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(57) ABSTRACT

The objective of the present invention is to detect defects in
a structure accurately in a non-contact manner. An optical
path length converting unit (320) is disposed between a
specimen being inspected and an image capturing element
(310) in such a way as to cover part of a field of view of the
image capturing element (310). An image analyzing unit
(330) uses images captured by the image capturing element
(310) to calculate amounts of displacement within the sur-
face of the specimen, obtained using two fields of view of
the image capturing element (310) not covered/covered by
the optical path length converting unit (320). An out-of-
plane displacement calculating unit (340) calculates an
out-of-plane displacement of the specimen on the basis of
the calculated amounts of displacement.

8 Claims, 17 Drawing Sheets
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DISPLACEMENT AMOUNT MEASURING
DEVICE, DISPLACEMENT AMOUNT
MEASURING METHOD, AND RECORDING
MEDIUM

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a National Stage of International
Application No. PCT/JP2019/021939 filed Jun. 3, 2019,
claiming priority based on Japanese Patent Application No.
2018-107913 filed Jun. 5, 2018, the disclosure of which is
incorporated herein in its entirety by reference.

TECHNICAL FIELD

The present invention relates to a technique of remotely
measuring a displacement amount in a surface of a structure.

BACKGROUND ART

In concrete structures such as tunnels and bridges,
because defects such as cracks, peeling, and internal cavities
generated on a surface of the structure may adversely affect
soundness of the structure, it is necessary to detect these
defects as quickly and accurately.

In general, an inspector performs a visual inspection and
a hammering inspection in such a way as to detect the
defects of the structure. However, this method has problems
such that a large human cost is required and traffic regulation
is required during the work.

Therefore, a method of determining a state of the structure
on the basis of the image of the structure has been devel-
oped. For example, in the technique disclosed in PTL 1, an
image of the structure captured by a camera is binarized, and
a feature related to the defect such as a crack is detected from
the generated binarized image.

PTLs 2 and 3 disclose a technique of detecting the defects
of the structure on the basis of stresses generated in the
structure. NPL 1 discloses a method of measuring a dis-
placement amount in a crack region in an in-plane direction
(referred to as in-plane displacement) from a moving image
obtained by capturing an image of the surface of the struc-
ture.

When a load is applied to the structure, the structure
bends. As a result, the surface of the structure is displaced in
a normal direction of the surface (referred to as out-of-plane
displacement). However, in the related art, the in-plane
displacement caused by the defects and the out-of-plane
displacement that is not caused by the defects cannot be
distinguished from each other. Therefore, there is a possi-
bility that defect detection accuracy is lowered.

PTL 4 describes a technique of measuring an out-of-plane
displacement of a structure by changing an optical distance
between a camera and the structure by using an optical path
length converting element such as a glass plate.

CITATION LIST
Patent Literature
[PTL 1] IP 2003-035528 A
[PTL 2] IP 2008-232998 A
[PTL 3] IP 2006-343160 A
[PTL 4] WO 2017/179535

Non Patent Literature

[NPL 1] Z. Wang, et al., “Crack-opening displacement
estimation method based on sequence of motion vector
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field images for civil infrastructure deterioration inspec-
tion”, Image Media Processing Symposium (PCSJ/
IMPS2014), I-1-17, the Institute of Electronics, Informa-
tion and Communication Engineers, Nov. 12, 2014

SUMMARY OF INVENTION
Technical Problem

However, in the technique described in PTL 4, because it
is necessary to perform measurement at least twice in a state
where the optical path length converting element is inter-
posed between the camera and the structure and a state
where the optical path length converting element is not
interposed between the camera and the structure, there is a
problem in that a measurement work takes time. Although it
is necessary to provide a movable unit that makes the optical
path length converting element move in the technique
described in PTL 4, the configuration in which an optical
system includes the movable unit causes a decrease in the
measurement accuracy.

The present invention has been made in view of the above
problems, and an object of the present invention is to make
it possible to accurately detect a defect of a structure in a
non-contact manner.

Solution to Problem

In order to solve the above problems, a displacement
amount measuring device according to one aspect of the
present invention includes an image capturing element con-
figured to capture an image of a surface of a specimen,
optical path length converting means being disposed
between the specimen and the image capturing element in
such a way as to cover a part of a field of view of the image
capturing element, image analyzing means configured to
calculate a first displacement amount in the surface of the
specimen obtained in a field of view of the image capturing
element that is not covered by the optical path length
converting means and a second displacement amount in the
surface of the specimen obtained in a field of view of the
image capturing element covered by the optical path length
converting means, by using the image captured by the image
capturing element, and out-of-plane displacement calculat-
ing means configured to calculate a distance from the
specimen to the image capturing element and an out-of-
plane displacement of the specimen based on the first
displacement amount and the second displacement amount.

In order to solve the above problems, a displacement
amount measuring method according to one aspect of the
present invention is performed by using a device including
an image capturing element that captures an image of a
surface of a specimen and optical path length converting
means being disposed between the specimen and the image
capturing element in such a way as to cover a part of a field
of view of the image capturing element, and the displace-
ment amount measuring method includes calculating a first
displacement amount in the surface of the specimen
obtained in a field of view of the image capturing element
that is not covered by the optical path length converting
means and a second displacement amount in the surface of
the specimen obtained in a field of view of the image
capturing element covered by the optical path length con-
verting means, by using the image captured by the image
capturing element and calculating a distance from the speci-
men to the image capturing element and an out-of-plane
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displacement of the specimen based on the first displace-
ment amount and the second displacement amount.

To solve the above problems, a recording medium accord-
ing to one aspect of the present invention stores a program
for causing a computer to execute processing including
calculating a first displacement amount in the surface of the
specimen obtained in a field of view of the image capturing
element that is not covered by the optical path length
converting means and a second displacement amount in the
surface of the specimen obtained in a field of view of the
image capturing element covered by the optical path length
converting means, by using the image captured by the image
capturing element and calculating a distance from the speci-
men to the image capturing element and an out-of-plane
displacement of the specimen based on the first displace-
ment amount and the second displacement amount, by using
a device including an image capturing element that captures
an image of a surface of a specimen and optical path length
converting means being disposed between the specimen and
the image capturing element in such a way as to cover a part
of a field of view of the image capturing element.

