height 0.50 0.47

Mouth length 1.33 1.10
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Figure 21. Miniature model of Buddha palace.

Figure 22. 3D model acquired from the Miniature model.

Buddha) (b). We can easily recognize that the original
Buddha is larger and rather thin.

4.2. Restoring the Toudaiji Main Hall

The main hall of the Toudaiji Temple was built during the
same decades as those of the Great Buddha (8th century).

It was also rebuilt twice: in the 12th and 17th centuries.
In the 12th century, Tenjiku architecture was imported
from China, and the main hall was rebuilt in a totally
different architecture style. The rebuilding in the 18th
century followed the same new style. As a result, the
style of the current main hall is entirely different from
that of the original building.
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Figure 25. Restored nara Buddha.




