Three-Dimensional Measurement System Using
a Cylindrical Mirror

Yuuki Uranishi, Mika Naganawa, Yoshihiro Yasumuro, Masataka Imura,
Yoshitsugu Manabe, and Kunihiro Chihara

Graduate School of Information Science, Nara Institute of Science and Technology,
8916-5 Takayama Ikoma, Nara, Japan
{yuuki-u, naganawa, yasumuro, imura, manabe, chihara}@is.naist.jp
http://chihara.naist. jp/

Abstract. We propose a novel method for measuring a whole three-
dimensional shape of an object with a simple structured system. The
proposed system consists of a single CCD camera and a cylindrical mir-
ror. A target object is placed inside the cylindrical mirror and an image is
captured by the camera from above. There are two or more points that
have the same origin in the captured image: one is observed directly,
and the other is observed via the mirror. This situation means that a
point is observed by a real camera and virtual cameras at the same time.
Therefore, the three-dimensional shape of the object can be obtained
using stereo vision. We simulated an actual experimental situation and
measured the three-dimensional shape of the object from the simulated
image, and the results have demonstrated that the proposed method is
useful for measuring the whole three-dimensional shape.

1 Introduction

Whole three-dimensional shape measuring and model reconstructing have a wide
area of applications, including virtual museums [I] and digital archiving of relics
[2]. Most of whole three-dimensional models are built from multiple range images.
Registration and integration of the images are cumbersome procedures. There-
fore, it is highly desirable that a whole shape of the object is easily measured
in a single shot. The three-dimensional measurement methods are classified into
two groups: one is an active measurement method, and the other is a passive
measurement method.

The active measurement method, such as Time-of-Flight [3] and Structured
Lighting [4], obtains a shape of the target object by projecting a light or some
kind of energy and by measuring its reflection. This method provides a precise
shape of the object as a dense point cloud. However, it is impossible to obtain
the whole shape data at once due to the limitation of the viewpoint. There-
fore, in order to reconstruct the whole shape data, measurement from multiple
viewpoints is required by moving a turntable or the sensor itself.

There are several existing methods for passive measurement. For example,
Visual Hull [5][6] constructs approximation of a whole object shape from silhou-
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ettes observed from multiple viewpoints using a volume intersection technique.
This method is fast and robust enough to implement real-time applications.
Although increasing the number of cameras improves the accuracy of an ap-
proximation of the actual object shape, a complete multi-camera calibration
becomes inevitable. The accurate three-dimensional shape of the object can be
measured using stereo vision [7], which is one of the passive methods. The geo-
metric structure is acquired from images shoot from different viewpoints based
on triangulation. It is difficult to force all cameras to be calibrated and syn-
chronized. To overcome the problem, a catadioptric stereo system is proposed
[8][9]. The catadioptric stereo system consists of a single camera and one or more
mirrors. Placing mirrors produces multiview observations that are included in a
single shot image. There is the one that comes directly into the lens and there are
those that are reflected by the mirrors. Conventional catadioptric stereo system
involves a complex arrangement of mirrors and the object. Therefore, it becomes
more difficult to arrange the system appropriately for whole shape measuring.

In this paper, we propose a simple structured method for measuring a whole
three-dimensional shape with a single CCD camera and a cylindrical mirror. We
have previously proposed a concept of our system [I0]. An image of the target
object, which is placed inside the cylindrical mirror, is captured from above.
The captured image includes sets of points observed from multiple viewpoints.
The three-dimensional shape of the object can be obtained using stereo vision.
The proposed method is suitable for measuring the shape of moving objects
such as insects and small animals, because the proposed method can measure a
whole three-dimensional shape of the object in a single shot. In this study, we
demonstrate the proposed method in a simulated experiment using a circular
cone as a target object.

2 Proposed System

2.1 System Overview

The proposed system consists of a CCD camera to which the fish-eye lens is
attached and a cylindrical mirror whose inside is coated by a silver reflective
layer. Figures[Il (a) and (b) show a bird-eye view and a side view of the proposed
system, respectively. A target object is placed in the cylindrical mirror, and an
image is captured by the CCD camera from right above. As shown in Fig. [ (b),
each point of the object can be measured from different directions: one is a direct
observation, and the others are the observations via the mirror. This situation
implies that a given point is observed by a real camera and virtual cameras at
the same time.