Advantageous Effects of Invention

According to the present invention, it is possible to
accurately detect a defect of a structure in a non-contact
manner.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram illustrating a configuration of a
displacement amount measuring device according to a first
example embodiment.

FIG. 2 is a diagram illustrating a detailed configuration of
an image capturing unit included in the displacement
amount measuring device according to the first example
embodiment.

FIG. 3 is a diagram illustrating optical arrangement at the
time when a specimen is imaged by the image capturing
unit.

FIG. 4 is a diagram illustrating the specimen viewed from
an image capturing element included in the image capturing
unit.

FIG. 5aq illustrates a displacement amount in a surface of
the specimen in a case where there is no in-plane displace-
ment.

FIG. 5b illustrates a relationship between measured val-
ues by the image capturing element in a case where there is
no in-plane displacement.

FIG. 6a is a diagram illustrating a displacement amount in
the surface of the specimen in a case where there is an
in-plane displacement.

FIG. 6b illustrates a relationship between the measured
values by the image capturing element in a case where there
is the in-plane displacement.

FIG. 7 is a diagram illustrating a modification of an
optical path length converting unit according to the first
example embodiment.

FIG. 8 is a diagram illustrating another modification of the
optical path length converting unit according to the first
example embodiment.

FIG. 9 is a flowchart illustrating a flow of a displacement
amount measuring method performed by the displacement
amount measuring device according to the first example
embodiment.
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FIG. 10 is a diagram illustrating what kind of stress is
generated in a structure by a load in a case where the
structure is sound.

FIG. 11 illustrates stresses and strains generated in the
structure by the load in a case where the surface imaged by
an image capturing device cracks.

FIG. 12 illustrates stresses and strains generated in the
structure by the load in a case where peeling occurs in the
surface imaged by the image capturing device.

FIG. 13 illustrates stresses and strains generated in the
structure by the load in a case where a cavity exists in the
structure.

FIG. 14 is a block diagram illustrating a configuration of
a displacement amount measuring device according to a
second example embodiment.

FIG. 15 is a flowchart illustrating a flow of a displacement
amount measuring method performed by the displacement
amount measuring device according to the second example
embodiment.

FIG. 16 is a graph illustrating a response in a case where
a load that is a stimulation is applied to a structure for a short
time.

FIG. 17 is a block diagram illustrating a configuration of
a displacement amount measuring device according to a
third example embodiment.

FIG. 18 is a block diagram illustrating a hardware con-
figuration of an information processing apparatus according
to a fourth example embodiment.

EXAMPLE EMBODIMENT

Hereinafter, example embodiments of the present inven-
tion will be described in detail with reference to the draw-
ings. However, the example embodiments described later do
not limit the scope of the present invention.

First Example Embodiment

(Displacement Amount Measuring Device 100)

FIG. 1 is a block diagram illustrating a configuration of a
displacement amount measuring device 100 according to a
first example embodiment of the present invention. As
illustrated in FIG. 1, the displacement amount measuring
device 100 includes an image capturing device 1 and a signal
processing unit 2.

The image capturing device 1 generates a time-series
frame image (hereinafter, referred to as time-series image)
by repeatedly capturing images of a surface of a specimen
10. That is, the time-series image includes a plurality of
frame images. A frame rate of the time-series image is, for
example, 60 Hz.

The signal processing unit 2 calculates a distance from the
image capturing device 1 to the specimen 10 on the basis of
the time-series image generated by the image capturing
device 1 and calculates a displacement within the surface of
the specimen 10 on the basis of a difference between the
frame images. The signal processing unit 2 is, for example,
an information device such as a Personal Computer (PC) or
a server.

Each unit of the signal processing unit 2 can be achieved
by operating a program by a Central Processing Unit (CPU)
that is an arithmetic resource of the information device by
using a memory or a Hard Disk Drive (HDD) that is a
storage resource.

(Image Capturing Device 1)

FIG. 2 is a diagram schematically illustrating a configu-
ration of the image capturing device 1. As illustrated in FIG.
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2, the image capturing device 1 includes a lens 12 and an
image capturing element 13. The image capturing device 1
further includes an optical path length converting unit 11.
The optical path length converting unit 11 is disposed on a
side opposite to the image capturing element 13 with respect
to the lens 12. The optical path length converting unit 11
may be, for example, a flat glass. Alternatively, the optical
path length converting unit 11 may be formed by using other
material having a refractive index higher than that of air. The
optical path length converting unit 11 is an example of
optical path length converting means.

In one example, a focal distance of the lens 12 is 100 mm,
and a pixel pitch on an imaging surface of the image
capturing element 13 is five um. In this case, if an image
capturing distance is five m, the image capturing element 13
obtains a pixel resolution of 250 pm. In a case of having
2000 pixels in the horizontal direction and 2000 pixels in the
vertical direction, the image capturing element 13 can cap-
ture an image in a range of 0.5 mx0.5 m.

The focal distance of the lens 12, the pixel pitch, the
number of pixels, and the frame rate of the image capturing
element 13 may be appropriately changed according to a
subject (specimen 10).

The image capturing device 1 transmits data of the
time-series image to the signal processing unit 2.

(Signal Processing Unit 2)

As illustrated in FIG. 1, the signal processing unit 2
included in the displacement amount measuring device 100
includes a total displacement amount calculating unit 3, an
out-of-plane displacement calculating unit 4, and an in-plane
displacement calculating unit 5.

The total displacement amount calculating unit 3 receives
the time-series image from the image capturing device 1 and
calculates a displacement amount in the surface of the
specimen 10 on the basis of a difference between the frame
images of the received time-series image.

For example, the total displacement amount calculating
unit 3 may calculate a displacement within the surface of the
specimen 10 (referred to as total displacement amount) by
image correlation calculation on the basis of a correlation or
a change between the frame images of the time-series image.
The total displacement amount calculating unit 3 can cal-
culate the total displacement amount at a level of %100 of the
pixel pitch of the image capturing element 13 by using a
quadratic curve interpolating method in the image correla-
tion calculation. Alternatively, the total displacement
amount calculating unit 3 may calculate the total displace-
ment amount by using a gradient method instead of the
image correlation calculation.

