
´®îĺĀH²��¿Wą�W�@B)
ĻŅ1R|X}fYuGįû:TÑĦ)

Hě��

ªõ¼´·bdiu½·Ľ�vZk�l]d·Ď�

Ĥ¯�ø�

Üâ�ċûĿ·�ŃĪØĽ*ē�	«đłÍ±ĲŊ�Õ��

�	�Á	�à�	Üŏ�ģoZȨjţȂȧȄȩŷ� �FČĐi�t�

øÎ!
ƴ�ǖǛŔƽǆǬǢǕǙ
ǘƼ�ÙǮ§ÈǋǫȮ�
ƴ�ñ�ǚ�ĥǮǥǉ
ǋȮȫĵÞđ�Ȩ/ĴĥȨ

ŶŐ�ǘǗȬ�

�*º�
! é¶nf��H�ĊĮä�

" �Ċbqkù�

" `�s|�^wX~ù�

" �đłi�r}¤ÏùōĖ¥GėÃQ4įûC3TŎ�

! ̀ �s|�^wX~ùGQT�ô�įûŏ²��¿
įûŏK;N�¿įûHě��

" `�s|�^wX~Zv{GQT|X}fYu�ô�įû�

" �ô�įûDK;N�¿H£Ĉ§Ýįû�

" <H�HËĄ�

(  îĺĀH²��¿įûŏ>VNĭ�¿įûFE�

ÆmȑȄȩȧǚ�ùĴÀ)
�ùǾȔȊÙ)

ǼȧȖȢȧǺȜǱȤÙ)
*ćšȈȩȕȣ=�Ù�

5 

ğð%ǙƿǄǫ�ùĴÀ
�Ù�

•  �ùǛȯðĔǇǖǙèĊǙ�ǩǬǫȮ 
•  ?/ǚ1�õ/ǚ1ǚ/Ĵĥ�

 
�ù�

Ō��

Ŷđ�ǘ�çĵÞ�

ƹÆm��Ùƺ 

€ 

I (x) = a(x) cosθ (x) + b(x)

µǫǈǚg=ǮÚǖǣǘǋ 

→Úǚ�ùǮÖǥǫ�

�ù�

�Ċbqkù�

α=0 
α=π/2 α=π α=3π/2 

α= 0 
α= π/2 

α= π 
α= 3π/2 

   I0 = a cos θ + b
I1 = a cos θ + π

2 + b

I2 = a cos θ + π + b

I3 = a cos θ + 3π
2 + b

   
tan θ = –

I3 – I1
I2 – I0

NSǕǦMÍǙ�ùǁ�ǩǬǫ�



g�Æm�

EäÆm 
ȫĄ<ǋǫǆǖǕȜǱȤğǚ�ùǁǾȔ

ȊǋǫȬ�

ȜǱȤğǚôíǖ�ùǾȔȊǚDì�

←ȜǱȤğ�

Ʒ�ùǾȔȊÙƸǙǨǪȭđ�Ǩǃ�ù
ĴÀǮĪƽǆǖǁǕǂǫȮ�

EäÆmǚŨšǮŏǊǔıǫǖȭ 
ƷȜǱȤğƸǁıƾǫ�

   I0 = a cos θ + b
I1 = a cos θ + π

2 + b

I2 = a cos θ + π + b

I3 = a cos θ + 3π
2 + b

   
tan θ = –

I3 – I1
I2 – I0

�ùǾȔȊÙ�

ȲâǚŌ�ǀǩ�ùθǁđ�Ǩǃ
�ǩǬǫȮ�

`�s|�^wX~ùHX}_|eu 
ōwX~H�Ċ�¿HĔ�Ŏ#

ȰÒ&Æmð%!

x²NǚÆmð%!

�ùǾȔȊǈǬ
ǐȜǱȤð%!

x²NǚȜǱȤǚ�ù/�!

y²NǙ�à=�

ÆmȓȇȆǙōƼ®
ǕǼȧȖȢȧǺȫȀȄȩȊ
�ĢǮgƾǫȬ�

�ùǾȔȊÙ�

y²NǚĴÀǦ
MÍǙĪƽ 

ƷćšöğĴÀÙƸ�
ȫſƇƆƄŷ±�ȭ ïȭſƇƇƅŷƊƥƖƝŷƙƧŷƖƠżȬ�

ǼȧȖȢȧǺǋǫ�ĢǮǾȔȊǋǫ�

ƷƔƖơƤƠƝƢƛŷơƣƝƥƙŷơƙƧƜƣƘƸ�
ȫƀžſžŷƓƝźŷƔżźŷƎƨƞƝƛƖƟƝźŷƑżŷƙƧŷƖƠżȬ�
�%!�"����$�����������#��� ������

� ������	����
�	����

ǼȧȖȢȧǺȜǱȤÙǙǨǫÒ&g�ĵÞ�

yÛ¨Àü¤�

�

ĞĝHłÆ3!
ĩłą��

�

ñĝHłÆ3!
ĩłą��

�

×È8U>
é¶ą��

xÛ¨Àü¤�

�

ȯÁǚÆmȑȄȩȧǚð%ǀǩȭx²Nǖy²NǚÆmǚ�ù/�ǁŶđ�
ǀǓĐAǙ�ǩǬǫȮ(�ùǚ/ĴĥǛȭÆmȓȇȆǚ1/100�1/1000) 

bßȓȇȆǚ�ùǖǚ�
ǮÖǥǫ�

yÛ¨!
wX~H!
�Ċ�¿�

xÛ¨!
wX~H!
�Ċ�¿�

xÛ¨!
é¶H!

�Ċ�¿�

yÛ¨!
é¶H!

