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A directional spectrum can be estimated by solving a nonlinear integral equation for the second-order 

scattering in the Doppler spectrum mesured using high-frequency (HF) radars. Hashimoto and Tokuda (1999) 

has developed a bayesian inversion method for estimating a directional spectrum of ocean waves in deep water 

from the Doppler spectrum (BIMdeep). In shallow water, it could be difficult to accurately estimate the 

directional spectrum by BIMdeep because the Doppler spectrum depends on water depth due to the linear 

dispersion relation in shallow water. 

We improved the bayesian inversion method to accurately estimate the directional spectrum in shallow water 

waves (BIMshallow). In addition, we investigated the factors determining the accuracy of the estimated directional 

spectrum in shallow water based on the numerical experiments. This study enables us to seamlessly measure a 

directional spectrum from deep water zone to shallow water zone using HF radar.  

1) When the relative depth to the wavelength in deep water is less then 0.5, the directional spectrum can be 

inaccurately estimated by applying BIMdeep.  

2) The accuracy of estimated directional spectrum is unrelated to the relative angle of two beams of HF 

radar, if the relative angle is greater than 7.5 degrees. 

3) These results suggest that the directional spectrum can be accurately estimated by using the Doppler 

spectra observed at the same range on the adjacent beams. 
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!!!

σ (2)(ωD)=26πk04 ΓT

2
S(m1k1)S(m2k2)−∞

∞

∫−∞

∞

∫
×δ(ωD − y)dkxdky

  (2.6) 

��/ʀ!ωD6b^lu|ȝëƦŬʀ�ļ5 !δ(⋅)6`w
[ɘŬKŐì!ʀ��5Ɔ�Kƴȷ#G0�ʀ!δ(⋅)=1
02Gʁ 

!!ωD −m2ωB =0   (2.7) 

!!ωD − y =0, y =m1ω1 +m2ω2  (2.8) 

ļ(2.7)Ü8ļ(2.8)5 !!m1 Ü8 !!m26b^lu|ȝëƦ

Ŭ5ɳĀ3¤Đ!(ǰä/�Ȣ504F/0Gʁ 

!!

m1 ,m2( ) =

−1,−1( ) for ωD < −ωB

1,−1( ) for −ωB <ωD <0
−1, 1( ) for 0<ωD <ωB

1, 1( ) for ωD >ωB

⎧

⎨

⎪
⎪
⎪

⎩

⎪
⎪
⎪

  (2.9) 

>(ʀ!!ω i (i =1,2)6ʀƦŬ!kiɽ !!
= k i  ɾKB,Œ¾Ʀ5

ȝëƦŬ/0Fʀļ(2.1)0çƑ3¾ūɘ¦Kƴȷ#Gʁ 

!!
ω = gk tanh kh( )   (2.10) 

ļ(2.5)Ü8ļ(2.6)�5 !!!S(k)6Ʀƭ5ƦŬXnRaw
/0GʁƮƧƦ6åŒ¾Ʀ5ȂŁɏ4æJ%/Ȕǈ�

HG0�ĕ#G0ʀƦŬXnRaw6ļ(2.10)5¾ū

ɘ¦ļKǍ1.ŲèXnRaw3ĆŢ#G�06/�

GɽHolthuijsen, 2009ɾʁ 

!!!
S(k)= 1

k
∂ω
∂k

S(ω ,θ )   (2.11) 

!∂ω ∂k 6ʀƦŬɳĀ5EȝëƦŬɳĀ3ĆŢ#G(A

5 Jacobian /0Fʀļ(2.10)K!k /ň¾!. 

!!
∂ω
∂k

= g
2ω tanh kh( )+khsech2 kh( )⎡⎣ ⎤⎦   (2.12) 

02Gʁļ(2.6)�5 !ΓT  6ʀ2 ,5Œ¾Ʀ6 2 Ƙū�

3Ě�#GǪĻKȔ!ʀǾæ¦Ŭ0í7HGʁǾæ¦

Ŭ !ΓT 6ʀɪǤƜđǖ2ŅŲū�ɽl��	 �(a)ɾ3DG

ɍ¾ !ΓE0ƪ Éđǖ2ŅŲū�ɽl��	 �(b)ɾ3DG

ɍ¾!ΓH 5E2GȖǻŬ/Ȕ�HGʁ 

!ΓT = ΓE + iΓH

 

(2.13) 

 

l��	 � 24.5MHz 5 HF x|\3DGb^lu|X

nRaw5ȜƱ£  
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!!!
ΓE =

1
2

k1 ⋅k0( ) k2 ⋅k0( ) k02 −2k1 ⋅k2
k1 ⋅k2( )1 2 −k0Δ

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

 (2.14) 

!!!

ΓH = −
1
2 kd1 +kd2 +

k1 ⋅k2 −kd1kd2
m1m2 kd1kd2( )1 2

ωD
2 +ωB

2

ωD
2 −ωB

2
⎛

⎝⎜
⎞

⎠⎟

⎧
⎨
⎪

⎩⎪

+
ωD m1 gkd1( )3 2csch2 k1h( )+m2 gkd2( )3 2csch2 k2h( )⎡

⎣⎢
⎤
⎦⎥

g ωD
2 −ωB

2( )
⎫

⎬
⎪

⎭
⎪

 (2.15) 

��/ʀļ(2.14)5 Δ6Ʈɭ5ȖǻNzi|\zX/

0 F ʀLipa and Barrick (1986)3 ā - 8 0 ʀ

!!Δ =0.011−0.012 i /0Gʁ>(ʀ!!kdi (i =1,2)6ƯƮĀ3
49GƦŬKŐì!ʀƘļ/ĕȇ�HGʁ 

!!kd = k tanh kh( )   (2.16) 

�2 Ƙū�3Ě�#G 2 ,5Œ¾Ʀ5Ǽæ%6ʀļ(2.2)

Ü8ļ(2.8)5Äɝ¹/ƾŬ30Gʁļ(2.2)Ü8ļ(2.8)

5Äɝ5�ʀƦŬmRawĶɭ�3b^lu|ȝëƦ

Ŭ5ǳªȂKŠ80l��	 � 5D232Gʁ�5b^l

u|ȝëƦŬ5ǳªȂ6ļ(2.6)5ǫ¾ǽȹ3Ǚŀ!ʀ

�H3ƣ+.Ŭªǫ¾#G�0/ʀåb^lu|ȝë

ƦŬ349G 2 Ƙū�ŰɭǫKȠǵ#G�06/�Gʁ 

 

�	 � 418>B-:,3?"^I·qf�

� ļ(2.5)Ü8ļ(2.6)3Ǧ#D23ʀ1 ƘÜ8 2 Ƙū�

Űɭǫ6Ʈɭ3Ũğ#GɪƦ5ƦŬ !!k03¤Đ#G(
Aʀç"Ʀƭă/0+.BŨğ#GɪƦ5ëƦŬ3D

+. 1 ƘÜ8 2 Ƙū�ĿĻ6ǒ2Gʁ&�/ʀļ(2.5)

Ü8ļ(2.6)/Ƞǵ!( 1 ƘÜ8 2 Ƙū�ŰɭǫKǍ1

.ŲèXnRawKşĕ#Gɢʀ¥Ėǖ3ku^Sū

�ȝëƦŬ !ωB 0ku^Sū�KĽ�ȵ�#ƦŬ !!2k0
ɽɪƦƦŬ5 2 ©ɾKǍ1.ʀļ(2.5)Ü8ļ(2.6)�5

åĆŬK��5D23ȚƋÐ#Gʁ 

!!!