The total displacement amount calculating unit 3 may
generate a displacement distribution diagram in a two-
dimensional space on the basis of the calculated total
displacement amount. In a case where a normal direction of
the surface of the specimen 10 is inclined with respect to an
optical axis of the lens 12, the total displacement amount
calculating unit 3 may make correction related to an angle of
the inclination by executing perspective projection conver-
sion.

The out-of-plane displacement calculating unit 4 calcu-
lates a distance from the surface of the specimen 10 to the
image capturing device 1 (referred to as depth distance) and
a displacement amount in the normal direction of the surface
of the specimen 10 (referred to as out-of-plane displace-
ment). The out-of-plane displacement calculating unit 4 is an
example of out-of-plane displacement calculating means.

The in-plane displacement calculating unit 5 calculates a
displacement amount in an in-plane direction of the speci-
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men 10, that is, a direction parallel to the surface of the
specimen 10 (referred to as in-plane displacement) by sub-
tracting the out-of-plane displacement calculated by the
out-of-plane displacement calculating unit 4 from the total
displacement amount calculated by the total displacement
amount calculating unit 3. The in-plane displacement cal-
culating unit 5 is an example of in-plane displacement
calculating means.

For the calculation of the out-of-plane displacement by
the out-of-plane displacement calculating unit 4 and the
calculation of the in-plane displacement by the in-plane
displacement calculating unit 5, interpolation by a quadratic
curved surface or an equiangular line may be used. In
addition, for the image correlation calculation, the Sum of
Absolute Difference (SAD) method, the Sum of Squared
Difference (SSD) method, the Normalized Cross Correlation
(NCC) method, the Zero-mean Normalized Cross Correla-
tion (ZNCC), or the like may be used. Alternatively, these
methods may be combined.

(Optical Arrangement of Image Capturing Device 1)

FIG. 3 illustrates optical arrangement at the time when the
specimen is imaged by the image capturing device 1.

In FIG. 3, a surface of a specimen 10 in a certain frame
image is indicated by a reference numeral 24, and a surface
of a specimen 10 in a next frame image is indicated by a
reference numeral 25. Hereinafter, object surfaces indicated
by the reference numerals 24 and 25 are hereinafter respec-
tively referred to as surfaces 24 and 25. In FIG. 3, the x-axis
and the y-axis are two axes orthogonal to each other in the
in-plane direction of the specimen 10 having no strain, and
the z-axis is the normal direction of the surface of the
specimen 10 having no strain. The z-axis coincides with the
optical axis direction of the lens 12.

A reference numeral § represents a distance from the
surface 24 to the surface 25. The distance d is an out-of-
plane displacement of the specimen 10. The out-of-plane
displacement 0 is an example of a first displacement amount
in the surface of the specimen 10 obtained in a field of view
of the image capturing element 13 that is not covered by the
optical path length converting unit 11.

A reference numeral 26 represents a virtual image of the
surface 24 in the field of view of the image capturing
element 13 through the optical path length converting unit
11. A reference numeral 27 represents a virtual image of the
surface 25 in the field of view of the image capturing
element 13 through the optical path length converting unit
11. Hereinafter, the reference numerals 26 and 27 are both
referred to as virtual image surfaces.

The optical path length converting unit 11 changes a
distance from the surface 24 to the lens 12 (referred to as
depth distance) viewed from the image capturing element 13
from L to L'=(L—d). This change amount d (=L-L') is
referred to as an optical path length change amount below.
The optical path length change amount d indicates how high
the surface 24 appears in the field of view of the image
capturing element 13 through the optical path length con-
verting unit 11, that is, how close the surface 24 appears to
the image capturing element 13.

As illustrated in FIG. 3, the optical path length converting
unit 11 included in the image capturing device 1 is displaced
from the optical axis of the lens 12. The optical path length
converting unit 11 covers a part of the field of view of the
lens 12. In FIG. 3, a distance represented by (d+d) is an
example of a second displacement amount in the surface of
the specimen 10 obtained in the field of view of the image
capturing element 13 covered by the optical path length
converting unit 11.
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(Method of Calculating Out-of-Plane Displacement)

A method of calculating the out-of-plane displacement by
the out-of-plane displacement calculating unit 4 will be
described with reference to FIG. 3.

When it is assumed that a thickness of the optical path
length converting unit 11 be t and a refractive index be n, the
optical path length change amount d described above is
represented by the following formula 1.

d:t-(l—%)

For example, when the optical path length converting unit
11 has a plate-like shape having the thickness t of 30 mm and
the refractive index n of 1.5, the optical path length change
amount d is 10 mm according to the formula 1.

As illustrated in FIG. 3, when the surface 24 moves in the
z direction by 8, in the field of view of the image capturing
element 13 through the optical path length converting unit
11, a coordinate xi on the image capturing element 13 that
is an image at a coordinate x on the surface 24 is displaced
by vgx (xi) in the x direction. While the displacement & of
the coordinate x on the surface 24 is referred to as an
out-of-plane displacement, the displacement dgx (xi) of the
coordinate xi projected by the image capturing element 13 is
referred to as a projected out-of-plane displacement below.

On the other hand, in the field of view of the image
capturing element 13 not through the optical path length
converting unit 11, the image at the coordinate x on the
surface 24 is displaced by dax (xi) in the x direction at the
coordinate xi on the image capturing element 13. When it is
assumed that the focal distance of the lens 12 be f, dgx (xi)
and dax (xi) are respectively indicated by the following
formulas 2 and 3.

(Formula 1)

X 1 1 (Formula 2)
Ogr(xt) = (L—d—5 - L—d)x'f

. 1 1
dax(xi) = (m - Z)xf

(Formula 3)

A relationship between the coordinate x on the surface 24
in the x direction and the coordinate xi on the image
capturing element 13 in the x direction in the field of view
of the image capturing element 13 not through the optical
path length converting unit 11 is represented by the follow-
ing formula 4.