�Ċ�¿�
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�é¶H�Ċ¾DwX~nf��H�Ċ¾�

ȜǱȤǚğÒǛ&ÆmǚÆmòJǖbßÆmǚ
ÆmòJǚ�ǕƻǫȮ�

Rg0m0 φφφ −=Ƶg�7: 

Rg1m1 φφφ −=g��: gm φφ Δ=Δ

g�7�ǙƿǄǫ&Æmǚ�ù�ȫg�ȬǛȜǱȤğǚ�ù�Ǚù�ǋǫȮ�

Rgm NNN −=

ȜǱȤğǚ�ù�ǮĴÀǋǫǆǖǕ�
&Æmǚ�ù�ȫg�ȬǮÞpǋǫǆǖǁǕǂǫż�

€ 

φ = 2π ⋅N Rgm φφφ −=
ȜǱȤǚ�ùǛ&Æmǚ�ùǖbßÆmǚ�ùǚ�Ǖƻǫ． 

2 
1 

3 

0 

�ù� ÆmòJ�

Æmǚ�ù�ǀǩg�ǟǚ¨č�

x
x

x pd
�

��

2
=

y
y

y pd
�

��

2
=

g�7ȭg��ǚ�ùǚg=ś�

ƵƵƵƵƵƵƵȫ�ù�:Δφx��ΔφyȬ�

�ù/��

�

�ù�/��

�

ª�ð%�

�

ǼȧȖȢȧǺȜǱȤÙǚæ��

ȰȮg�ĵÞ/ĴĥǛȭÆmȓȇȆǚ
1/100ǀǩ1/1000ą�ǁ�ǩǬǫȮ 

ȱȮĵÞuĿ#ǛȭÆmȑȄȩȧǮX
pǋǫǑǄǕǨƼȮ 

ȲȮǸȝȢȕȤȩǾȠȧǁ�İ 

�ù/��

�

�ù�/��

�

ª�ð%�

�

1.  ȦȧǾȠȇȊǕª�Ǌǐð
%ǀǩȭx²Nǖy²NǚȰ
Ò&ǚg�ǁM·ǙĵÞ
ǕǂǫȮ�

ȨǝǖǓǚǷțȡǮîƼǐg�ĵÞǧǐǭǣĳĵÞǚdL 
ȨuĿåǙXpǈǬǔƼǫȓȇȆǁ³ýǚÆmǮîƼǫǐǥ�

€ 

dx =
px
2π

Δφx

dy =
py
2π

Δφy

% 

& 
' ' 

( 
' 
' 

�ù��
g�� ȓȇȆ�



ǼȧȖȢȧǺȜǱȤÙǙǨǫ)
�Ò&ĵÞȭg�/�ĵÞȭǝǌ

ǣ/�ĵÞǚĖ��

jcf}ą�ĊŃùDHöĶ�

•  ȉǿȄȣð%ùŢÙȫƌƝƛƝƧƖƠŷ
ƏơƖƛƙŷƋƣƥƥƙƠƖƧƝƣƢȴƌƏƋŹ�
– ȡȧȅȚȑȄȩȧǮ3î�
– ćš/ĴĥǛǼȕȂȇȊǚǼǲ
ȁǙ�n�

�

�

�

! ǼȧȖȢȧǺȜǱȤÙ�
" ÆmȑȄȩȧǮ3î�
" ćš/ĴĥǛÆmȰȓȇȆ�

変形前画像� 変形後画像�

サブセット� サブセットの移動量!
＝変位�

�Îǖg�śǚ	²ǁM·Ǚ
�ǩǬǫȮ 

ȨǸȝȢȕȤȩǾȠȧǁ�İ 
Ȩg�ȭSŉĳȭǝǌǣǁ�ǩǬǫ 

ǼȧȖȢȧǺȜǱȤÙǚæ��

ȰȮg�ĵÞ/ĴĥǛȭÆmȓȇȆǚ
1/100ǀǩ1/1000ą�ǁ�ǩǬǫȮ 

ȱȮĵÞuĿ#ǛȭÆmȑȄȩȧǮX
pǋǫǑǄǕǨƼȮ 

ȲȮǸȝȢȕȤȩǾȠȧǁ�İ 

�ù/��

�

�ù�/��

�

ª�ð%�

�

1.  ȦȧǾȠȇȊǕª�Ǌǐð
%ǀǩȭx²Nǖy²NǚȰ
Ò&ǚg�ǁM·ǙĵÞ
ǕǂǫȮ�

ȨǝǖǓǚǷțȡǮîƼǐg�ĵÞǧǐǭǣĳĵÞǚdL 
ȨuĿåǙXpǈǬǔƼǫȓȇȆǁ³ýǚÆmǮîƼǫǐǥ�

€ 

dx =
px
2π

Δφx

dy =
py
2π

Δφy

% 

& 
' ' 

( 
' 
' 