kNi = k i 2k0( ) , ωNi =ω i ωB ,

SN(kNi )= 2k0( )4 S(k i ),
ΓTN = ΓT 2k0( ) , ωDN =ωD ωB ,
dkxN = dkx 2k0( ) , dkyN = dky 2k0( )

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

(i =1,2)
 

 (2.17) 

��/ʀưď5 !N 6åĆŬKȚƋÐ!.1G�0KŐ

ì#Gʁ�5ăæʀļ(2.2)5 2 ,5Œ¾Ʀ5¶ɺƆ�

6ʀ 

!!!kN1 +kN2 = −n   (2.18) 

02Gʁ!n6Ö�mRaw/0Gɽ#2J*ʀ!!n= (1,0)ɾʁ
>(ʀǾæ¦ŬKȚƋÐ#G0ʀɪǤƜđǖ2ɍ¾ !ΓEN

0ƪ Éđǖ2ɍ¾!ΓHN 6&H'HƘļ02Gʁ 

!!!
ΓEN =

1
2

kN1 ⋅n( ) kN2 ⋅n( )−2kN1 ⋅kN2

kN1 ⋅kN2( )1 2 −Δ 2

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

 (2.19) 

!!!

ΓHN = −
1
2 kdN1 +kdN2 +

kN1 ⋅kN2 −kdN1kdN2
m1m2 kdN1kdN2( )1 2

ωDN
2 +1

ωDN
2 −1

⎛

⎝⎜
⎞

⎠⎟

⎧
⎨
⎪

⎩⎪

+
ωDN m1kdN13 2 csch2 kN1hN( )+m2kdN23 2 csch2 kN2hN( )⎡⎣ ⎤⎦

tanh hN( )⎡⎣ ⎤⎦
1 2

ωDN
2 −1( )

⎫
⎬
⎪

⎭
⎪

 (2.20) 

��/ʀ !!kdNi (i =1,2)Ü8 !hN 6ʀ&H'H !!kdi (i =1,2)Ü
8 !hK !!2k0/ȚƋÐ!. 

!!kdN = kd 2k0 , hN =2k0h   (2.21) 

02Gʁļ(2.17)5åĆŬKļ(2.5)Ü8ļ(2.6)3�³

#G0ʀƘļ5D23ȚƋÐ�H( 1 ƘÜ8 2 Ƙū�

Űɭǫ6ŇEHGʁ 

 

l��	 � 2 Ƙū�5Ɠļ÷ɽúƂđ�(2001)5l

��	 �	 � Kā3ǲȉ¢Œɾʁ(a)ɪǤƜđǖÍƊʀ(b)

ƪ ÉđǖÍƊ 
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!!!

σ N
(1)(ωDN )=ωBσ (1)(ωD)

= 4πSN(−m2n)δ(ωDN −m2)
  (2.22) 

!!!

σ N
(2)(ωDN )=ωBσ (2)(ωD)

= 4π ΓTN

2
SN(m1kN1)SN(m2kN2)−∞

∞

∫−∞

∞

∫
×δ(ωDN − yN )dkxNdkyN

  (2.23) 

��/ʀļ(2.23)5`w[ɘŬ6ʀļ(2.8)0çƑ3ʀ

Ƙļ5Ɔ�Kƴȷ#G0�ʀ !δ(⋅)=102Gʁ  

!!
ωDN − yN =0,
yN = y ωB =m1ωN1 +m2ωN2

⎧
⎨
⎩⎪

 (2.24) 

/0Gʁ>(ʀ !!m1Ü8 !!m26ļ(2.9)0çƑ3ʀ!ωDN 5

ɳĀ3Ŋ".�Ȣ5ªK0Gʁ 

!!

m1 ,m2( ) =

−1,−1( ) for ωDN < −1
1,−1( ) for −1<ωDN <0

−1, 1( ) for 0<ωDN <1
1, 1( ) for ωDN >1

⎧

⎨

⎪
⎪
⎪

⎩

⎪
⎪
⎪

  (2.25) 

ļ(2.10)Kļ(2.1)/ȚƋÐ#G0ʀ¾ūɘ¦ļ6 

!!
ωN = kN coth hN( )tanh kNhN( )   (2.26) 

02Gʁ24ʀļ(2.22)Ü8ļ(2.23)5Ġ½/6ʀ`w

[ɘŬ5ŋȳɽ!!δ(ax)=δ(x) a ɾKǍ1.1GʁȚƋÐ

!(ƦŬXnRaw!!!SN(kN )6ʀļ(2.11)0çƑ3ʀ¾
ūɘ¦ļKǍ1.Ƙļ/Ȕǈ/�Gʁ 

!!!
SN(kN )=

1
kN

∂ωN

∂kN
SN(ωN ,θ )   (2.27) 

!!
∂ωN

∂kN
=
coth hN( )
2ωN

tanh kNhN( )+kNhN sech2 kNhN( )⎡⎣ ⎤⎦   (2.28) 

��/ʀ!!SN(ωN ,θ )6ȚƋÐ�H(ŲèXnRaw/0
Fʀļ(2.11)ʀļ(2.17)Ü8ļ(2.27)5E !!S(ω ,θ )B!8
6 !!S( f ,θ )KǍ1. 

!!

SN(ωN ,θ )= 2k0( )2ωBS(ω ,θ )

= 2k0( )2 fBS( f ,θ )
  (2.29) 

02Gʁ 

�ļ(2.27)Kļ(2.22)3�³#G0ʀ1 Ƙū�Űɭǫ6ʀ

!!SN(ωN ,θ )KǍ1. 

!!σ N
(1)(ωDN )=C1(ωDN ,θb0)SN(1,θb0 +φb)   (2.30) 

0Ȕǈ/�Gʁ24ʀ !!ωDN = ±1/0Gʁ !φb6 HF x|

\5EŨğ�H(ɪƦ6ȜƱƽ3�Ɋ!.8GŲè

ɽh|qŲèȝɾKŐì!ʀǛÑ5EŹȠóF5ȝĻ

/Ȕ#Gʁ£37ʀ  !!φb =180
!5ăæʀÕŲè5EȜƱ

ƽ3ɪƦ6�Ɋ!.�(�0KŐì#Gʁ!!θb06ku^
Sū�KĽ�ȵ�#Ʀ5Ʀè0h|qŲèȝ5ǙĞȝ

KŐì!ʀ!!θb0 = −0.5 m2 +1( )π /ĕȇ�HGʁ !!C1(ωDN ,θb0)
6 

!!

C1(ωDN ,θb0)= 4π
1
kN

∂ωN

∂kN

⎡

⎣
⎢

⎤

⎦
⎥
kN=1

=2π 1+2hN csch 2hN( )⎡⎣ ⎤⎦
 
 (2.31) 

02Gʁ!(6+.ʀ 1 Ƙū�Űɭǫ6 HF x|\5

h|qŲèʀB!86&5ÝĞŲè3�Ť#GƦŬ

!!2k05Œ¾Ʀ5ƦƭOcwQ|5Eļ(2.30)3D+.
ęŷ3Ƞǵ/�Gɽd� �ɾʁ 

� }Ųʀ2 Ƙū�Űɭǫ6ʀļ(2.27)Kļ(2.23)3�³

!ʀ�E3`w[ɘŬ5ÄǺƆ�ɽļ(2.24)ɾ0 2 ,

5Œ¾Ʀ5¶ɺƆ�ɽļ(2.18)ɾKȈő#G0ʀƦè θ  

3DG 1 ĆŬ5ɬȂŁǫ¾ŲǪļ3ĆŢ#G�06/

�GɽHisaki, 1996ɾʁ 

!!
σ N

(2)(ωDN )= C2(ωDN ,θb)SN(ωN1 ,θ1)SN(ωN2 ,θ2)dθ−θL+φb

θL+φb

∫  (2.32) 

��/ʀ!θb6ʀh|qŲèȝ3Ğ#GŒ¾Ʀ5ǙĞȝ

/0Gɽ#2J*ʀ!θb =θ −φbɾʁ!!C2(ωDN ,θb)6 

!!

