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Abstract

Currently, archaeologists visually analyze ancient Chinese bronze mirrors for their shape difference. The practice
requires a huge amount of time and effort. In this paper, we propose the automatic method for detecting the shape
difference between a pair of ancient mirrors. The 3D data of the mirrors are obtained by the laser range scanner. Our
algorithm then aligns them into the same coordinate and visualizes their shape differences. Our proposed algorithm
provides fast analysis for shape difference, as well as the further analysis without damaging the actual mirror.

1 Introduction

1.1 Ancient Chinese Bronze Mirrors

Ancient Chinese bronze mirrors have the immortal and beast pattern in their reverse side with protruding rim of triangular
cross section (Figure 1). According to Gishi-Wajinden, the mirrors were the offerings from Wei dynasty to the messengers
of Queen Himiko of Yamatai state (Yayoi period, A.D.234), located somewhere from Kanto (around Tokyo) to Kitakyushu
(northern Fukuoka Prefecture). The pattern in the reverse side of a mirror contains the character and the name of era used
in Luoyang, the capital of Wei. The character and the name imply the Chinese origin. On the other hand, it is possible
that the mirrors were made in Japan because no mirror has been found in China. The origin of the mirror is still under
debate; however, the mirror is considered as the key to solve the location of Yamatai state. Location of Yamatai state is
one of the major archaeological controversies because Yamatai state is the oldest documental state in Japan.

Most of the mirrors have been found in the major tumuli built in the late 3rd century. Some archaeologists think that
Yamatai state governed the regions, where these mirrors were distributed. If so, we can determine the area under the
influence of Yamatai state by the distribution of the mirror.

1.2 Sibling Mirrors

We can categorize the ancient Chinese bronze mirrors into two types according to their manufacturing process. The first
type is defined as an “individual mirror”. Mirrors of the first type were cast from the same mold. The second type is an
“identical mirror”. Identical mirrors may be cast from the different molds; however, the molds were made from the same
prototype. At present, there is no widely accepted method to determine the manufacturing process of a mirror. Therefore
we disregard the manufacturing process and categorize mirrors by their pattern. The mirrors with similar detail are defined
as “sibling mirrors” (Figure 2).
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Figure 1: Ancient Chinese bronze mirror

By comparing a pair of mirrors for the local shape difference, we can find whether they have a “sibling” relationship.
Sibling mirrors found at the different sites implies the exchanges between these areas. The progress of their shape analysis
enables us to recognize how the mirrors were distributed at that time; thus, it is the well-grounded presumption for the
physical distribution, cultural propagation, etc.
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Figure 2: Sibling Mirrors

2 Shape Differences

There are two kinds of shape difference: (1) global and (2) local difference. The global shape difference is the result
of mirror bending, partial sinking, or internal cracking. It is caused by time and usage, and is not related to the sibling
relationship.

It is possible that the local shape difference is caused both from and after manufacturing. The local shape difference
is caused after manufacturing was unrelated to the sibling relationship and should be ignored. The difference during
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manufacturing is caused by cracks on the mold and addition decorating patterns. The crack is inherited from the original
mold; that is, fissure or any cracks of the original mold burned into the individual mirrors. Moreover, when the identical
mold was crafted from the individual mirror, the crack of the individual mirror was transferred into the mold. Similar
cracks would be found in mirrors cast from the same mold (descendant mirrors).

Another kind of a crack on the mold is a spread crack. The crack is the combined result of an inherited crack and
the abrasion of the mold. When a mold was worn by continuous usage, the mold produced a more spread crack or a dull
pattern of up and down on its surface. Moreover, Spread cracks helped indicate the order of production because later cast
mirrors would have more spread cracks then earlier ones.

The other is an additional decoration pattern. When a mold was crafted from a descendant mirror, the pattern often
became less distinct. Minute patterns were often added into the mold to enhance the pattern.

If these kinds of cracks are found at the same spot between a comparing pair of mirrors, archaeologists agree to their
sibling relationship. Our algorithm attempts to accurately detect the local difference to help archaeologists the cause of
the local difference.

3 Existing Analysis Method

So far, archaeologists have analyzed the shape difference of ancient mirrors by observing the original mirrors. It is difficult
to perform a parallel analysis because an observer keeps the original mirrors to him/herself. In addition, it takes almost a
day to detect the shape differences between a pair of mirrors; therefore, some hundreds years is required for the complete
analysis of the 400 available mirrors. Moreover, even if the analysis can be completed, it is subjectively judged. Because
a limited number of archaeologists can see the actual mirrors, it is impossible to have a fair archaeological argument based
on the current shape difference analysis.