�ù��
g�� ȓȇȆ�

ǼȧȖȢȧǺȜǱȤǷțȡ�

�ĥ�

ð%ǚ.8Ő��
 

ǼȧȖȢȧǺȜǱȤǷțȡǖǛ�

 ŶŐǙð%Ǯª�ǊƶǼȧȖȢȧǺȜǱȤÙ
ǮîƼǔÆmð%ǮǷțȡ,ǕĴÀǊŶ
ŐǙ�ù�/�Ǯ.8ǋǫǷțȡȮ�

�

đ�ȫ/ĴĥȬ�

�ÆmȓȇȆǚ@/ǚ�ą�Ȯ�

�

Ƿțȡ,Ř�
ȕȥȇǹW�

FAN�

FPGA 

1024×1024ǚCMOS
ǚª%Ĕm�

�Ȭ4mm ȓȇȆǚ·4µą�ǚĻ��
�

���!#���	�
�'	�
��!�%��#�
�	�!#�����	
�'	
���!�%��#�

�³Ľk|[Ý����!#��

Ü�ĬŰǚŶǈ/�ĵÞ 

ȖȥǿǴǹȄǙǨǒǔȭXpǊǐÆmǮ��
ǊǐȮ 
ǼȧȖȢȧǺȜǱȤǷțȡǕª�Ǌȭ�ù�
/�Ǯ.8ǊǐȮ 
ƵƵȫ�ù�ȵŶǈǙu�Ȭ�



Ò&ÆmǮîƼǐȢǱȣȄǲȚ�Ò&ĵÞ 

! Æm��ÙǕ�ùǀǩ�çĵÞǮĪƽǖǂȭĵÞGĥǘĎ
VǛ�ùǁŷ
π g=ǋǫǢǕǕƻǫȮŷ�

! Ȱ²NǚÆmǮîƼǫǆǖǕȭǎǚĎVǮ�ǅǫǆǖǁǕǂǫ
ȫ�ù¦ĚǮĪƽǆǖǁǕǂǫȬ�

2Ò&ÆmǮîƼǐu�â¥ĕ�

ÆmǙòJ�ǄǮǊǔȭ2HǚǷțȡǚ
u�âǮıǓǄǫȮ�

Æmǚ�ùĴÀǙǨǒǔȭu�â¥ĕ
ǮĪƽȮ�

�ô�Çā�K;N�¿įûH¦ă� SŉǋǫȄǲȞǚ�çȨǝǌǣ/�ǚ<öM·ĵÞ�

Cross-section of 
projection is semicircular 

in with radius 10 mm.�

The length is 290 mm.�

ŌĹÃZv{ ĄGQT)
fYyHÇā�K;N�¿û¸¹ŋ�

ÆmȓȇȆ        2 [mm] 
SŉŐ�      80 [km/h] 
ª�ȔȤȩȚȤȩȊ   

 ƵƵ2000 [fps] FASTCAM-1024PCI  

Light source  

Object 

http://www.photron.co.jp/products/image/fa_1024/index.html 

High-speed 
camera 1 

High-speed 
camera 2 

¹ŋHï¶�

ĈŅ�

ȄǲȞǁĈŅǮ�Ǫņƾ
ǫüšǚ¢<ǁǗǚǨƽ
ǙǘǒǔƼǫǚǀĴÀǮ

ĪǒǐȮ�



ÝĘ�Hą�ōZv{őŎ�
ĈŅǘǊƵƵƵƵƵƵƵĈŅƻǪ�

ĈŅǘǊ�

ĈŅƻǪ�

Ō8�¿ōZv{Û¨HĴŇą�Ŏ�
ĈŅǘǊƵƵƵƵƵƵƵĈŅƻǪ�

ĈŅǘǊ�

ĈŅƻǪ�

K;N�¿�
x-direction      y-direction �

x-directional 
strain 

-0.03 0.20 

y-directional 
strain 

-0.18 0.22 

Shear strain 

-0.13 0.06 

ȫǝǌǣč.ǚ1º!ǛȭĈŅǁãƼdLǚu�ǋǫ
·5ǙƿǄǫKu�âǚ�ÎǖǊǐȮȬ�

ǼȧȖȢȧǺȜǱȤÙǚ)
ǎǚ�ǚ�î�

Crack�

Crack on a 
railroad bridge�

òìíèLHą�įûHļĄ�

! K;N�¿�
" K;N�¿1R]{h]