(Formula 4)

xi=

x-f
T

On the other hand, a relationship between the coordinate
x on the virtual image surface 26 in the x direction and the
coordinate xi on the image capturing element 13 in the x
direction in the field of view of the image capturing element

13 through the optical path length converting unit 11 is
represented by the following formula 5.

x-f

R (Formula 5)
Xi =
(L-d)
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8
Mgx (xi) is obtained by dividing dgx (xi) indicated in the
formula 2 by xi indicated in the formula 5, and Max (xi) is
obtained by dividing dax (xi) indicated in the formula 3 by
xi indicated in the formula 4. Mgx (xi) and Max (xi) are
respectively represented by the following formulas 6 and 7.

X (Formula 6)
Mgx(xi) =

6gx(xi)_ 1 1
xi ‘(L_d)'(L—d—(s_L—d)

dax(xi) B (Formula 7)

1 1
Max(xi) = —— _L-(— - —)
xi L-6 L

Because the optical path length change amount d is
determined according to the refractive index (>1) of the
optical path length converting unit 11, the optical path length
change amount d is a known value.

The total displacement amount in a case where the
surfaces 24 and 25 of a structure 20 have no in-plane
displacement coincides with the projected out-of-plane dis-
placement (dgx (xi), dax (xi)). Because the projected out-
of-plane displacement (dgx (xi), dax (xi)) can be calculated
in each frame in real time, Mgx (xi) and Max (xi) indicated
by the formulas 6 and 7 can be calculated in each frame in
real time. In a case where the out-of-plane displacement 8 of
the structure 20 is constant in the surfaces 24 and 25, Mgx
(xi) and Max (xi) are constant regardless of xi. However, the
out-of-plane displacement calculating unit 4 may obtain
average values of Mgx (xi) and Max (xi) in consideration of
a difference between the out-of-plane displacements 6 in the
surfaces 24 and 25 and a possibility that measurement noise
is caused.

In one example, it is assumed that average values
Mgx_avg and Max_avg of Mgx (xi) and Max (xi) at a
certain time be respectively Mgx_avg=0.001003 and Max_
avg=0.001001. When the formulas 6 and 7 are solved as a
simultaneous equation regarding & and L by substituting
these values into the formulas 6 and 7 as Mgx (xi) and Max
(xi), 8 is calculated as about five mm (5.020015 mm), and
L is calculated as about 5000 mm (5020.020015 mm).

A distance (L—8) from the lens 12 to the surface 25 is 5015
mm.

In this way, even in a case where both of the distance L
from the lens 12 to the surface 24 and the distance (L—6)
from the lens 12 to the surface 25 are unknown, the
out-of-plane displacement calculating unit 4 can calculate
the out-of-plane displacement & according to the formulas 6
and 7.

Here, the method of calculating the out-of-plane displace-
ment from the projected out-of-plane displacement in the x
direction has been described. However, regarding the optical
axis direction (z direction) of the lens 12 and the y direction
orthogonal to the x direction, the out-of-plane displacement
can be calculated from the projected out-of-plane displace-
ment by the similar method. Alternatively, as described later,
after the projected out-of-plane displacement is obtained
from the projected out-of-plane displacement vector on the
(X, y) plane, the out-of-plane displacement can be calculated
by the method described here.

(Field of View of Image Capturing Element 13)

FIG. 4 illustrates the field of view of the image capturing
element 13. More specifically, FIG. 4 illustrates how the
specimen 10 can be seen from the image capturing element
13. In FIG. 4, a reference numeral V1 represents the field of
view of the image capturing element 13 not through the
optical path length converting unit 11. A reference numeral
V2 represents the field of view of the image capturing



US 11,846,498 B2

9

element 13 through the optical path length converting unit
11. In FIG. 4, the optical path length converting unit 11
covers a half of the entire field of view of the image
capturing element 13. However, a shape and arrangement of
the optical path length converting unit 11 are not particularly
limited.

As illustrated in FIG. 4, in the field of view V2 of the
image capturing element 13 through the optical path length
converting unit 11, the specimen 10 is enlarged than that in
the field of view V1 not through the optical path length
converting unit 11. That is, in the field of view V2 of the
image capturing element 13 through the optical path length
converting unit 11, the specimen 10 appears to be closer to
the image capturing element 13 by the optical path length
change amount d illustrated in FIG. 3.

(A Case with No In-Plane Displacement)

FIG. 5a is a diagram illustrating a total displacement
amount in the surface of the specimen 10 in a case where
there is no in-plane displacement. In a case where there is no
in-plane displacement, the total displacement amount coin-
cides with the out-of-plane displacement.

An arrow in FIG. 5a represents a total displacement
vector. Although the total displacement vector represents a
magnitude and a direction of the total displacement amount
viewed from the image capturing element 13, the total
displacement amount does not exist in an actual image. As
illustrated in FIG. 5a, in the field of view V2 of the image
capturing element 13 through the optical path length con-
verting unit 11, the magnitude of the total displacement
vector is enlarged than that in the field of view V1 not
through the optical path length converting unit 11.

FIG. 5b is a graph illustrating a relationship between
measured values dgx (xi) and dax (xi) by the image captur-
ing element 13 and xi. An origin of a coordinate system
illustrated in FIG. 5b is related to the imaging center of the
image capturing device 1. An inclination of the graph
illustrated in FIG. 5b is related to Mgx (xi) (=0gx (xi)/xi)
indicated in the formula 6 and Max (xi) (=dax (xi)/xi)
indicated in the formula 7. According to the graph illustrated
in FIG. 5b, as xi increases, dgx (xi) and dax (xi) increase. In
other words, as separating from the imaging center, the total
displacement vector increases.

(A Case where there is In-Plane Displacement)

FIG. 6a is a diagram illustrating a total displacement
amount in the surface of the specimen 10 in a case where
there is an in-plane displacement. The total displacement
amount in a case where there is an in-plane displacement is
a total sum of the projected out-of-plane displacement and
the in-plane displacement.