C2(ωDN ,θb)= 4π ΓTN

2 ∂kN1
∂ yN

∂ωN1
∂kN1

1
kN2

∂ωN2
∂kN2

⎛

⎝⎜
⎞

⎠⎟ kN1=k̂N1

∂kN1
∂ yN

= m1
∂ωN1
∂kN1

+m2
∂kN2
∂kN1

∂ωN2
∂kN2

−1

⎧

⎨

⎪
⎪

⎩

⎪
⎪

 (2.33) 

/Ȕǈ/�Gʁ !!k̂N16ļ(2.24)K Newton-Raphson ƥK

Ǎ1.Ŭªǖ3Ȟ8�0/ŇEHGÞƅȞ/0Gɽd

� �; Lipa and Barrick, 1986ɾʁļ(2.32)5ǫ¾Òɗ/

0G !θL6b^lu|ȝëƦŬ5ɳĀ3Ŋ".ǒ2Fʀ

��5ªK0Gʁ 

!!

θL =

π , if!!ωDN
2 ≤ 2

1+ sech hN( )
π −cos−1 1

2kNE
⎛
⎝⎜

⎞
⎠⎟
, if!!ωDN

2 > 2
1+ sech hN( )

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

 (2.34) 

!kNE6 !!kN1 = kN2 = kNEʀļ(2.24)Ü8ļ(2.26)5E 

!!
kNE tanh kNEhN( ) = ωDN

2

4 tanh hN( )   (2.35) 

Kƴȷ#GƦŬ/0Fʀ !!kNE >1 25ǷöK0GɽLipa 

and Barrick, 1986ɾʁļ(2.34)5 !ωDN 5ɳĀ6ļ(2.35)

3 !!kNE =1 2K�³#G�0/ŇEHGʁ!(6+.ʀ
ļ(2.32)3ā-�ʀŴǟ5ŲèXnRawKǍ1.Ʀ

è θ  3ɘ!.Ŭªǫ¾#H7ʀ2 Ƙū�ŰɭǫKǉȪ

ǖ3Ƞǵ#G�06/�Gɽd� �ɾʁ 
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�	 � 9*.P=2?)o8�`M-:,3?"[

of�

� ƄǡǬ/6-b^lu|XnRaw5EŲèXnR

awKşĕ#G(A3ʀHashimoto and Tokuda (1999)

/ɖǔ�H(mNYþs`wKǍ1GʁƄŕƥ6ʀŲ

èXnRaw3ɘ#G±ɸƆ�Kƴ(#ŲèXnRa

w5ŽɌȞKȴƟmNYþŎĂɑāƵɽAkaike’s 

Bayesian Information Criterion; ABICɾKǍ1.Ơĕ

#GB5/0Gʁ 

� Hashimoto and Tokuda (1999)6ʀşĕ�H(ŲèX

nRaw6ɬȮƆ�ɽ !!S f ,θ( ) >0ɾKƴȷ#GD23ʀ
Ƙļ/Ȕǈ!(ʁ  

!!
S( f ,θ )= exp xi , j( )δ i , j( f ,θ )

j=1

J

∑
i=1

I

∑   (2.36) 

!!xi , j = lnS( fi ,θ j )   (2.37) 

��/ʀ !!i (=1,2,!, I)Ü8 !! j (=1,2,!, J)6ʀ&H'Hë
ƦŬ0Ʀè5¾ÈǑäKŐì!ʀƄǡǬ/6ëƦŬ0

Ʀè5¾ÈŬK 16 0!(ɽ#2J*ʀ !!I = J =16ɾʁ 

!!δ i , j( f ,θ )6`w[ɘŬ/0FʀƘļKƴȷ#Gʁ 

 !!
δ i , j( f ,θ )=

1 for fi ≤ f < fi+1  andθ j ≤θ <θ j+1

0 for others

⎧
⎨
⎪

⎩⎪
 (2.38) 

ƄǡǬ/6ʀHashimoto and Tokuda (1999)3Ƶ".ë

ƦŬ ! f 0Ʀè θ KƘ5D23ɨūÐ#Gʁ 

!!µi+1 = ln fi+1 = ln fi +Δµ , θ j+1 =θ j +Δθ  (2.39) 

ļ(2.32)5ǫ¾ŲǪļKɨūÐɽļ(A.6)Ûƿɾ!.ļ

(2.36)K � ³ # H 7 ʀ ļ(2.32)6 ƃ ǟ Ŭ

 !!!x = (x1,1!xi , j!xI , J )t  Kê@ɬȂŁ�ŬŲǪļ32Gʁ

24ʀưď !t 6ȺȆKŐì!ʀ�ɜBçƑ0#Gʁ 

� }Ųʀļ(2.4)3Ǧ#D23ʀėɢ3ȜƱ�HGū�

ĿĻ36ƃǟ5ƛ£ĕŬ !aKê>HGʁb^lu|X
nRaw5EŲèXnRawKşĕ#Gɢʀ�5ƃǟ

5ƛ£ĕŬ !aKɟÚ#G(Aʀ 1 Ƙū�ĿĻ/ 2 Ƙū

�ĿĻKƾƘ°Ð#Gʁ 

!!dR(ωDN )=σ R(ωDN )   (2.40) 

!!
dR(ωDN )=

d(2)(ωDN )
d(1)(ωDN )

, σ R(ωDN )=
σ N

(2)(ωDN )
σ N

(1)(ωDN )
  (2.41) 

��/ʀ!!dR(ωDN )6ȜƱ�H(ū�ĿĻƛʀ!!σ R(ωDN )6
ļ(2.22)Ü8ļ(2.23)/ǉȪǖ3Ƞǵ�HGū�Űɭ

ǫƛ/0Gʁ!5!ʀėɢ36ȜƱ�H(ū�ĿĻƛ

36dNYǳ5Șô3DFȜƱȧİ6ê>HGʁ�5

ȜƱȧİKȈő!.ʀb^lu|ëƦŬ/ɨūÐ#H

7ʀėȜƱ�HGū�ĿĻƛ6Ƙļ/Ȕǈ/�Gʁ 

!!d = s(x)+e  (2.42) 

 !!!

d = dR1!dRk!dRK( )t

s(x)= σ R1(x)!σ Rk(x)…σ RK (x)( )t

e = ε1!εk!εK( )t

⎧

⎨

⎪
⎪

⎩

⎪
⎪

 (2.43) 

��/ʀ!dʀ!!s(x)Ü8!e6ʀ&H'HȜƱ�H(ū�
ĿĻƛ !dRk ʀǉȪǖ3Ƞǵ/�Gū�Űɭǫƛ !!!σ Rk(x)
Ü8ȜƱȧİ !εkKȘǻ3B,mRaw/0Gʁå.5

mRawȘǻ5ưď  !!k (=1,2,!,K )6ʀåb^lu|ȝ
ë Ʀ Ŭ 5 Ǒ ä / 0 G ʁ !!s(x) 5 Ș ǻ !!!σ Rk(x)  6