HáþWĬA5TŐ�

! >VND>VNĭ�
" Â.ĕ¬CîĺĽãHó

ńWĬA5TŐ�

ÑŤ�

ǐǭǣ�

ǐǭǣĳ�

ŕǃǀǩǷțȡǕª�
ǋǫǑǄǕĵÞǕǂǬ
ǜȭů�Ǚ;êǁǨƼȮ�

�¾�Ù�

ȦǲȞȩ��ġĵ�



ǼȧȖȢȧǺȜǱȤǷțȡ�

�ĥ�

ð%ǚ.8Ő��
 

ǼȧȖȢȧǺȜǱȤǷțȡǖǛ�

 ŶŐǙð%Ǯª�ǊƶǼȧȖȢȧǺȜǱȤÙ
ǮîƼǔÆmð%ǮǷțȡ,ǕĴÀǊŶ
ŐǙ�ù�/�Ǯ.8ǋǫǷțȡȮ�

�

đ�ȫ/ĴĥȬ�

�ÆmȓȇȆǚ@/ǚ�ą�Ȯ�

�

Ƿțȡ,Ř�
ȕȥȇǹĜW�

FAN�

FPGA 

1024×1024ǚCMOS
ǚª%Ĕm�

�Ȭ4mm ȓȇȆǚ·4µą�ǚĻ��
�

���!#���	�
�'	�
��!�%��#�
�	�!#�����	
�'	
���!�%��#�
�³Ľk|[Ý����!#��

ÿĆǚ�İ��

mmǚ7'g�ǁôíǊȭ!
ēƁ·š�Ǚ}fǊǐȮ�

Ĥ¸ȫ�İ�Ȭ�
Ʋ°Űásǚ7'ëĿǮ¤ƾǫǆǖǁǕ
ǂǬǜȭiǃǚ�QǮ¬ƽǆǖǁǕǂǫȮ�

Ʋ7'g�ǮŕŧǀǩŶ/ĴĥǕpśö
ǙĵÞǕǂǫ�īǁÖǥǩǬǔƼǫȮ 
ƵƵȫ´ºľ�ȭȉȩȄȗȩȀÌďȬ 

.+ȴ[»ÿĆ�Ʒ°ŰĬy}fȜȍȄȢȧǺ
�īǚŠôƸǨǪȫ��13�ȭr{ûȬ�

mmǚ7'g�ǮÊ.Ǌǔľc
Ǯ.ǍǜȭŗŬǋǫǆǖǁǕǂǫȮ�

ÿĆŠôøö�
Ʋ°Ű[þǚ�Ò&g�ǮǼȕșȢțȩȊȣ
ǚ/ĴĥǕȢǱȣȄǲȚǙÊ.ǕǂǫŕŧĲ
Þ_|}Ǭ7'ÊýǾȀȈȚǮŠôǋǫȮ�

ǼȧȖȢȧǺȜǱȤǷțȡǚŠôǚėĞ�

�¾�īǖǚŔƼȫæşȬ�
Ʋ�Ò&g�ǁŶđ�ǕpśöǙ

ĵÞǕǂǫȮ 
 ȫCť�ǚ2pǁǕǂǫȬ 

Ʋ°Űǚg�ǚ/�ǁĵÞǕǂǫȮ�
 ȫ}ĨëĿǚÿĆǟǚ3îȬ 

ƲķĢǁt¶ǕțȧȈȌȧȀǁ 
ƵƵǡǖǯǗ�İ 

Y[�ŏú��Ȱȯ���ķ�īÿĆŠô:�4�ȫ2009�7¹ǀǩ2011�3¹Ȭ�
Ʒ�Ò&ǼȕșȢțȩȊȣg�ĵÞǙǨǫŕŧĲÞ_|}Ǭ7'Ê.ǾȀȈȚǚŠôƸ 
ȫRÓzjoȭŀUÙ�Ūł�īÿĆ�ȭ�ĦāUÙ�ȜǱȤÿĆ�ȭǱǲȤȀŭm�ËÅ��āȬ 
ǕîƼǫǷțȡǖǊǔŠôȮ 
 
�xhǕǚh�Ǯ�ÝǈǍǫǐǥǙȭiǃǚð%Ǯª�Ǌǔȭ�^=ǋǫȮ 
ƵƵƵƵƵ→ŶŐǙĴÀǊǔĘÂǮ.ǋƵ→ƵȏȩȋǳǵǱ=�

°Űǚ�vg�ĵÞ�hǕǦȭiǃǚîŎǕ�ƾǎƽȪ�

ėÃčĳ¹ŋōĴŇŔ	���Ŏ�

ǷțȡǖÆmȑȎȣǚŇū : 130 m 
ÆmȓȇȆ :15 mm 
�ƾǫg�ȴ 

ƵƵx²Nǖy²NǙȭ0ǀǩ3.0 mmǢǕ1.0 mm ǌǓ 

²�įûĜæōĴŇŔ	���Ŏ�

ĵÞĻ�Ǜ0.5mm�

ĵÞĘÂȫXp¿ǖǚ�ǮÖǥǐdLȬ�

 Ļ�13µmȭÎß"�130µmŷ�  Ļ�63µmȭÎß"�93µm�
x²Nȫ70×70ðĔŲaȬ y²Nȫ70×70ðĔŲaȬ 



ĻŅ1RH²�įû¹ŋōĴŇŔ	���Ŏ�

x²N�

y²N�
130mūǬǔƼǔǦ 
ĵÞĻ�Ǜ0.5mm�

ǷțȡǖÆmȑȎȣǚŇ
ū : 130 m 

ÆmȓȇȆ :15 mm 
�ƾǫg�ȴx²Nǖy²N
Ǚ0ǀǩ3.0 mmǢǕ1.0 

mm ǌǓ x²Nǚùug��

ùug�ǑǖĻ�0.1mm���

�Ò&�vg�ĵÞǾȀȈȚ�

Size    :Ƶ295 mm x 115mm x 235 mm 
 ƵŷŷŷŷƵ  WidthƵƵ xƵ  HeightƵ  xƵ  Depth 

Weight ȴƵ2.86 kg 

Radar 
(z-directional displacement ) 

Sampling moire camera 
(x,y-directional displacement) 

°Űǚg�ĵÞqŴ�
• °ŰǙ50cmšŧǕøBǮ�ǄȭűòǙ
ǾȠȗȣǷȩǕ[þǮ6ǪFǒǔƼǒǐȮ 

• ĵÞŐ�ȴ7.5fps 
• ª�Ňūȴ25 m 

• ÆmȓȇȆȴ15mm 

°Űǚg�ĵÞqŴȫĵÞĘÂȬ�

x-direction y-direction z-direction 

The x-directional displacement was measured   -2.4 mm. 
The y-directional displacement was measured    2.9 mm. 
The z-directional displacement was measured   -4.2 mm. 

 After digging… 
Results are affected by the 

drift of the radar. 

The measurement system was verified the 
feasibility of measuring landslide. 