In FIG. 6a, an arrow of a thin solid line represents a
projected out-of-plane displacement vector & (xi, dyi). An
arrow of a thick solid line represents an in-plane displace-
ment vector A (Axi, Ayi).

A dotted arrow represents a total displacement vector V
(Vxi, Vyi). The total displacement vector V (Vxi, Vyi) is a
composite vector of the projected out-of-plane displacement
vector 8 (0xi, Oyi) and the in-plane displacement vector A
(Axi, Ayi).

FIG. 6b illustrates a relationship between the measured
values dgx (xi) and dax (xi) by the image capturing element
13 and xi in a case where there is an in-plane displacement.
For comparison, in FIG. 6b, the relationship between the
measured values dgx (xi) and dax (xi) and xi in a case where
the there is no in-plane displacement is indicated by a solid
line.

A function R (x, y) representing a magnitude of the
projected out-of-plane displacement vector 6 (&xi, dyi) in the
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field of view of the image capturing element 13 not through
the optical path length converting unit 11 is indicated by the
following formula 8.

1 1 F la 8
Res. ) = ovite, 7 oyite o7 = 1-(75 = 7 AE (Formula

Here, the following formula is substituted into the for-
mula 8 on the basis of the formula 3 described above.

) 11

oxi(x, y) = (L—_(s - Z)x-f
) 11

yilx, y) = (L_—(S - Z))"f

According to the formula 8, as the values x and y increase,
the value of the function R (x, y) increases. This indicates
that, as separating from the imaging center (x, y)=(0, 0), the
projected out-of-plane displacement increases. In the for-
mula 8, a part of a coefficient is set to k. That is, k is defined
by the following formula 9.

re 1 l (Formula 9)
_f(L—S_L)

By using the formula 9, the formula 8 is represented as the
following formula 10.

(Formula 10)

R(x, y)=k- \/xz + y2

The total displacement vector V (Vxi, Vyi) that is a
measured value is indicated as the following formula 11.

V( Vi, Wi)=A(Axi, AyD)+8(Sxi, 8yi) (Formula 11)

The magnitude Rmes (x, y) of the total displacement
vector V (Vxi, Vyi) is indicated as in the following formula
12.

Rmes(x,y):\lin(x,y)2+Vyi(x,y)2 (Formula 12)

It is assumed that a magnification R (x, y) of the projected
out-of-plane displacement be sufficiently large with respect
to the in-plane displacement vector A (Axi, Ayi). In this case,
for example, by calculating a proportional constant k that
minimizes an evaluation function E (k) indicated in the
following formula 13, it is possible to estimate the function
R (x, y) indicated in the formula 8.

E(k) = Z{Rmes(x, ») =R, y, by (Formula 13)

Xy

In the formula 13, the function R (x, y, k) is a function
having k on the right side in the formula 10 as a variable. In
other examples, the evaluation function E (k) may be an
absolute value sum of Rmes (x, y) and the function R (%, y)
or other power sum.

According to the formula 13, a proportional constant ka
(related to k in formula 9) in the field of view of the image
capturing element 13 not through the optical path length
converting unit 11 can be calculated. A value obtained by
dividing the proportional constant ka calculated in this way
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by xi corresponds to a representative value Max_rep of the
inclination Max (xi) of the projected out-of-plane displace-
ment graphs illustrated in FIGS. 56 and 6b. That is, when
using the formula 4, the representative value Max_rep is as
indicated in the formula 14. By a similar method, a repre-
sentative value of the inclination of the projected out-of-
plane displacement graph in the y direction can be calcu-
lated.

(Formula 14)

A proportional constant kg (related to k in formula 9) in
the field of view of the image capturing element 13 through
the optical path length converting unit 11 is obtained by
replacing L in the formulas 8 and 9 with L' (=L—d). In this
case, when using the formula 5, the representative value
Mgx_rep of the inclination Mgx (xi) of the projected out-
of-plane displacement graphs illustrated in FIGS. 5b and 65
is as indicated in the following formula 15.

oxi(x, ) kg- (Formula 15)

kg (L—d)
Mg rep= —2r= = =om = =——

When Mgx_rep and Max_rep obtained in this way are
substituted into the formulas 6 and 7 as Mgx (xi) and Max
(xi) in the formulas 6 and 7, the following formulas 16 and
17 are obtained.

(Formula 16)

(Formula 17)

When the formulas 16 and 17 are solved for unknowns 6
and L, the out-of-plane displacement & and the depth dis-
tance L are calculated. The projected out-of-plane displace-
ment vector & (8xi, Oyi) is calculated from the calculated
out-of-plane displacement 6. These calculations are per-
formed by the out-of-plane displacement calculating unit 4.

The in-plane displacement calculating unit 5 calculates
the in-plane displacement vector A (Axi, Ayi) by subtracting
the projected out-of-plane displacement vector o (dxi, dyi)
calculated by the out-of-plane displacement calculating unit
4 from the total displacement vector V (Vxi, Vyi).

(First Modification; Optical Path Length Converting Unit)

FIG. 7 is a diagram illustrating an optical path length
converting unit 11a according to one modification of the
optical path length converting unit 11 according to the
present example embodiment. As illustrated in FIG. 7, the
optical path length converting unit 11a includes a plurality
of mirrors 51. In the optical path length converting unit 11a,
after light from the specimen 10 is reflected between the
plurality of mirrors 51 many times, the light enters the lens
12.

(Second Modification; Optical Path Length Converting
Unit)

FIG. 8 is a diagram illustrating an optical path length
converting unit 115 according to another modification of the
optical path length converting unit 11 according to the
present example embodiment. As illustrated in FIG. 8, the
optical path length converting unit 115 includes a plurality
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of parts 111 and 112. Each of the plurality of parts 111 and
112 has a different refractive index. Therefore, because a
magnification in a field of view of the image capturing
element 13 through the part 111 is different from a magni-
fication in a field of view of the image capturing element 13
through the part 112, appearances of the specimen 10 from
the image capturing element 13 through the part 111 and the
part 112 are different from each other.

(Operation Flow)

An operation flow of the displacement amount measuring
device 100 will be described with reference to FIG. 9. FIG.
9 is a flowchart illustrating a flow of a displacement amount
measuring method performed by the displacement amount
measuring device 100.