 !!!x = (x1,1! xi , j! xI , J )t KƃǟŬ0#GmRawɘŬ/0
Fʀļ(2.32)KŬªǫ¾!(ɬȂŁ�ŬŲǪļ/Ȕ�

HGʁ 

� �ʀȜƱȧİmRaw!e 6ʀĶýmRaw !0/¾ū
¶¾ūȒÀ6 !α 2Σ5ĈƘ°ƙȚ¾Ĳ3ņ2B50�ĕ

#G0ʀȜƱªmRaw !d5ǣǇěĻ¾Ĳ6 

!!!

p(d|x ,α 2)= 2πα 2( )−K 2
Σ

−1 2

×exp − 2α 2( )−1 d−s(x)( )t Σ−1 d−s(x)( )⎡
⎣⎢

⎤
⎦⎥

 (2.44) 

02Gʁ��/ʀ !α 2  6ȜƱȧİ5¾ū¶¾ū5XT

|wKƠAGeNg|gur|[/0Gʁ>(ƄǡǬ

/6ʀȜƱȧİ !εk6�1ǅǮ/0G0�ĕ!.1G(

Aʀ¾ū¶¾ūȒÀ Σ6Ö�ȒÀɽ#2J*ʀ¾ū6

1ʀ¶¾ū6 0ɾ02Gʁ 

� ļ(2.36)5D23ɨūǖ}ĕªɘŬKſ#GŚŬɘ

Ŭ/ŲèXnRawKȔǈ!(6ʀǈŹƽ/ëƦŬÜ

8Ʀè349GOcwQ|5ɆȀŋ3,1.6¡EȈ

ő�H.121ʁŲèXnRaw6�ɆȀ2OcwQ

|¾ĲK!.1G06Ȉ3ɩ8ʀƶE52ɆȀɘŬ/

0G0?2#�06Čŀ/0Gʁ��/ʀŲèXnR

aw6ƶE5/0G012±ɸƆ�KĠ³#Gʁ  

!!!

xt DtD( )x = 14 xi−1, j + xi+1, j + xi , j−1 + xi , j+1 −4xi , j( )2
j=1

J

∑
i=2

I−1

∑

+12 x1, j−1 + x1, j+1 −2x1, j( )2
j=1

J

∑

+12 xM , j−1 + xM , j+1 −2xM , j( )2
j=1

J

∑

 (2.45) 

24ʀ !!xi ,0 = xi , J  Ü8 !!xi , J+1 = xi ,1/0Gʁļ(2.45)5ª6
ġ�1<1ʀŲèXnRaw5şĕª6ƶE532Gʁ

&�/ʀ!Dx6ʀĶýmRaw !0/¾ū¶¾ūȒÀ!!β
2E

ɽ��/ʀ!E  6Ö�ȒÀɾ5ĈƘ°ƙȚ¾Ĳ3ņ2B

50�ĕ#G0ʀ !x5�ÆǣǇ¾Ĳ6ŇEHGʁ 
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!!!
p(x|β 2)= 2πβ 2( )−L 2 DtD

1 2exp − 2β 2( )−1 xt DtD( )x⎡
⎣⎢

⎤
⎦⎥
(2.46) 

��/ʀ!β
26±ɸƆ�5¾ū¶¾ū5XT|wKƠA

GeNg|gur|[/0Fʀ!L  6ŲèXnRaw5

Ƙ°Ŭ/0Gɽ#2J*ʀ !L= I × J ɾʁ !!DtD  6 !L×L5

jwuzRȒÀ/29H72E21ʁ  

�mNY5ĕǉ5E�ŅǣǇ¾Ĳ6ʀļ(2.44)0ļ(2.46)

5ǣǇ¾Ĳ5ǫ3ƛ£#Gʁ#2J*ʀ 

!!!p(x ,α
2 ,β 2 |d)∝p(d|x ,α 2)p(x|β 2)  (2.47) 

ļ(2.44)Ü8ļ(2.46)Kļ(2.47)3�³!ʀű(2eN

g|gur|[ !γ
2ɽ !=α

2 β 2 ɾKĠ³#G0ʀ�Ņǣ

Ǉ¾Ĳ6ʀ 

!!!

p(x ,α 2 ,γ 2 |d)
= z−1 α 2( )− K+L( ) 2

γ 2( )L 2exp − 2α 2( )−1 f (x)⎡
⎣⎢

⎤
⎦⎥

 (2.48)  

!!! f (x)= d−s(x)( )t Σ−1 d−s(x)( )+γ 2xt DtD( )x   (2.49)  

02Gʁ��/ʀ !!z−1  6 !xʀ !α 2Ü8 !γ
206ǅǮ2ƙ

ȚÐĕŬ/0Gʁ>(ʀ!γ
26ȜƱȧİ0±ɸƆ�ɽ#

2J*ʀƶE5�ɾ5fuzXKƠAGeNg|gu

r|[/0Fʀ!γ
26ġ�82H72G<1ʀşĕ�H

GŲèXnRaw6ȜƱȧİKêL)b^lu|Xn

Raw3}Ȍ#GD23şĕ�HGʁ�H3Ğ!.ʀ

!γ
26ĉ�82H72G<1ʀşĕ�HGŲèXnRa

w6±ɸƆ�KDFÝŸ�H(B532FʀȜƱȧİ

KêL)ėɢ5b^lu|XnRaw5ª6şĕ3Ý

Ÿ�H282Gʁļ(2.48)KŽĉÐ#G!x6ʀļ(2.44)
5eNg|gur|[!α 23ƾɘ¦3Ơ>Gʁ!(6+

.ʀmNYþs`wɽļ(2.47)ɾ5Ġ³3DFʀb^

lu|XnRaw5EƦƭ5ŲèXnRawKşĕ#

Gñɵ6ʀ�ŅǣǇ¾Ĳɽļ(2.48)ɾKŽĉÐ#Gñ

ɵ3ĳǜ�Hʀļ(2.49)KŽġÐ#H7D1ʁ 
 

�	 � c~ 5*6B6><B/�crECx"e

o�

� Ʀƭ5ŲèXnRawKşĕ#G(Aʀļ(2.49)3

Žġ��ƥKɌǍ#H7D16ʀļ(2.49)5Ǳ}ɰ3

!xKƃǟŬ0#GɬȂŁ�ŬŲǪļ !!s(x)Kê?ʀ�E
3Ǳ�ɰ3ƃǟ5eNg|gur|[K !γ

2Kê@(

Aʀ�5>>Žġ��ƥKɌǍ#G�06/�21ʁ

��/6ʀɬȂŁ�ŬŲǪļ !!s(x)KȂŁÐ!ʀ!x5Ž
ģşĕª  !!x KŇG(A5ŽɌ2eNg|gur|[

 ! !γ
25ƠĕŲƥ3,1.ȨŶ#Gʁ  

� �ʀ !!x = x05>JF/ !!s(x)K 1 Ƙ5ɰ>/_Nu|

ĥɖ#G0ʀ 

!!s(x)≈ s(x0)+ ′s (x0) x− x0( )  (2.50)  

02Gʁ��/ʀ!! ′s (x0)6!!x = x0349G !!s(x)5 1 ƘĠ

ɘŬ/0FʀƘļ5D22 !K ×L5oav^RX32Gʁ 

 !!!

′s (x0)=
∂σ R1 ∂x1,1
!

∂σ Rk ∂x1,1
!

∂σ RK ∂x1,1

"
#
"
#
"

∂σ R1 ∂xi , j
!

∂σ Rk ∂xi , j
!

∂σ RK ∂xi , j

"
#
"
#
"

∂σ R1 ∂xI , J
!

∂σ Rk ∂xI , J
!