ŜŵǚÉǙǿȝȇǸǕg�Ǯ�ƾȭǼȧ
ȖȢȧǺȜǱȤǷțȡǮîƼǔĵÞǊǐȮ�

ÆmǚȓȇȆȴ8mm  
9Śȴ0 → 9000 N�

ǼȧȖȢȧǺȜǱȤǷțȡ�

ŜŵǚÉ�

ÌőåǚȢǱȣȄǲȚg�/�ĵÞǁǕǂǫ�
ǼȧȖȢȧǺȜǱȤǷțȡǚŠô�

Ȩª�ǋǫǑǄǕx²Nǖy²Nǚg�/�
ǁM·ǙȢǱȣȄǲȚǙ.8ǈǬǫȮ 



įûėÃHčĳ�

 ��' ��-���

����)����"�&&�
4������ ���5�

����)����#�&&�
4������ �5�

 ��' ��-���

 ��-	���

 ��-	���

����- ���-�
����4��%(&5�

����- ���-�
����4!�$(&5�

´®îĺĀLHļĄōĠÞDĉĈŎ�
! ̀ �s|�^wX~ùHŀÎ�

" Ļ41RC-@BPé¶nf��2×ÈC3UJQ.�
" %Û¨D&Û¨H²��¿DÄð�¿2<U=UÊRUTŐ�
" \x|r~�bz�2�ī�

! ́ ®îĺĀH²�įûGļ9B.TŐ�
! ²�?5CF4ŏ>VNĭPĔ�C3TŐ�

ĉĈŔ�
" ´®îĺĀōòìŏo}FEŎGļĄ:TŐ�
" >VNĭ�¿įûGļĄ:TŐ�

qũǚÐÉǕǚg�ĵÞƵƵƵ�

ª�Ňūȴ6 m 
ª�Ő�ȴ50 fps 
Ů)·šȴ6.4 ms 
ª�Ųaȴ128×128ðĔ�
g�č.²Ùȴª�Ųa

kŘǚ70×70ðĔ
ǚ�^! 

ĵÞuĿ0ňȴ6	ĝ�
ǚæ�ň	ȫ381ĒŷȬ�

ĵÞuĿȴē90�7ȫjÔ11�ȬǙőǩǬǐ«Äšǚşǈ9.6 mǚŝŜĮǚÐÉ�

ƵǼȧȖȢȧǺȜǱȤǷțȡǚª�ð%Ƶ�

ńÃǛĵÞ·Ǚª�ǋǫ128×128ðĔǚŲa�
ĸ�ǛŲa
ǚ70×70ðĔǕĪǒǐ�

�

��������������

g�ĵÞĘÂ�

0ňǛĶŞŠl·ǨǪ13.1ăǚ·âǀǩ
ē5ăšǀǄǔŏœǊȭǎǚšǙÐÉǛ�
NǂǙ7SjǂǃǐǭǯǑǆǖǁǭǀǫȮŷ�

ňŊǚħŚǙǨǫÐÉǚg�ǁĵÞǕǂ
ǔƼǫȮ�



įû¹ŋĨğ�

ȨǼȧȖȢȧǺȜǱȤǷțȡǙǨǒǔȭſŽƃžăš
ŧǕª�ǊǐȮ�
ȨM·ǙȭȤȩǽȩg�ĵǕǦg�ǮĵÞǊǐȮ�

Ò&Æm�

ÐÖW¢0Tï¶�

ě�½Ǯȯ¼ǌǓ ǃǐǞǙȭ
PCÇǚ
k�ōǙȭē5ăš
ŧǕ5Sǚ�©ǮȏȧȘȩǕ�
ƾǐȮ 
 
 
 
ȏȧȘȩǕ�©Ǯ�ƾǘǁǩȭ
ǼȧȖȢȧǺȜǱȤǷțȡǕª�
ǋǫqŴǮĪǒǐȮŷ�

×È:Té¶nm}ō����"�
Ŏ�

ȓȇȆ0.5 mmǚȯÒ
&ÆmȑȎȣǮŁ
�ǄǐȮ�

ǼȧȖȢȧǺȜǱȤ
ǷțȡǕª��

g�ĵÞ�

²�įûĜæō����"�
Ŏ�

�©Ǯ9ƾǐdL��©Ǯ9ƾǘƼdL�

]÷ǚ�·�<ǙŅTǋǫPCÇǚ£<ŷ�

ÆmȓȇȆȴžżƃơơŷ�

©úÚĮäĜæō����"�
Ŏ�

�©Ǯ9ƾǐdL�
ŸƀƀżƇŷƦ�ŷƀƃżƂŷƦŹŷŹŷ�

�©Ǯ9ƾǘƼdL�
ŸſƂżƄŷƦŷ�ŷſƇżƅŷƦŹŷ�

]÷ǚ�·�<ǙŅTǋǫPCÇǚ£<ŷ�

11.5HzƵ� 10.9HzƵ�



ǐǭǣĳĵÞǟǚŖî�
`�s|�^wX~ùIŏőåHŒô�é¶ą�1Rŏ�
�xÛ¨H²�ŏyÛ¨H²�*ō²Ç¡ÉH�Ċ¾QSŎ�
�xÄðŏyÄð*******ōé¶H�ĊDphgQSŎ�
2§ÝGÊRUTŐ�

yÛ¨Àü¤�
�

ĞĝHłÆ3!
ĩłą��

�

ñĝHłÆ3!
ĩłą��

�

×È8U>é
¶ą��

xÛ¨Àü¤�
�

bßȓȇȆǚ�ùǖǚ�Ǯ
Öǥǫ�

yÛ¨!
wX~H!
�Ċ�¿�

xÛ¨!
wX~H!
�Ċ�¿�

xÛ¨!
é¶H!
�Ċ�¿�

yÛ¨!
é¶H!
�Ċ�¿�

g�ǑǄǕǘǃȭǝǌǣ
ǧȭǐǭǣĳǦ�ǩǬǫȮ�

ǐǭǣĳĵÞǮĹǋȮ�

>VNĭ�

òìH��ÌWİ�:TÒðHKDA�
ō	�	����"���ďÃH�ĮġCįû9>.Ŏ�

-94�2�����

€ 

Δθ =
Y '
X '

ǐǭǣĳ�

€ 

X '= px φx (iB ', jB ' ) − φx (iA ', jA ' ){ }

€ 

Y '= dy (iB, jB ) − dy (iA, jA )

€ 

Δθ =
Y '
X '

=
dy (iB , jB ) − dy (iA , jA )

px φx (iB ', jB ' ) −φx (iA ', jA ' ){ }

=
dy (iB , jB ) − dy (iA , jA )