2.2 Captured Image

Figures[ (a) and (b) simulate the captured images by the proposed system. The
object is set on the center of the cylindrical mirror in Fig.[2 (a) and off the center
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Fig.1. A schematic overview of the proposed system. (a) The system consists of a
CCD camera with fish-eye lens and a cylindrical mirror. A target object is placed inside
the cylindrical mirror, and an image is captured by CCD camera from above. (b) Each
point of the object can be observed directly and via the mirror. This situation implies
that a point is observed by a real camera and virtual cameras in a single shot

Fig. 2. The images captured by the proposed system in case of setting a circular cone
on the center of the mirror (a) and off the center of the mirror (b). The area around
the center of the image is a directly shoot image, and the peripheral area is a reflected
image on the cylindrical mirror. When the optical axis of the camera is identical with
the center axis of the mirror, the original point A (B) and the reflected point A’ (B’)
are always placed on the same line through the center of the cylindrical mirror

in Fig. 2l (b). The area around the center of the image is a directly shoot image,
and the other area is a reflected image on the cylindrical mirror. When the optical
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axis of the camera is identical with the center axis of the mirror, the original
point A(ua,va) (B(up,vp)) and the reflected point A'(u/y,vy) (B'(ug,v%))
always lie on the same line through the center of the cylindrical mirror, which
does not depend on the position of the object. Consequently, the search area
for corresponding points is reduced to a line. The proposed system has a small
calculation cost and yields small mismatches between the original points and the
reflected points.

2.3 Searching Stereo Pair

The set of corresponding points that have same origin should be estimated to
measure three-dimensional shape. Sum of Square Difference (SSD) is employed
in this system. First, the captured images are represented in a polar coordinate
system. Next, the area of the windows for SSD is normalized because the size of
the window is changed dynamically according to its position in the image. Then,
the set of points are searched using SSD. The detail of each step is described
below.

Coordinate Conversion into Polar Coordinate System. A coordinate sys-
tem of the captured image is converted into a polar coodinate system to facilitate
calculating SSD values. Figure[Blis the image converted from Fig.[2l (a). The ver-
tical and the horizontal axes in Fig. [ correspond to a radius r and an angle 6
in Fig.[2 (a), respectively.

T sour Widou]

l:l Suitable Window Size

for Once Reflection

Suitable Window Size
E——— 1 for Thrice Reflection

Fig. 3. The captured image Fig.[2 (a) in a polar coordinate system. The coordinate
system of the captured image is converted into the polar coordinate system. The vertical
and the horizontal axes in the converted image correspond to the radius r and the angle
0 in the original image, respectively
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Stretching the Target Region. The vertical length of the reflected image
depends on the angle of incidence and a normal direction of the surface. As shown
in Fig. B the vertical length changes according to the number of reflection. For
example, the vertical length of the thrice reflected image is smaller than that
of the once reflected image in Fig. Bl The optimal choice of the window size for
SSD cannot be derived analytically, because the normal direction at each point
of the object is unknown. Therefore, the combinations of the various window
size are prepared and examined. The selected regions should have a same size
for the calculation of SSD values. The target region is stretched to the same size
as the source region. A converted luminance of R, G, and B, l;(u,v) (i =r,g,b),
is represented as follows:

Vint = trunc (B) s (1)

S
A=Z oy, (2)
S
li(ua U) = (1 - A)Oi(ua Uint) + Aoi(uavint + 1) (7’ =749, b)a (3)

where s is a ratio of the vertical length of the target region to that of the source
region, and o; (¢ = r,g,b) is the original luminance of each color at (u,v), and
trunc is a function that truncates a number to an integer.

Calculating SSD. SSD value dg between the source region S and the target
region T is described as

Hdsr(u,v) =) {(z;?‘ (uy0) = 17 (u,0)) "+ (15 (uy0) = 1F (uw,0)) (4)

+ (1 ww) = 1 (w,0)*},

where I (u,v) and I7 (u,v) (i = r, g,b) are luminance of color at the source region
and the target region, respectively. The set of points that provides the smallest
SSD value is selected as an optimal set.

2.4  Estimating the Position of the Virtual Cameras

The position of the virtual cameras is estimated from the captured image. Fig-
ure @] shows a relationship between an angle from an optical axis of the lens and
a distance from a center of the captured image. In the proposed system, the
distance from the center of the image d is defined as

d= fb,, (5)

where f is a focal length of the lens and 6, is an angle from the optical axis of
the lens.