∂σ RK ∂xI , J

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
x=x0

 (2.51)  

ļ(2.50)Kļ(2.49)3�³#G0ʀ 

!!! f (x)= b−ax( )t Σ−1 b−ax( )+γ 2xt DtD( )x   (2.52)  

!!
a = ′s (x0)
b=d−s(x0)+ ′s (x0)x0

⎧
⎨
⎩⎪

  (2.53)  

0ż�ǘ#�6/�Gʁ 

�Ƙ3ʀļ(2.52)5Žġ��Ȟ6eNg|gur|[ !γ
2

3¤Đ#G(Aʀ!x5ŽģşĕɑKƠAG(A36Ž
Ɍ2eNg|gur|[  ! !γ

2KƠĕ#GŉȘ60Gʁ

 ! !γ
2 KƠĕ#G(A5ÂŰāƵ0!.ʀƘļ5

Akaike(1980)5ȴƟmNYþŎĂɑāƵɽABICɾKǍ

1(ʁ 

!!ABIC = −2lnL(α
2 ,γ 2)  (2.54) 

!!!L(α
2 ,γ 2)= p(x ,α 2 ,γ 2 |d)∫ dx  (2.55) 

#2J*ʀļ(2.54)5 ABIC KŽġ3#GeNg|g

ur|[KƞAH7D1ʁ Yabuki and Matsu’ura 

(1992)3DG0ʀ0GeNg|gur|[KǍ1(ă

æ5ļ(2.52)5Žġ��ȞK!!x̂0ȔȢ#G0ʀļ(2.52)
K��5D23ż�Ţ3G�06/�Gʁ 

!!! f (x)= f (x̂)+ x− x̂( )t c x− x̂( )   (2.56)  

!!!x̂ = c−1atΣ−1b   (2.57)  

!!!c = atΣ−1a+γ 2DtD( )   (2.58)  

�50�ļ(2.48)5�ŅǣǇ¾Ĳ6ʀĶý !!x̂ʀ¾ū¶
¾ūȒÀ!!α 2c−1  5ĈƘ°ƙȚ¾Ĳ3ņ2ʁļ(2.48)Kļ

(2.55)3�³#G0ʀļ(2.55)5ãȽ6ȞƉǖ3ǫ¾â

ȋ/0Fʀ 

!!!
L(α 2 ,γ 2)= z−1 α 2( )−K 2

γ 2( )L 2 c −1 2exp − 2α 2( )−1 f (x̂)⎡
⎣⎢

⎤
⎦⎥
(2.59) 

02Gʁ24ʀļ(2.55)5ãȽ5ǫ¾/6��5ǫ¾

µļKǍ1(ʁ 
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!!!
exp − 2α 2( )−1 x− x̂( )t c x− x̂( )⎡

⎣⎢
⎤
⎦⎥
dx∫ = α 2( )L 2 c −1 2

 (2.60) 

ABIC 5ŽġÐ6ʀ !!L(α
2 ,γ 2)KŽĉÐ#H7D8ʀ&

5ŉȘƆ�6ʀ 

!!∂L(α
2 ,γ 2) ∂α 2 =0  (2.61) 

!!∂L(α
2 ,γ 2) ∂γ 2 =0  (2.62) 

/0Gʁ��/ʀļ(2.59)Kļ(2.61)3�³#G0ʀ 

!!!α
2 = f (x̂) K  (2.63) 

KŇG�06/�ʀ�HKļ(2.59)3�³#G0ʀ 

!!!L(α
2 ,γ 2)= z−1 f (x̂) K( )−K 2

γ 2( )L 2 c −1 2exp −K 2⎡⎣ ⎤⎦  (2.64) 

02Gʁ�5ŲǪļKļ(2.62)5ŉȘƆ�KǍ1.Ȟ

8�06/�H7ʀABIC KŽġÐ#GŽɌeNg|

gur|[ ! !γ
2KŇEHGʁ!5!26Eʀ ļ(2.64)5

ŲǪļ6ɬȂŁ/0G(AʀȞƉǖ3Ȟ8�06/�

21ʁ&�/ʀļ(2.64)Kļ(2.54)3�³!(ƘļKŬ

ªǖ3ŽġÐ#G�0/ŽɌ2eNg|gur|[

 ! !γ
2KƠĕ#Gʁ  

!!!ABIC = K ln f (x̂)−Llnγ
2 + ln c +C  (2.65) 

��/ʀ!C 6 !γ
23¤Đ!21ĕŬ/0Gʁ��5Žġ

��Ȟ !!x̂Ü8 ABIC 5· ǖ2ȠǵŲƥ6d� � 3ȥ

Ȩ#GʁƄǡǬ/6ʀHashimoto and Tokuda(1999)0

çƑ3Ƙļ5s`wKǍ1(ɂƘȠǵ3DF ABIC K

Žġ3#GŽɌeNg|gur|[ ! !γ
2KƠĕ!(ʁ 

 !!γ =0.1×0.5n (n=1,2,!)   (2.66)  

Ơĕ!( ! !γ
2Kļ(2.57)ʀļ(2.58)Ü8ļ(2.63)3�³#

G�0/ʀ!xʀ!cÜ8!α 25Žģşĕª !!xʀ !!cÜ8 ! !α 25

KŇG�06/�Gʁ�5D23!.ŇEH(Žģş

ĕª !!xKļ(2.36)3�³#G�0/ʀŲèXnRaw
5Žģşĕª6Ơĕ�HGʁ 

 

�	  ^IS��
 

Ƅǯ/6>$ƫƮĀ/ȜƱ�H(b^lu|XnR

aw3 BIMdeep KɌǍ#G�0/ʀƯƮƦ�ĕ3ā-

8şĕǸĻ:5łɯKŘţ!ʀBIMdeep 5ɌǍǷöK

ŶE53#Gɽėɸ 1ɾʁƘ3 BIMshallow/ HF x|\

5h|q�İȝ3DGƫƮƦ5ŲèXnRaw5şĕ

ǸĻ:5łɯKȩ;Gɽėɸ 2ɾʁŬªėɸ5j·|

Kl��	 � 3Ǧ#ʁX_^l 1 0!.s`wƦƭ5Ųè

XnRawKŴŃ5ǽɸļ5EȠǵ!ʀ�HKƞAG

;�ŲèXnRawɽǛªɾ0#GʁX_^l 2 /6

s`wƦƭ5ŲèXnRaw5Eļ(2.30)Ü8ļ

(2.32)KǍ1.b^lu|XnRawKȠǵ!ʀ�H

KȜƱª0#GʁX_^l 3 /ȜƱª0!(b^lu

|XnRaw5EmNYƥɽėɸ 1 /6 BIMdeepʀė

ɸ 2 /6 BIMshallowɾ3DFŲèXnRawKşĕ#

GʁŽŅ3ʀŲèXnRaw5Ǜª0şĕªKƛȼ#

G�0/ʀėɸ 1 3DFƯƮƦ�ĕ3DGƫƮĀ/5

ŲèXnRaw5şĕǸĻ:5łɯC&5ɌǍǷöʀ

�83ėɸ 2 3DF HF x|\5h|q�İȝ3DG

ŲèXnRaw5şĕǸĻ:5łɯ3,1.ȈĜ#Gʁ 

 

�	 � =2?gj"`M-:,3?� � d]D�

� ŲèXnRaw6ʀBretschneider-Mitsuyasu þXn

Rawɽ²ŷ, 1970ɾ0 Mitsuyasu et al. (1975)6šƌ

#GŲè¾ĲɘŬKǍ1.¢Œ!(ʁ}ȍ3ʀŲèX

nRaw!!S( f ,θ )6ʀëƦŬXnRaw0Ųè¾ĲɘŬ
5ǫ/Ȕǈ�HGʁ 

!!S( f ,θ )= S f ( f )G(θ | f )   (3.1) 