Δi
px φx (iB ', jB ' ) −φx (iA ', jA ' ){ }

Δi

X'Iŏ2ýA,BH²ÇÉHxÛ¨Hé¶H�
Ċφx(i, j)H¾QSŏôHQ/GFTŐpxWx
Û¨Hé¶HphgD:TŐ��

Y'Iŏ2ýA,BHyÛ¨H²�Ŀdy(i, j)1R
ôHQ/Għ:7D2C3TŐ��

y²Nǚg�/�ǚ 
i²Nǚ$ǂ�

x²Nǚ�Î/�ǚ 
i²Nǚ$ǂ�

ǼȧȖȢȧǺȜǱȤ
ÙǕȭǎǬǏǬ/
�ǖǊǔ�ǩǬǫȮ 

ýABłHąĚÚWΔiD:TDôHQ/GFTŐ��

-94�2�����

€ 

dy (i, j) = ai + bj + c

€ 

∂dy (i, j)
∂i

= a

ß»Œ�ùWĄ.B
Àňķ�Wĥ/Ő�

y²Nǚg�/�ǚ 
i²Nǚ$ǂ�

x²Nǚ�Î/�ǚ 
i²Nǚ$ǂ�

y²Nǚg�/�Ǯ 
�Űō��

€ 

φx (i, j) = di + ej + f

€ 

∂φx (i, j)
∂i

= d

x²Nǚ�Î/�Ǯ 
�Űō��

i²Nǚ$ǂ� i²Nǚ$ǂ�

ǐǭǣĳǁ
�ǩǬǫ�

€ 

Δθ =
∂dy (i, j)

∂i
px
∂φx (i , j)
∂i

/(2π )
' 
( 
) 