As illustrated in FIG. 9, first, the total displacement
amount calculating unit 3 receives a time-series image
obtained by capturing an image of the surface of the speci-
men 10 by the image capturing device 1 (S1).

The total displacement amount calculating unit 3 calcu-
lates a total displacement amount in the surface of the
specimen 10 by using a set of the m (=>1)-th and the m+1th
frame images included in the time-series image (S2).

Next, the out-of-plane displacement calculating unit 4
calculates the depth distance L. and the out-of-plane dis-
placement & respectively from measured values Vxi and Vyi
(xi and yi components of total displacement vector illus-
trated in FIG. 6a) by the image capturing element 13
according to the formulas 8 to 13 described above (S3).

The in-plane displacement calculating unit 5 calculates
the in-plane displacement within the surface of the specimen
10 by subtracting a projected out-of-plane displacement
obtained from the out-of-plane displacement calculated by
the out-of-plane displacement calculating unit 4 from the
total displacement amount calculated by the total displace-
ment amount calculating unit 3 (S4).

Thereafter, the total displacement amount calculating unit
3 determines whether a total displacement amount of a
predetermined number n (>1) frame images included in the
time-series image is calculated (S5). In a case where the total
displacement amount of the predetermined number n frame
images is not calculated (No in S5), the flow returns to step
S1, and the total displacement amount calculating unit 3
calculates the total displacement amount by using the next
set of frame images included in the time-series image, that
is, the m+1-th and the m+2-th frame images.

On the other hand, in a case where the total displacement
amount calculating unit 3 has calculated the total displace-
ment amount of the predetermined number n frame images
(Yes in S5), the flow ends.

(Relationship Between Defects
Amount)

A relationship between a defect generated in the structure
20 by the load and the displacement amount in the surface
of the structure 20 will be described with reference to FIGS.
10 to 14. The displacement amount here means an in-plane
displacement. It is assumed that the surface imaged by the
image capturing device 1 be an opposite surface of the
surface to which the load is applied. It is also assumed that
both ends of the structure 20 be fixed.

(A Case where Structure 20 is Sound; No Defects)

FIG. 10 illustrates what kind of stress is generated in the
structure 20 by the load in a case where the structure 20 is
sound. As illustrated in FIG. 10, in a case where the structure
20 is sound, compressive stresses and tensile stresses are
generated on the surface of the structure 20. A strain amount
is a value representing a magnitude and a direction of

and Displacement
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deformation of the structure 20 and is calculated by differ-
entiating the in-plane displacement.

As illustrated in FIG. 10, while the compressive stresses
are generated on the surface to which the load is applied, the
tensile stresses are generated on the surface imaged by the
image capturing device 1. As a result, a strain occurs in the
surface of the structure 20 imaged by the image capturing
device 1. The strain is represented by a strain amount, and
the strain amount is a differential amount of the in-plane
displacement. Therefore, when the strain occurs in the
surface of the structure 20, the magnitude of the deformation
changes in the surface.

In this way, a feature in a case where the structure 20 is
sound is that the in-plane displacement largely changes in
the surface of the structure 20 in accordance with the strain.

(A Case where Structure 20 has Defect)

(Case 1. Cracks)

FIG. 11 illustrates stresses and strains generated in the
structure 20 by the load in a case where the surface of the
structure 20 imaged by the image capturing device 1 cracks.
As illustrated in FIG. 11, in the surface imaged by the image
capturing device 1, the strain and the in-plane displacement
caused by the tensile stress exist near the cracks. However,
because transmission of the tensile stress is weakened in a
region away from the cracks, the strain amount decreases,
and the in-plane displacement becomes constant.

(Case 2. Peeling)

FIG. 12 illustrates stresses and strains generated in the
structure 20 by the load in a case where the surface of the
structure 20 imaged by the image capturing device 1 is
peeled. As illustrated in FIG. 12, in a part where the surface
of the structure 20 is peeled in the surface imaged by the
image capturing device 1, because the strain amount is
almost zero, the in-plane displacement is constant. However,
because the out-of-plane displacement and the strain due to
the tensile stress are generated in a part where the surface of
the structure 20 is not peeled, the in-plane displacement
changes.

In this way, a feature in a case where the surface of the
structure 20 is peeled is that the change in the in-plane
displacement near the peeling and that in other regions are
different from each other. Furthermore, a feature is that the
out-of-plane displacement in a part where the peeling occurs
and that in a part where the peeling does not occur are
different from each other.

(Case 3. Internal Cavity)

FIG. 13 illustrates stresses and strains generated in the
structure 20 by the load in a case where a cavity exists in the
structure 20. As illustrated in FIG. 13, because the internal
cavity serves to disperse the stress caused by the load, the
strain amount on the surface imaged by the image capturing
device 1 decreases. That is, as in a case where the structure
20 cracks, in a case where the cavity exists in the structure
20, the in-plane displacement on the surface imaged by the
image capturing device 1 is almost constant.

Effects of Present Example Embodiment

According to the configuration of the present example
embodiment, the optical path length converting unit is
disposed between the structure and the image capturing
element in such a way as to cover a part of the field of view
of the image capturing element. In a part of the field of view
of the image capturing element through the optical path
length converting unit, the optical path length between the
specimen and the image capturing element increases. That
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is, the image capturing element can image the surface of the
structure at once from places having different optical path
lengths from the specimen.

The signal processing unit calculates the out-of-plane
displacement and the depth distance of the structure in the
field of view of the image capturing element that is not
covered by the optical path length converting unit and the
field of view of the image capturing element covered by the
optical path length converting unit. The signal processing
unit calculates the in-plane displacement by subtracting the
projected out-of-plane displacement from the total displace-
ment amount in the surface of the structure. The signal
processing unit outputs information regarding the in-plane
displacement, the out-of-plane displacement, and the depth
distance calculated in this way. For example, a user deter-
mines whether the structure has defects and a type of the
defect on the basis of these pieces of output information.
Therefore, it is possible to accurately detect defects of the
structure in a non-contact manner.