��/ʀ !!S f ( f )6ëƦŬXnRaw/0Fʀ !!G(θ | f )6
Ųè¾ĲɘŬ/0Gʁ ! f Ü8 θ 6&H'HƦƭ5ëƦ
Ŭ0Ʀè/0Gʁ²ŷɽ1970ɾ6 Bretschneider 6š

ƌ#GɷƦ5XnRaw5¦ŬKǈüȜƱ`|[3ā

-1.¨ƙ!ʀBretschneider-Mitsuyasu þXnRaw

0!.ƘļKšƌ!.1Gʁ 

!!
S f ( f )=0.257Hs

2Ts Ts f( )−5 exp −1.03 Ts f( )−4⎡
⎣⎢

⎤
⎦⎥

  (3.2) 

��/ʀ!Hs Ü8!Ts6ʀ&H'HſȇƦ5ƦɹÜ8ëƁ

KŐì#Gʁ}ŲʀMitsuyasu et al. (1975)6Ųè¾Ĳ

ɘŬ5ƒƵŁ0!.ƘļKšƌ#Gʁ 

!!
G(θ | f )=G0 cos

θ −θ0
2

⎛
⎝⎜

⎞
⎠⎟

2s

  (3.3) 

 

l��	 � Ŭªėɸ5j·|  
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!θ06Ʀƭ5�ƦèKŐì!ʀ!!G06ƙȚÐƆ� 

 !! G(θ | f )dθ
0

2π
∫ =1   (3.4) 

Kƴ(#(A5ĕŬ/0Fʀ}ȍ36ʀ  

!!
G0 = cos2s θ −θ0

2
⎛
⎝⎜

⎞
⎠⎟
dθ

θmin

θmax

∫
⎡

⎣
⎢

⎤

⎦
⎥

−1

  (3.5) 

/ĕȇ�HGʁļ(3.5)/´Ʀèɽ !(θmin ,θmax )= (−π ,π )ɾ
KĞȭ0#G2E7ʀ !!G0  6Ƙļ02Gʁ 

!!
G0 =

1
π
22s−1 Γ

2(s +1)
Γ(2s +1)   (3.6) 

��/ʀ !s6ƦƭOcwQ|5Ųèɦ�ĻKƠAGg
ur|[/0Fʀ!s5Žĉª !!smaxK�gur|[0!.
Ƙļ/ĕȇ�HGɽæǎ������ɾʁ�

!!

s =
smax f fp( )5 f ≤ fp

smax f fp( )−2.5 f > fp

⎧

⎨
⎪

⎩
⎪

  (3.7) 

! fp6ëƦŬXnRaw5i|RëƦŬ/0FʀſȇƦ
ëƁKǍ1. !! fp = (1.05Ts )

−10ĕȇ�HGʁ!(6+.ʀ

4 ,5gur|[ɽ#2J*ʀ !Hs ʀ !Tsʀ !!smaxÜ8 !θ0ɾ
K�Ő3ȣĕ#G�0/ʀļ(3.1), ļ(3.2)Ü8ļ(3.3)

5EƑ.2ŲèXnRawKȠǵ#G�06/�Gʁ 

��HE 4 ,5gur|[52*ʀ!Hs ʀ !!smaxÜ8 !θ06
&H'H 1 m, 10 Ü8 0°ɽƦè6Ʀ6ȜƱƽ3ȗƇ#

GŲè/0FʀǛÑ5EŹȠóF5ȝĻKŐì#Gɾ

/øĕ!ʀ !Ts6 3s, 5s, 10s 5 3 T|XKȣĕ!ʀŲè

XnRawKȠǵ!(ɽl��	 �−l��	 �ɾʁl��	 �−

l��	 � �5(a)6ŲèXnRawʀ(b)6ëƦŬXnR

awʀ(c)6i|RëƦŬɽ#2J*ʀļ(3.7)349G

! f = fp  ɾ349GŲè¾ĲɘŬ/0Gʁ�E3ʀȠǵ

�H(ŲèXnRawKļ(2.32)3�³!. 2 Ƙū�

ŰɭǫKȠǵ!(ɽl��	 	−l��	 �ɾʁù¹30GĈ

85 HF x|\6MWoXŲè5¾Ȟȋ6 7.5°/0G

�05Eʀ HF x|\5h|qŲèȝKǛÑ5E 7.5°

ɗɡ/ȣĕ!ʀ48 ( !=360
! 7.5!  ) g[|z5 2 Ƙū�Ű

l��	 � s`wƦƭXnRawɽ 5ăæɾʁ 

(a) ŲèXnRawʀ(b) ëƦŬXnRawʀ(c) Ų

è¾ĲɘŬ  

�

l��	 � s`wƦƭXnRawɽ 5ăæɾʁ 

(a) ŲèXnRawʀ(b) ëƦŬXnRawʀ(c) Ų

è¾ĲɘŬ  

�

l��	 � s`wƦƭXnRawɽ 5ăæɾʁ 

(a) ŲèXnRawʀ(b) ëƦŬXnRawʀ(c) Ų

è¾ĲɘŬ  
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ɭǫKȠǵ!(ʁ�E3ʀ2 Ƙū�Űɭǫ5ƝƯ¤Đ

ŋKǟG(A3ʀȜƱƝƯK 10 mʀ20 mʀ30 mʀ40 mʀ

50 m Ü8 100 m 5 6 g[|z0!(ʁl��	 	−l��	 �

36ʀ�Ʀè !θ0  0h|qŲèȝ !φb05ǙĞȝ !!θb0K 

(a)  !!θb0 =30
! ʀ(b)  !!θb0 = 90

! ʀ(c)  !!θb0 =150
! Ü 8(d) 

 !!θb0 =210
!5ăæ5 2 Ƙū�ŰɭǫKǦ!.4Fʀȣĕ

!(ȜƱƝƯ3Ŋ".ȂȏKĆ3.1GʁƦè6Ʀƭ

6ȜƱƽ3ȗƇ!.8GŲèKŐì!ʀh|qŲèȝ

6 HF x|\5EŨğ�H(ɪƦ6ȜƱƽ3�Ɋ!.

8GŲè/0Fʀ1$HBǛÑ5EŹȠóF5ȝĻ/

0Gʁ24ʀl��	 	−l��	 � /6ʀ2 Ƙū�5?KǦ

!.4Fʀ1 Ƙū�6Ǧ!.1216ʀƄƇėȜƱ/

6 !!ωDN = ±13 1 Ƙū�6ǌ"Gʁ  

� b^lu|XnRaw5ŁǄ6ʀļ(2.32)5EBJ

5GD23�Ʀè !θ0  0h|qŲèȝ !φb 05ǙĞȝ

!!θb0  ( !!=θ0 −φb )3¤Đ#GʁƄǡǬ/6ʀ  !θ0 =0
!5ăæ

Kŏĕ!.1G(Aʀ!!θb06!φb3Ǚŀ#Gɽ#2J*ʀ

!!θb0 =φ bɾʁl��	 � 3Ǧ#D23ʀāƄǖ3x|\Ĥ

5Eɋ 5Gɽx|\Ĥ3Ⱦ-8ɾƦ3ȵô#G 2 Ƙ

ū�6ʀȮɽƙɾ5b^lu|ëƦŬ5ɳĀ3ǌ"Gʁ

!(6+.ʀl��	 	−l��	 � 341. !!θb0 =30
!5ăæʀ

2 Ƙū�5i|R6Ȯ5b^lu|ëƦŬɳĀ3ǌ"