* 
+ 
, 

€ 

Δθ =

dy (iB, jB ) − dy (iA, jA )
Δi

px φ'x (iB', jB' ) − φ'x (iA', jA' ){ } (2π )
Δi

€ 

Δθ = 2π ⋅ a
pxd

Æmǚ�ùǁM·Ǚ 
�ǩǬǫ 
→KðĔǚ�Îǁǭǀǫ�

>VNĭHįû¹ŋ� é¶phgŔ*����
«ĵdi�cH�ĮġŔ����Ã�
łÆ3ÚŔ*œąĚ�

Įäŉ°Ŕ�
	��%	��ąĚ�

ȫSŉȀȈȩǿǙǨǫđ�ĀĺȬ�

ǐǭǣĳǮ1/1000ȡǿǱȧ
ǚĻ�ǕĵÞǕǂǐȮ�

Given angle # Measured angle# Error#

[deg]# �[deg]# �[rad]# �[deg]# �[rad]#

0.005 # 0.006 # 0.0001 # 0.001 # 0.0000 #

0.010 # 0.011 # 0.0002 # 0.001 # 0.0000 #

0.025 # 0.026 # 0.0005 # 0.001 # 0.0000 #

0.050 # 0.056 # 0.0010 # 0.006 # 0.0001 #

1.000 # 1.063 # 0.0186 # 0.063 # 0.0011 #

5.000 # 4.957 # 0.0865 # 0.043 # 0.0008 #

10.000 # 10.068 # 0.1757 # 0.068 # 0.0012 #

20.000 # 19.937 # 0.3480 # 0.063 # 0.0011 #

30.000 # 30.260 # 0.5281 # 0.260 # 0.0045 #

`�s|�^wX~Zv{GQT>VNĭHįû¹ŋ�

ŀ8Ŕ���
é¶phgŔ	�����
�0>²�ĿŔ�µĽG������
��

`�s|�^wX~Zv{Hk|[�łŅŔ	���#���
~�a²�įH`�s|�^łŅŔ	�#����

Laser 
displacement 

meter�



įûĜæōÓ£ÝH>VN�¿Ŏ�


kŘǚg��

<ög�ĵÞĘÂȫ20×20ðĔǚ�^!Ȭŷ�

įûĜæō>VNĭ�¿Ŏ�

Support�

Support�

g�� ǐǭǣĳ�

ìH�µ�ķH>VNŔ��������
>VNĭW÷OTņHŉ°Ŕñ
��ąĚ'Ğ�ąĚ�

qĜǛȤȩǽg�ĵǕĵÞǊǐg�śǖ«âǚ�ĢǀǩìĽöǙÖǥǐg�ǖǐǭǣ�

0.02�ȫ0.0003ȡǿǱȧȬ
�,ǚĻ�ŷǕĵÞǕǂǐ�

įûĜæō>VNĭ�¿Ŏ�

Support�

ǐǭǣĳ�

qĜǛȤȩǽg�ĵǕĵÞǊǐg�śǖ«âǚ�ĢǀǩìĽöǙÖǥǐg�ǖǐǭǣ�

0.02�ȫ0.00034ȡǿǱȧȬ
�,ǚĻ�ŷǕĵÞǕǂǐ�

ǐǭǣĳ�

>VNĭW÷OTņHŉ°Ŕ
ñ
��ąĚ'Ğ�ąĚ�

>VNĭW÷OTņHŉ°Ŕ
ñ�	ąĚ'Ğ
	ąĚ�

0.01�ȫ0.00017ȡǿǱȧȬ
�,ǚĻ�ŷǕĵÞǕǂǐ�

1/5700ȡǿǱȧ� 1/2900ȡǿǱȧ�

���êHıŋĨğGQT²ÇHįû�

������� �����

����
	 �����

ȫPCÇ: ȖȤȀȊȤȀȊȨŷǻȧǹȢȩȊÇȬ�



ģľįGQT²ÇHįû�

��������

��������� Ó£�

>VN�

�&')(*'$168��0	���2���

Number of 
stress�

Measured 
displacement by 
Camera 1[mm]�

Measured displacement 
by Laser displacement 
meter�
 [mm]�

Error 
[mm]�

Measured displacement 
by Laser displacement 
meter�
 [mm]�

Error 
[mm]�

10� -� -� -� -� -�

9� -0.72� -0.69� 0.03� -0.69� 0.03�

8� -� -0.76� -� -0.74� -�

7� -0.84� -0.81� 0.03� -0.79� 0.05�

6� -0.93� -0.99� 0.06� -0.95� 0.02�

5� -� -1.15� -� -1.15� -�

4� 0.19� 0.20� 0.01� 0.20� 0.01�

3� 0.13� 0.12� 0.01� 0.12� 0.01�

2� -0.12� -0.12� 0.00� 0.12� 0.00�

1� -� -0.23� -� -0.24� -�

0� -0.57� -0.57� 0.00� -0.56� 0.01�

?A:	��167�5-���/2��-942��
3�#"#%))B�
321- �$��CD �

�&')(*'%168���
2���

Number 
of stress�

Measured 
vibration 
by Camera 
2 [Hz]�

Measured 
vibration by 
Laser 
displacement 
meter�
 [Hz]�

Error [Hz]�

10� 13.08� 13.03� 0.05�
9� 13.28� 12.99� 0.29�
5� 12.50� 12.37� 0.13�
0� 10.94� 11.14� 0.20�

Number 
of stress�

Measured 
vibration 
by Camera 
2 [Hz]�

Measured 
vibration by 
Laser 
displacement 
meter�
 [Hz]�

Error [Hz]�

10� 13.28� 13.05� 0.23�
9� 12.50� 12.99� 0.49�
5� 12.10� 12.41� 0.31�
0� 10.93� 11.18� 0.25�

���!��

���!��

<;=>A���/� �
,.��+EGF!��D �

�-94@-94���2�����

Load 
[kN]�

Measured 
displace
ment by 
Camera 3 
[mm]�

Measured 
displacement 
by Laser 
displacement 
meter�
 [mm]�

Error �
[mm]�

10.0� -2.64 � -2.63 � 0.01 �

55.2� -18.9 � -� -�

Load 
[kN]�

Measured 
angle by 
Camera 3 
[deg]�

Measured 
angle by 
Laser 
displacement 
meter�
 [deg]�

Error �
[deg]�

10.0� 0.07 � 0.06 � 0.01 �

55.2� -18.9 � -� -�

*0.6*0.�+/
,��7�

�-94��/-94���2�����

ǐǭǣĳ�ǐǭǣ�

ħŚȴſžƟƒ� ħŚȴſžƟƒ�

ħŚȴƃƃżƀƟƒ� ħŚȴƃƃżƀƟƒ�

Ðǚ
kǙƿǄǫ
g�ǚÕŋŷ�

Ȥȩǽȩg�ĵ 
ƵƵƵƵƵƵ-2.63 mm 
¼ĭĢƵ-2.64 mm 
ƵƵ�ƵƵƵ0.01mm�

Ȥȩǽȩg�ĵ 
ƵƵƵƵƵƵ-0.06 � 
¼ĭĢƵ-0.07 � 
ƵƵ�ƵƵƵ0.01 � 
  ȫ1/5700ȡǿǱȧȬ�

ÐǚIċǙƿǄǫ
ǐǭǣĳǚÕŋŷ�

�à=ŲaƀžžƯſžžðĔŷ�

	�/-94�2�����

ǐǭǣĳ/��g�/��
ƐƣƖƘȴſžƟƒ�

ƐƣƖƘȴƃƃżƀƟƒ�

ƊƩƙƥƖƛƝƢƛŷƖƥƙƖŷƦƝƭƙŷƈŷ
ƀžžƯſžžŷƤƝƫƙƠƦŷ�

ƐƣƖƘȴſžƟƒ�

ƐƣƖƘȴƃƃżƀƟƒ�

ìĽ!ǖǚĻ�:  
0.04 deg (< 1/1000 rad)�



o}HĒç2-UJ²�2įûC3T� �Ć�Ō.ÅĀH²Çįû�

2D Grating�

Ŷǈ 828 m 
ȕȣǿȟȨȏȢȔǰȫȋȐǲȬ�

Sampling moire camera�

Pitch of window: 
    1.3 m (Approx.)�

Upper floor�

Displacement for 20 minutes is 20 
mm.�

Lower floor�

20 min�Frame rate : 10 fps 

H>ſžſ�
ŶǈƃžƇżƀơȭſžſŦ��

�ùĴÀǕǂǫǆǖ
Ǜǭǀǒǐ�

ª�ð%� ȜǱȤǚ�ù/�� ÆmȫĉÃȬǚ�ù/��

`�s|�^wX~Zv{HÙĢÿ)
ōâÜHjwŎ�

*ćšð%ĵÞǻȧȃȩǾǱȚČȳSȂșȌȩȫƀžſƁżƅżƀƅŷjţȬƵř�Ń¯ǨǪŷ�

°ǥǀǩǚª�ǋǫdLǚļų 

°ǥǀǩǚÐÉǚĵÞǕǦ 
ǸȝȢȕȤȩǾȠȧãǊǕ 

ĵÞGĥ 

 
 
 

ÐÉ�

Ƿțȡ�

×~�

ǐǑǊȭȓȇȆǚ�ǁ
jǂƼǖĻ�ǁeƾǫȮ�



ľN�5�ĊĮäùHÔë�
ǼȧȖȢȧǺȜǱȤÙǕǛȭȓȇȆǁ
jǂǃgǭǫǖĵÞđ�ǁ��ǋǫȮ�

g�ĵÞǚ��

Śǣ�Ǆ�ùĴÀÙ�

ǼȧȖȢȧǺȜǱȤÙ�

ÆmȓȇȆ
4.0mm �

�ƾǐg�ŷ�

�ƾǐg�ŷ�

Śǣ�Ǆ 
�ùĴÀÙ�

ǼȧȖȢȧǺ
ȜǱȤÙ�

ÆmȓȇȆǖg�ĵÞđ�ǚŢ�ȫǾșȟȤȩǾȠȧȬ�

ÆmȓȇȆ10ðĔǚdLŷ�

Śǣ�Ǆ�ùĴÀÙ�
Ûøâǚ7�ǮOǤ�p
ŲaǙƿƼǔȭPVǚðĔ

ǙŚǣǮǓǄǫȮ 
 

�ùǾȔȊÙǙǨǪ�ù!