In addition, in the configuration according to the present
example embodiment, because only one image capturing
unit is used, cost of imaging the structure can be reduced.

Second Example Embodiment

Other example embodiments of the present invention will
be described below. In the present example embodiment, a
configuration will be described that determines whether a
defect occurs and a type of the defect after a displacement
amount and a depth distance are calculated.

(Displacement Amount Measuring Device 200)

FIG. 14 is a block diagram illustrating a configuration of
a displacement amount measuring device 200 according to
the present example embodiment. The displacement amount
measuring device 200 images a time-series image of a
surface of a structure 20 by using an image capturing device
1, calculates a displacement of each part of the structure 20
from the time-series image, and calculates a distance from
the image capturing device 1 to the structure 20.

For example, it is assumed that the structure 20 be
deformed by the load as illustrated in FIGS. 10 to 13. In this
case, the displacement amount measuring device 200 mea-
sures a depth distance, an out-of-plane displacement, and an
in-plane displacement from the time-series images before or
after the deformation. A state determination unit 73 acquires
data related to the depth distance, the out-of-plane displace-
ment, and the in-plane displacement from the displacement
amount measuring device 200 and diagnoses a state of the
structure 20 by using the acquired data.

Specifically, the state determination unit 73 acquires
information indicating a correspondence relationship
between the depth distance and the displacement amount
and a state of a deterioration of the structure 20. For
example, the state determination unit 73 may acquire infor-
mation regarding a threshold used to determine the defects
and information indicating a characteristic pattern of dis-
placements and strains related to the type of the defect
(FIGS. 11 to 13). The state determination unit 73 determines
whether the structure 20 has defects such as cracks, peeling,
or the internal cavity and the type of the defect on the basis
of these pieces of acquired information.

(Operation Flow)

FIG. 15 is a flowchart illustrating a state determining
method by the displacement amount measuring device 200
according to the present example embodiment. In FIG. 15,
steps S1 to S6 are similar to those in the displacement
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amount measuring method illustrated in the flowchart in
FIG. 9. In the present example embodiment, description of
steps S1 to S6 is omitted.

As illustrated in FIG. 15, after step S6, the state determi-
nation unit 73 diagnoses the state of the structure 20 (S7).

After step S7 described above, the state determination
unit 73 may output the diagnosis result of the state of the
structure 20 to an external device such as a display device.
With this operation, a user can determine, for example,
whether the structure 20 needs to be repaired or needs close
examination by looking at the output diagnosis result.

Effects of Present Example Embodiment

According to the configuration of the present example
embodiment, the displacement amount and the depth dis-
tance in the surface of the structure are calculated at once.
Then, on the basis of the calculated displacement amount
and depth distance, it is determined whether the structure has
defects, and the type of the defect is determined. Therefore,
it is possible to diagnose the state of the structure remotely
from the structure in a non-contact manner.

Third Example Embodiment

Other example embodiments of the present invention will
be described below. In the present example embodiment, a
response of a structure in a case where an instantaneous load
(referred to as impulsive force in the present example
embodiment) is applied to the structure will be described.

A configuration of a displacement amount measuring
device according to the present example embodiment is the
same as that of the displacement amount measuring device
200 (FIG. 14) according to the second example embodiment.

(Response)

FIG. 16 is a graph illustrating a response (referred to as
impulse response) in a case where an impulsive force is
applied to the surface of the structure 20 for a very short time
(referred to as impulse stimulation). The impulse response is
temporal changes of the displacement and the strain of the
structure 20 with respect to the impulse stimulation.

A graph A in FIG. 16 illustrates an impulse response in a
case where the structure 20 is sound. As illustrated in the
graph A, because stresses are quickly transferred in the
structure 20 in a case where the structure 20 is sound, the
displacement is large and converges quickly.

Graphs B and C in FIG. 16 illustrate impulse responses in
a case where the structure 20 is deteriorated. The deterio-
ration here includes, for example, cracks, peeling, or internal
cavities (FIGS. 11 to 13). As illustrated in the graphs B and
C, in a case where the structure 20 is deteriorated, the
displacement is smaller and the convergence is slower than
those in a case where the structure 20 is sound.

In the present example embodiment, the state determina-
tion unit 73 of the displacement amount measuring device
(FIG. 14) determines whether the structure 20 is sound or the
structure 20 has defects such as cracks, peeling, or internal
cavities, by using the means described in the second
example embodiment such as the threshold or pattern match-
ing or on the basis of the characteristic pattern of the impulse
response.

Effects of Present Example Embodiment
According to the configuration of the present example

embodiment, the state of the structure is determined by using
the characteristics of the structure indicated by the impulse
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response. Therefore, it is possible to more correctly deter-
mine whether the structure has a defect.

Fourth Example Embodiment

Other example embodiments of the present invention will
be described below. In the present example embodiment,
essential configurations for solving the problem will be
described.

(Displacement Amount Measuring Device 300)

FIG. 17 is a block diagram illustrating a configuration of
a displacement amount measuring device 300 according to
the present example embodiment. As illustrated in FIG. 17,
the displacement amount measuring device 300 includes an
image capturing element 310, an optical path length con-
verting unit 320, an image analyzing unit 330, and an
out-of-plane displacement calculating unit 340.

The image capturing element 310 captures an image of a
surface of a specimen.

The optical path length converting unit 320 is disposed
between the specimen and the image capturing element 310
in such a way as to cover a part of a field of view of the
image capturing element 310. The optical path length con-
verting unit 11 is an example of optical path length convert-
ing means.

The image analyzing unit 330 calculates a first displace-
ment amount in a surface of the specimen obtained in the
field of view of the image capturing element 310 that is not
covered by the optical path length converting unit 320 and
a second displacement amount in the surface of the speci-
men obtained in the field of view of the image capturing
element 310 covered by the optical path length converting
unit 320, by using the image captured by the image captur-
ing element 310. The image analyzing unit 330 is an
example of image analyzing means.

The out-of-plane displacement calculating unit 340 cal-
culates a distance from the specimen to the image capturing
element 310 and an out-of-plane displacement of the speci-
men on the basis of the first displacement amount and the
second displacement amount. The out-of-plane displace-
ment calculating unit 340 is an example of out-of-plane
displacement calculating means.