To solve the above problems, we set the following criteria for the shape difference analysis.

• Public: Everyone can observe the shape of the ancient mirrors.

• Efficiency: Shape difference analysis is fast and can be performed in parallel.

• Objectivity: Shape difference is objectively expressed.

In order to detect the shape difference without actual mirrors, archaeologists use 2D data, such as pictures or illustrations.
The shape difference is not accurately detected, because 3D shape information is inevitably lacking in such 2D data.
Therefore we hypothesized that more accurate information is obtained by manipulating 3D data acquired from a laser
range sensor. The difference is visualized by the computer graphics. Using CG, anyone can observe 3D shape of mirrors
from any viewpoints without damaging or destroying the actual mirrors. Moreover, 3D data can be distributed among
computers for parallel analysis, thus efficient shape analysis is acquired. The shape difference is determined according to
the theoretical and geometrical value. This leads to the objective results without room for the subjectivity.

4 Shape Difference Visualization System

4.1 Acquisition and Alignment of 3D Data

We obtained 3D data of ancient mirrors with a laser range sensor. Since relative position and pose have different from
3D data of the two mirrors, we have to align the data properly to the same coordinate. In this study, we adopted the
alignment method proposed by Nishino and Ikeuchi[1], which is a kind of ICP method[2]. Their method is based on
the simultaneous strategy. The nearest neighbor points are aligned in the way that the sum of point-to-point distance is
minimum. The pseudo programming codes are as follows.
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SimultaneousAlignment
input: MeasuredData D= {Di |i = 0,1, ..., n}
input: InitialPosition

P = {Pi = (Ri , ti)|i = 0,1, ..., n}
output: AlignedPosition

P′ = {P′ i = (R′ i , t′ i)|i = 0,1, ..., n}
local: KDTree= {kdti |i = 0,1, ..., n}

repeat
KDTree← MakeKDTree(PD)
for all i in D do

KDTree′ ← KDTree− {kdti}
P′ i ←
MinimizeErrorFunction(PiDi ,KDTree′)

end for
Trans f ormData(P′,D)
P← ChangePosition(P′,P)

until ErrorFunctionConverged

4.1.1 Corresponding Point Search with Kd-tree

In [1], the nearest neighbor point is regarded as the corresponding point. When multiple measured data are presented, it
is not recommended to find the correspondence in a round robin way. The calculation amount of the round robin is very
high and equals to: ∑

i

(ni ×
∑

j,i

n j),

where ni is the number of point inith measured data.

Effective corresponding point search is accomplished via kd-tree search [3]. Kd-tree search algorithm is the extension of
the binary search in 2-D space to the arbitrary k dimensional space. Kd-tree is constructed by dividing the elements at
the median on the axis where the elements have the highest variance. This operation is repeated until the number of data
in each leaf node is less than the threshold. The depth of kd-tree made from N elements is logN. By applying kd-tree
search, the calculation amount of the corresponding point search is reduced to:

∑

i

(ni ×
∑

j,i

logn j).

4.1.2 Minimization of Error Function

The alignment is performed by rotating and translating the measured data. The movement is determined such that the
total distance between the corresponding points is minimized. The error functionf for the alignment of each measured
data is defined as:

f (R, t) =
∑

i, j

||Rxi + t − y ji ||,

where R rotation matrix,
t translation matrix,
xi ith point in some measured data,
y ji the corresponding point in thejth measured data forxi .

By substituting quaternion (q) to rotation matrix (R), motion vectorp can be found as follows.

p = arg min
R,t

f (R, t) = arg min
q,t

f (q, t),

where q= [uvws].

Motion vector (p) is solved by the conjugate gradient method and line minimization with golden section search[1]. The
solutions are the ones which minimize the error function of each measured data.
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4.2 Visualization of Shape Difference

Figure 3 illustrates the calculation for visualization of shape difference. The position of one mirror is fixed and the mirror
is defined as a base mirror, while the other mirror is defined as a check mirror. The check and base mirror is respectively
shown in Figure 3 as the solid and dotted line. Difference between mirrors is the signed distance between the point on the
check mirror and its corresponding point on the base mirror.