ǮÖǥǫȮ 
 

ÛøâǙƿǄǫ�ù!ǚ
�^!ǮÖǥǫȮ�

" ÆmǚȓȇȆǚg=Ǚ�ƼȫŶđ�Ȭ�
" ǼȧȖȢȧǺȜǱȤÙǨǪĵčśǁwǘƼȫŶŐȬȮ 

g�śĵÞǙǨǫĸ�qŴ�

Ą< 

ð%Ǚ-ǫÆmȓȇȆǮg=ǈǍǫǐǥǙ 
ǷțȡǮÆmǙuǊǔ°ǥǙřĢǊǐ 

ÆmȓȇȆ 
4.0 mm�

g�śĵÞǙǨǫĸ�qŴŷȫ1/3ȬƵ�
Ƴg�śĵÞqŴǚª�ȉȩȄǖ�ùĴÀĘÂ�

x²N 
�ùĴÀ�

ª�ǈǬǐÒ&Æmð% x²NÆmǚ�ù/�ŷ[rad] 

x²NǚÆmǚ�ù/�ǀǩ 
ưÆmȓȇȆǚ/�Ʊ x²Nǚg�ś/�ǮĵÞ 

-π$

π$

0 

255 

ĴÀȑȡțȩȄȴĠ²Nǚ�à=ðĔ70[pixel]  
ŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷŷĴÀȓȇȆ20[pixel]�

g�śĵÞǙǨǫĸ�qŴŷȫ2/3ȬƵ�
Ƴx²NǚÆmȓȇȆǚ/�ĵÞĘÂ�

0 

25 

x²NÆmǚȓȇȆ/�ŷ[pixel] 

20� 12�
ÆmȓȇȆŷ[pixel] 

12ȶ20[pixel]ǚȓȇȆǚÆmǁ�
ª�ǕǂǔƼǫǆǖǁĀĺǕǂǫ�

ÆmȓȇȆǚĵč²Ù�

ÏǙ1ȡǲȧǮ ǂ.ǊǐĘÂ[pixel] 
ȫĠŊȴÆmȓȇȆȭÏŊȴi�ÎȬ 

ð%ǚI#ǡǗÆmȓȇȆǁéǃǘǒǔƼǫ�

g�śĵÞǙǨǫĸ�qŴŷȫ3/3ȬƵ�
Ƴx²Nǚg�śǚĵÞĘÂ�

ĵÞĘÂǚȯȡǲȧǮ ǂ.Ǌǔ 
ĵÞĘÂǚÕŋǮƿǆǘǒǐ 

0$

0.6 

0$

0.6 

ǼȧȖȢȧǺȜǱȤÙ[mm] Śǣ�Ǆ�ùĴÀÙ[mm] 

0.1[mm] 0.1[mm] 0.2[mm] 0.2[mm] 0.3[mm] 0.3[mm] 0.4[mm] 0.4[mm] 0.5[mm] 0.5[mm] 

ĸ�qŴȫĘÂȬ�

Ƴg�ś0.5[mm]ǚĵÞĘÂȫÎß"�Ȭ�

i=500 

0.25[mm] 

Śǣ�Ǆ�ùĴÀÙǚĵÞĘÂǚǜǩǓǂǛ 
ǼȧȖȢȧǺȜǱȤÙǙÕǠȭvǈƼ 



`�s|�^wX~ùHĄĸ�
! g�ĵÞ 

"  g�ǚ/�ǁĵÞǕǂǫ 
"  g�ǑǄǕǘǃȭǐǭǣĳȭjg�·ǚǝǌǣ/
�ǘǗǦĵÞǕǂǫȮ 

"  ȫ�ȬÐÉǧȒȣǘǗǚj_Ìőåǚg�ĵÞȭ
°Űǚg�ĵÞ 

! ȘȩǷȩǚ�ĢÊ. 
"  ÆmçǚȘȩǷȩǙǊǔȭ�ù!Ǖ
��ĢǮÖ
ǥǫȮ 

"  ȫ�ȬȘȩǷȩšǚg�śÊ.ǘǗ 

! įǷțȡǚu��Ǆ 
"  óǘǫǷțȡǕª�ǈǬǐð%,Ǖȭu�âǮıǓ
ǄǫȫM�ǚȰÒ&�ùǮ¡ǓâǮu�âǖǋǫȬȮ 

"  ȫ�ȬȀȈȤǶÙǙǨǫ�Ò&ĵÞȫ�Î/�ȭg
�/�ĵÞȭǝǌǣ/�ĵÞȬ 

! ǘǗǘǗ 

MDO�
! é¶nf��H�ĊĮäÏùWĄ.BŏŌĹGė
ÃQ4ŏ�ô�įûŏ²�įûŏK;N�¿įû
FE2C3TÏùWě�9>Ő�

" `�s|�^wX~ùH¦ă�

" ²�įûŏ>VNĭįûFE�

" `�s|�^wX~Zv{HŁćD<HËĄ�

! Ăŏ`�s|�^wX~ùHÙĢÿWŁć��
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