A position of a virtual camera is determined by the angle 6, a radius of the
cylindrical mirror and a number of reflection. Figure Bl shows how a camera
position is determined. Assuming that the position of a real camera is the point
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Fig. 4. A relationship between an angle from an optical axis of the lens and a distance
from a center of the image. The distance from the center of the image is proportional to
the angle from the optical axis. Such a projection is called as an equidistance projection
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Fig. 5. Estimation of the position of the virtual camera. A position of a virtual camera
can be estimated using Eqs. (@), (@) and (&)

Creal at (0, Yreal, 0) and the height of the virtual camera is same as that of the real
camera, the position of a virtual camera that corresponds to the nth reflection
is represented as
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where R is a radius of a cylindrical mirror.
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3 Experimental Results

An actual experimental situation was simulated and the three-dimensional shape
of the target object was estimated from the simulated image. A simulation en-
vironment is shown in Fig. [0l A target object, a circular cone, was placed inside
the cylindrical mirror. The camera was set at the same altitude as the top of
the cylinder, and the optical axis of the camera was arranged to be coincident
with the optical axis of the cylindrical mirror. The diameter and the height of
the cylinder are 102.4mm, and the cone bottom diameter and the cone height
are 76.8mm and 38.4mm, respectively. The cone has differently colored lines at
even intervals. A profile of the fish-eye lens is assumed to be an equidistance
projection. The size of the captured image is 1024 x 1024 pixels, and the size of
the converted image in the polar coordinate system is also 1024 x 1024 pixels.

Figure [0 (a) shows a reconstructed model from Fig. 2] (a) using SSD with a
20 x 15 size window, and Fig.[1 (b) is the actual shape of the target cone. The
source region for calculating the value of SSD is limited to the curves that are
drawn on the surface of the cone. The value of s in Eq. () varies from 0.6 to 1.0
in steps of 0.1. In addition, only the directly shoot image and the once reflected
image are used to reconstruct this model. As shown in Fig. [[ the shape of the
obtained model was almost similar to the actual shape of the cone. However, the
bottom of the cone failed to be measured appropriately.

Figure [§ shows the case of identifying the set of points to measure the cone
bottom. The true corresponding regions are the regions S and 7). However,
the region T, was estimated instead of 77 in the simulation. This is because
the curve’s color in the region T5 is similar to that in the region S. The SSD

Camera

- 102.4

38.4

%_J . 0 .
76.8 Cylindrical Mirror
102.4 [mm]

Fig. 6. An illustration of a simulation environment. A circular cone, which is a target
object, is placed inside the cylindrical mirror. The optical axis of the camera is coinci-
dent with the center axis of the cylindrical mirror. The altitude of the camera lens is
same as the top of the cylinder
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Fig.7. Reconstructed three-dimensional model from Fig. 2 (a) using the proposed
method (a) and the actual shape of the target cone (b). These figures show that the
shape of the obtained model using the proposed method is similar to the actual shape
of the cone
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Fig. 8. An example of searching the set of points at the bottom of the cone. (a) The
regions in the captured image. S is the directly observed region, T} is the actual region
that corresponds to the region S, and T3 is the region that has the smallest SSD value
between the region S. (b) A side view of the reconstructed model. The paths Ps, Pri
and Pro correspond to the region S, T1 and 75 in the figure (a), respectively

value dgro between the regions T and S was smaller than that dgpr; between
the regions T and S. Therefore, the height of the cone bottom failed to be esti-
mated using the path Ps and the incorrect path Pro. To avoid these mismatches,
the outlier points are diminished by resizing the optimal window based on the
reconstructed model.
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In addition, some error factors should be taken into consideration in case
of implementing the system. The cylindrical mirror in the actual system have
distortions. Furthermore, it is difficult that the optical axis of the camera is set
to be precisely identical with the center axis of the mirror. These error factors
cause mismatches in searching the stereo pairs due to the geometrical distortion
of the image. Distortion correction using a calibration pattern may be beneficial
to search the correct stereo pairs.

4 Conclusion

In this paper, we have proposed the method for the three-dimensional measure-
ment using a CCD camera and a cylindrical mirror. The three-dimensional shape
of the object can be easily measured in a single shot using the proposed method.
The result demonstrated that the similar three-dimensional model to the actual
shape was reconstructed from the captured image. However, the SSD value be-
tween images that have a similar color was smaller than the value between the
actual pair, and the shape of the target object failed to be measured in some
cases.

Future work will aim at developing a robust method for searching the set of
points in case that the several candidate regions with similar color or texture
exist in the captured image. In addition, we are planning to build a prototype
system and measure the three-dimensional shape of the real object using the
prototype system.
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