GʁɁ3 !!θb0 =210
!5ăæʀ&H6ƙ5b^lu|ëƦ

ŬɳĀ3ǌ"ʀ  !!θb0 =30
!5ăæ5 2 Ƙū�ŰɭǫK

!!ωDN =05Ȼ3Ğ!.ÝȺ�%(ɓ¯02Gɽl��	 	−
l��	 � �5(d)ɾʁ !θ0 =0

!5ăæʀ !!θb0 =150
!5b^lu

|XnRaw6 !!θb0 =210
!5&H0ē´3}Ȍ#Gɽl

��	 	−l��	 � �5(c)ɾʁ}Ųʀ !!θb0 = 90
!5ăæʀįã

Ğǩ2 2Ƙū�Űɭǫ02Gɽl��	 	−l��	 ��5(b)ɾʁ  

� >(ʀſȇƦëƁ !Ts  6ɔ82G0ʀȜƱƝƯ3Ğ#

G 2 Ƙū�5¤Đŋ6ĉ�82Gʁ£37ʀ!!Ts =3s5
ăæʀȜƱƝƯ3DG 2 Ƙū�5¤Đŋ6ȦAEH2

 
l��	 	 ȜƱƝƯ3Ğ#Gb^lu|XnRaw5¤Đŋɽ 5ăæɾ 
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16ʀ!!Ts =10s5ăæʀ2 Ƙū�6ȜƱƝƯ3¤Đ!.
ĉ�8ĆÐ#Gʁl��	 �−l��	 � 5(a)3 !!−1<ωDN <05
Ƿö349Gb^lu|ȝëƦŬ !ωDN 5ǳªȂKǦ#ʁ

�5ǳªȂ6 !!−1<ωDN <05Ƿö5 2Ƙū�ŰɭǫKȠ

ǵ#Gɢ5ǫ¾ǽȹ3Ǚŀ#GʁėȂÜ8ǢȂ6ʀ&

H'HƦŬ !!kN1Ü8 !!kN25Œ¾Ʀ5ǫ¾ǽȹKŐì!ʀ
ɼȂÜ8ȴȂ6ʀ&H'H !!h=10 mÜ8 !!h=100 m5ă

æ5ǫ¾ǽȹ/0Gʁ2 Ƙū�ŰɭǫKȠǵ#Gɢ5

ǫ¾ǽȹ6ʀ !!−0.5<ωDN <05Ƿö/6ȜƱƝƯ3¤Đ
!216ʀ!!−1<ωDN ≤ −0.55Ƿö/6ȜƱƝƯ3¤Đ!
.ĆÐ#Gɽl��	 �−l��	 � �5(a)ɾʁ�H6ʀ

!!−1<ωDN ≤ −0.55 2 Ƙū�3Ě�#GŒ¾Ʀ5ëƦŬ

6ġ�1ɽƦɔ6ɔ1ɾ(A/0Gʁ !!Ts =3s 5ăæʀ

!!−0.5<ωDN <05ăæ5ǫ¾ǽȹ�3ŲèXnRaw5
i|R60Fʀ  !!−1<ωDN ≤ −0.55ăæ5ǫ¾ǽȹ�5
ŲèXnRawª6ġ�1(AʀȜƱƝƯ3Ğ#G¤

Đŋ6ġ�82Gɽl��	 �(a)ɾʁ�H3Ğ!ʀ!!Ts =10s
5ăæ6 !!−1<ωDN ≤ −0.55ǫ¾ǽȹ�3ŲèXnRa
w5i|R60Gɽl��	 �(a)ɾʁ&5ǾƊʀȜƱƝƯ

3¤Đ!. !!−1<ωDN ≤ −0.55Ƿö349G 2 Ƙū�Ű

ɭǫ6ĆÐ#Gɽl��	 �ɾʁ 

� 2 Ƙū�Űɭǫ6ȜƱƝƯ3¤Đ#G5é56ʀȗ

Ƈ#GƦƭ5ſȇƦëƁ5EșǫBEH(ƯƮĀ/5

Ʀɔ !λd0ȜƱƝƯ !h5ƛɽǙĞƝƯ; !h λd ɾ/Ə4Â

Ű/�Gɽu��	 �ɾʁ}ȍ3ʀǙĞƝƯ6 0.5 DFĉ

�82Găæɽ!!h λd >0.5ɾKƯƮƦ0ĕȇ#Gɽ£3
7ʀæǎ, 2008ɾʁ !!Ts =3s5ăæʀ15ȜƱƝƯ/B
ƯƮƦ0?2�HG(Aʀ2 Ƙū�Űɭǫ6ȜƱƝƯ

3¤Đ!21ɽl��	 	ɾʁ !!Ts =5s5ăæʀ!!h=10m/
6ƫƮƦ02G(AʀȜƱƝƯ3¤Đ!. 2 Ƙū�Ű

ɭǫ6ĆÐ#Gɽl��	 
ɾʁ�E3ʀſȇƦëƁ6ɔ

1 !!Ts =10s5ăæʀƯƮƦ0?2#�06/�G56ʀ

 

l��	 
 ȜƱƝƯ3Ğ#Gb^lu|XnRaw5¤Đŋɽ 5ăæɾ 
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!!h=100m5?/0Fʀ&H�ć6ƫƮƦ0?2�HG
(Aʀ2 Ƙū�Űɭǫ6ȜƱƝƯ3¤Đ!.ĆÐ#G

ɽl��	 �ɾʁ�5�05EʀƯƮƦ5Ʀɔ3Ğ#GǙ

ĞƝƯ6!!h λd ≤0.55ăæʀ2 Ƙū�Űɭǫ6ȜƱƝƯ
3¤Đ!.ĆÐ#GD232Gʁ 

 

�	 � lkgeo!&(`M-:,3?"[oru

A"Z��

� ƯƮƦK�ĕ#G0ʀb^lu|XnRaw5āǥ

ļɽ#2J*ʀļ(2.5)Ü8ļ(2.6)ɾ6ʀ !h→∞0!.

Ƙļ/ż�ǘ#�06/�Gʁ  

!!!σ
(1)(ωD)=26πk04S(−2m2k0)δ(ωD −m2 2gk0 )   (3.9) 

!!!

σ (2)(ωD)=26πk04 Γ̂T

2
S(m1k1)S(m2k2)−∞

∞

∫−∞

∞

∫
m2=±1
∑

m1=±1
∑

×δ(ωD − ŷ)dkxdky
 (3.10) 

02Gʁ��/ʀļ(3.10)�5 !!Γ̂T 6 !h→∞5ăæ5Ǿ

æ¦ŬKŐì!ʀļ(2.13)−ļ(2.15)5E 

!!Γ̂T = Γ̂E + iΓ̂H

 

(3.11) 

!!!
Γ̂E =

1
2

kd1 ⋅k0( ) kd2 ⋅k0( ) k02 −2kd1 ⋅kd2

kd1 ⋅kd2( )1 2 −k0Δ
⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

 (3.12) 

 
l��	 � ȜƱƝƯ3Ğ#Gb^lu|XnRaw5¤Đŋɽ 5ăæɾ 

u��	 � ƯƮƦ5Ʀɔ3Ğ#GǙĞƝƯ 
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!!!
Γ̂H = −

1
2 kd1 +kd2 +

kd1 ⋅kd2 −kd1kd2
m1m2 kd1kd2( )1 2

ωD
2 +ωB

2

ωD
2 −ωB

2
⎛

⎝⎜
⎞

⎠⎟

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
 (3.13) 