A point in the check mirror has its nearest neighbor on the base mirror as its corresponding point. The shape difference
is represented in mathematical form as:

d = sign(
−−→
n(v) · −−→vvc) × |−−→vvc|,

where v point on base mirror,−−→
n(v) normal vector ofv,
vc corresponding point ofv.

and

sign(a) =

{ −1 i f a < 0
1 i f a ≥ 0

d is calculated on all points in the check mirror. The normal vector for each point is defined as the normalized vector of
the sum of the normal vector of the plane where the point is the member. This value allows us to recognize their relative
convex or concave shape difference to the check mirror. Positived indicates that the base mirror is more convex; otherwise
it is more concave.
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Figure 3: Example of signed distance calculation

5 Experiment

In this experiment, we used the data of ancient mirrors excavated from (1) Kurozuka tumulus in Tenri city, Nara Prefecture,
(2) Taniguchi tumulus in Hamatama town, Saga Prefecture, and (3) Nagatsuka tumulus in Kani city, Gifu Prefecture
(Figure 4). In figure 4, the mirrors in the first row and the second row were chosen as the check and the base mirrors,
respectively. The comparisons were performed between the mirrors found at the same site. The 3D data were acquired by
“Mercury J” laser range sensor, developed by Matsuo Corporation. The measurement method of this sensor is a “time-of-
flight” method. The maximum error in the depth direction is 0.02mm. The whole 3D data of the reversed decorated side
of a mirror were obtained by one scan.

We then aligned a pair of data to the same pose and calculated for the corresponding points. The shape difference
is visualized according to the distance value. In the following results, green, red and blue area respectively means no
difference, convex difference and concave difference compared to the base mirror.

5.1 First Comparison Result

Figure 5 shows the shape differences of the three check mirrors. In this figure, the results contained both the local
and global difference. The check mirror from Taniguchi tumulus (Figure 5-(2)) had only the local differences. On the
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Figure 4: Mirrors used in this experiment

other hand, the global differences were observed in Figure 5-(1) and 5-(3) (Labeled for the global differences at the first
illustration in Figure 6 and 7, respectively). The check mirror from Kurozuka tumulus has a bending at the upper left rim,
and a sinking in the center. In the check mirror from Nagatsuka, we found the broken section line, which was the global
difference. The effect of the global difference was high and obscured the existing local difference. This global difference
must be corrected in order to effectively detect the local difference.

5.2 Removing Global Difference

The global difference in an area is uniform. The global difference, when viewed in the particular area, is similar to the
misalignment error. By realigning this particular area, the global difference is removed. In our experiment, user’s defined
threshold was applied to extract the area with the similar global difference. The differences after realignment are shown
in Figure 6, 7. If there were more than one kind of global difference, the realignment was performed separably.

However, our present algorithm could not distinguish the global and local difference. After realignment, already
detected local differences would disappear. In order to view the complete local difference, the first comparison result and
the results after realignment were necessary.

5.3 Evaluation

By observing the first comparison result and the comparison results after removing the global differences, we found the
local differences as shown in Figure 8, 9, 10.

Our proposal is the fast, and objectively accurate method for finding the candidates of the local differences in the
digital form. The local difference is not solely caused within the manufacturing process. Some difference is from the
posteriori cause (rust, artificial fissures, cracks after casting, etc). It is up to archaeologists to determine which local
difference is related to the sibling relationship.

6



���������
	�����
��� ���������
������������ �! "�$#%�&�
��'�(
�����

Figure 5: First comparison results

Figure 6: Comparison results of mirror from Kurozuka after removing the global difference. (1) upper left rim, (2) the
center

6 Conclusion and Future Work

In this paper, we proposed the algorithm for the shape comparison. 3D data of ancient bronze mirrors are obtained from
a laser range sensor, and then aligned to the same pose by the method proposed in [1]. Based on a signed distance
calculation on each point, the shape difference can be visualized in the binarized or gradation pattern.

At present, global shape difference is manually removed. We are working on the algorithm to automatically detect
and remove the global shape difference. In addition, we plan to evaluate the accuracy of our proposed algorithm, since, in
addition to the shape difference, the difference between 3D data are caused by aligning error, calculating errors, etc.
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Figure 7: Comparison results of mirror from Nagatsuka removing the global difference.
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Figure 8: Final result of the mirror from Kurozuka. White circles indicate the localtion of the local difference.
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Figure 9: Final result of the mirror from Taniguchi. White circles indicate the location of the local difference.
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Figure 10: Final result of the mirror from Nagatsuka. White circles indicate the location of the local difference.
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