Effects of Present Example Embodiment

According to the configuration of the present example
embodiment, the optical path length converting unit is
disposed between the specimen and the image capturing
element in such a way as to cover a part of the field of view
of the image capturing unit. That is, the image capturing
element of the image capturing unit can image the specimen
at once from places having different optical path lengths
from the specimen. From the image captured by the image
capturing element in this way, the displacement amount and
the depth distance in the surface of the specimen can be
calculated at once. As a result, it is possible to accurately
detect a defect of the structure in a non-contact manner.

Fifth Example Embodiment

Each component of each device in each example embodi-
ment of the present disclosure indicates a block of functional
units. Some or all of the components of each device are
achieved, for example, by any combination of an informa-
tion processing apparatus 900 illustrated in FIG. 18 and a
program. FIG. 18 is a block diagram illustrating an example
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of a hardware configuration of the information processing
apparatus 900 that achieves each component of each device.

(About Hardware Configuration)

As illustrated in FIG. 18, the information processing
apparatus 900 includes the following configurations as an
example.

Central Processing Unit (CPU) 901

Read Only Memory (ROM) 902

Random Access Memory (RAM) 903

Program 904 loaded into RAM 903

Storage device 905 that stores program 904

Drive device 907 that reads/writes from/to recording

medium 906
Communication interface 908 connected to communica-
tion network 909

Input/output interface 910 that inputs/outputs data

Bus 911 that connects components

Each component of each device according to each
example embodiment is achieved by acquiring the program
904 that achieves these functions by the CPU 901 and
executing the program 904 by the CPU 901. The program
904 that achieves the function of each component of each
device is, for example, stored in the storage device 905 or
the ROM 902 in advance and loaded into the RAM 903 and
executed by the CPU 901 as needed. The program 904 may
be supplied to the CPU 901 via the communication network
909, or the program 904 may be stored in the recording
medium 906 in advance and the drive device 907 may read
the program and supply the program to the CPU 901.

Effects of Present Example Embodiment

According to the configuration of the present example
embodiment, the device described in any one of the example
embodiments is implemented as hardware. Therefore, the
effects similar to the effects described in any one of the
example embodiments can be achieved by using hardware
resources.

While the invention has been particularly shown and
described with reference to example embodiments thereof,
the invention is not limited to these embodiments. It will be
understood by those of ordinary skill in the art that various
changes in form and details may be made therein without
departing from the spirit and scope of the present invention
as defined by the claims.

REFERENCE SIGNS LIST

1 image capturing device

2 signal processing unit

3 total displacement amount calculating unit
4 out-of-plane displacement calculating unit
5 in-plane displacement calculating unit

10 specimen

11 optical path length converting unit

12 lens

13 image capturing element

300 displacement amount measuring device
310 image capturing element

320 optical path length converting unit

330 image analyzing unit

340 out-of-plane displacement calculating unit

The invention claimed is:

1. A displacement amount measuring device comprising:

an image capturing element configured to capture an
image of a surface of a specimen;
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optical path length converting material being disposed
between the specimen and the image capturing element
in such a way as to cover a part of a field of view of the
image capturing element;

an image analyzer configured to calculate a first displace-

ment amount in the surface of the specimen obtained in
a field of view of the image capturing element that is
not covered by the optical path length converting
material and a second displacement amount in the
surface of the specimen obtained in a field of view of
the image capturing element, by using the image cap-
tured by the image capturing element; and

an out-of-plane displacement calculator configured to

calculate a distance from the specimen to the image
capturing element and an out-of-plane displacement of
the specimen based on the first displacement amount
and the second displacement amount.

2. The displacement amount measuring device according
to claim 1, wherein

the optical path length converting material includes a

transparent material having a refractive index larger
than one.

3. The displacement amount measuring device according
to claim 1, wherein

the optical path length converting material has a shape of

a flat plate parallel to an imaging surface of the image
capturing element.

4. The displacement amount measuring device according
to claim 1, further comprising:

an in-plane displacement calculator configured to calcu-

late an in-plane displacement of the specimen based on
the first displacement amount and the second displace-
ment amount and the out-of-plane displacement.

5. The displacement amount measuring device according
to claim 4, further comprising:

a memory storing a program; and

at least one processor configured to run the program to

perform:

determining a state of the specimen based on a displace-

ment of the distance and the out-of-plane displacement
and the in-plane displacement.

6. The displacement amount measuring device according
to claim 5, wherein

the at least one processor is configured to run the program

to perform:

determining whether the specimen is sound or has a defect

based on a characteristic pattern of an impulse
response.

7. A displacement amount measuring method performed
by using a device including an image capturing element that
captures an image of a surface of a specimen and optical
path length converting material being disposed between the
specimen and the image capturing element in such a way as
to cover a part of a field of view of the image capturing
element, the displacement amount measuring method com-
prising:

calculating a first displacement amount in the surface of

the specimen obtained in a field of view of the image
capturing element that is not covered by the optical
path length converting material and a second displace-
ment amount in the surface of the specimen obtained in
a field of view of the image capturing element covered
by the optical path length converting material, by using
the image captured by the image capturing element;
and

calculating a distance from the specimen to the image

capturing element and an out-of-plane displacement of
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the specimen based on the first displacement amount
and the second displacement amount.

8. A non-transitory recording medium that stores a pro-
gram for causing a computer to execute processing, the
processing comprising: 5

by using a device including an image capturing element

that captures an image of a surface of a specimen and
optical path length converting material being disposed
between the specimen and the image capturing element

in such a way as to cover a part of a field of view of the 10
image capturing element,

calculating a first displacement amount in the surface of

the specimen obtained in a field of view of the image
capturing element that is not covered by the optical
path length converting material and a second displace- 15
ment amount in the surface of the specimen obtained in
a field of view of the image capturing element covered
by the optical path length converting material, by using
the image captured by the image capturing element;
and 20
calculating a distance from the specimen to the image
capturing element and an out-of-plane displacement of
the specimen based on the first displacement amount
and the second displacement amount.
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