02Fʀ>(ļ(2.6)5`w[ɘŬ¹5 ! y 6 !h→∞5ă

æʀ 

!! ŷ =m1 gk1 +m2 gk1  (3.14) 

02Gʁļ(3.9)Ü8ļ(3.10)Kļ(2.42)3�³!.mN

Yþs`w/ŲèXnRawKşĕ#Gŕƥ6

Hashimoto and Tokuda (1999)5ɖǔ!( BIMdeep/0

GʁÆǶ/ɀ;(D23ʀ2 Ƙū�Űɭǫ6ȜƱƝƯ

6ƫ82Gɽ0G16ʀſȇƦëƁ6ɔ82Gɾ3,

H.ku^Sū�ëƦŬɽ#2J*ʀ!!ωDN =1ɾ5�«
5b^lu|XnRaw5 2 Ƙū�Űɭǫ6ĆÐ#Gʁ

&5(AʀƫƮĀ341. BIMdeep KɌǍ!(ăæʀ

ŲèXnRaw5şĕǸĻ6ōÐ#G0şĜ�HGʁ 

���/6 6 g[|z5ƝƯɽ10 mʀ20 mʀ30 mʀ40 

mʀ50 m Ü8 100 mɾ349Gb^lu|XnRaw

ɽl��	 	−l��	 �ɾKȜƱªɽ#2J*ʀļ(2.42)�5

!dɾ0!.Ǎ1G�0/ʀǙĞƝƯ3Ğ#GŲèXn
Raw5şĕǸĻ5¤ĐŋKȩ;ʀBIMdeep 5ɌǍǷ

öKŶE53#Gʁ24ʀƄǶ5Ŭªėɸ/6ʀh|

qŲèȝ6 30°0 150°5ăæ5b^lu|XnRaw

KǍ1(ɽl��	 	−l��	 � �5(a)0(c)ɾʁ 

�l��	 � 3!!Ts =10s5ăæ5b^lu|XnRawɽl
��	 �ɾ5Eşĕ!(ŲèXnRaw0&5Ǜª05ƛ

ȼ 5 } £ K Ǧ # ʁ !!h=10m 5 ă æ ʀ Ǚ Ğ Ɲ Ư
ɽ !!h λd =0.064 ; u��	 � Ûƿɾ6 0.5 ƃƴ/0FʀȠǵ

6ǔū!.Ɍ¿2ŲèXnRaw6şĕ�H.121

ɽl��	 �(a)ɾʁ}Ųʀ !!h=100m 5ăæʀǙĞƝƯ
ɽ !!h λd =0.641 ; u��	 � Ûƿɾ6 0.5 ��/0Fʀşĕ

�H(ŲèXnRaw6ƛȼǖČŀ2ª02+(ɽl

��	 �(b)ɾʁ 

�l��	  3şĕ�H(ŲèXnRaw5EȠǵ!(ſ

ȇƦɹɽl��	 (a)ɾʀſȇƦëƁɽl��	 (b)ɾÜ8

�Ʀèɽl��	 (c)ɾ5şĕǾƊ0ǙĞƝƯ05ɘ¦K

Ǧ#ʁl��	 (a)Ü8l��	 (b)5ȄȻ6Ǜª0şĕª

 

l��	 � BIMdeep3DGŲèXnRaw5şĕǾƊʁ

(a)  ʀ(b)  

 

l��	  BIMdeep 3ā-8ƦƭǿȠɑ5şĕǾƊʁ(a) 

ſȇƦɹʀ(b) ſȇƦëƁʀ(c) �Ʀè  
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5ƛ/0Fʀşĕª6Ǜª0}Ȍ!.1H7 10002

Gʁ�Ø5ȏ6b^lu|XnRaw5ȜƱªKȠǵ

!(0�3ȣĕ!(ſȇƦëƁKŐì!ʀ£37Ǖ�

6 !!Ts =10s5ŲèXnRaw5EȠǵ!(b^lu|
XnRawɽl��	 �(a)0(c)ɾKȜƱª0!.Ǎ1(

ăæ5şĕǾƊ/0GʁſȇƦɹÜ8ëƁ5şĕª6ʀ

ŲèXnRaw5EƘļ/ǵĕ!(ɽæǎ, 2008ɾʁ 

!!Hs = 4.0 E0   (3.15) 

!!Ts =1.2E0 E1   (3.16) 

��/ʀ!!E06 0 ƘXnRaws|rzaʀ!!E16 1 ƘX

nRaws|rza/0FʀƘļ/ĕȇ�HGʁ  

!!
En = f nS( f ,θ )dθ

−π

π

∫ df
0

∞

∫ , n=0,1   (3.17) 

>(ʀ�Ʀè6i|RëƦŬ ! fp  349GŲè¾ĲɘŬ

5EƘļ/șǫB+(ʁ 

!!θ0 = D0 D1   (3.18) 

!!
Dn = θ nG(θ | fp)dθ−π

π

∫ , n=0,1   (3.19) 

� !!h λd <0.55ăæɽl��	  5ǢȂ5įɾʀſȇƦɹ
Ü8ſȇƦëƁ6Ɉĉ32G53Ğ!ʀ!!h λd ≥0.55ă
æɽl��	  5ǢȂ5ãɾʀȎċ2şĕª6ŇEH.1

Gʁ�Ʀè6 !h λd 3¤Đ%$ʀǛªɽ !θ0 =0ɾ0<=
çǳ32+.1G6ʀ�H6i|RëƦŬ349GŲ

è¾ĲɘŬ6 !θ =05Ȼ3Ğ!.Ğǩ02+((A/
0Gʁėɢ36ʀ !!h λd <0.55ăæʀl��	 �(a)3Ǧ#
D23 2 ,5i|RKſ#GŲè¾ĲɘŬ6şĕ�Hʀ

Ʀè3ɘ!.BşĕǸĻ6ōÐ!(ʁņ+.ʀƫƮĀ

349G BIMdeep 3DGŲèXnRaw5şĕǸĻ6ʀ

ƯƮƦ5Ʀɔ3Ğ#GǙĞƝƯ!h λd 3¤Đ!ʀƄǶ5

Ŭªėɸ3ā-80ʀ!!h λd <0.502GƫƮĀ/6Ųè
XnRaw5şĕǸĻ6ō82G®è60Gʁ()!ʀ

ſȇƦëƁ !!Ts =5s 5,ȜƱƝƯ !!h=10!m5ăæ5D2
3ʀ!!h λd =0.256<0.53BɘJE$ʀƛȼǖȎċ2şĕ
ǾƊ6ŇEH(ʁ�H6ȜƱƝƯ3Ğ#Gb^lu|

XnRaw5¤Đŋ6ƛȼǖġ�1(A/0G0Ȉ3

EHGɽl��	 
ɾʁ�5D23ƦƭƆ�3D+.6ʀ

!!h λd <0.5/ BIMdeepKɌǍ!.BǸĻD8şĕ/�Gʁ  

 

�	 � 7B;FWw!&([oruA"Z��

� Ƙ3 �	 � /Ƞǵ!(b^lu|XnRaw5¹ʀh

|qŲèȝ6ǒ2G 2 ,5b^lu|XnRawKǍ

1. BIMshallow /Ʀƭ5ŲèXnRawKşĕ#G�

0/ʀh|q�İȝ3DGŲèXnRaw5şĕǸĻ

5¤ĐŋKȩ;(ʁ24ʀ  !!Ts =10 sÜ8  !!h=10 m0!(

ăæ3Ƞǵ�H(b^lu|XnRawKȜƱª0!

.Ǎ1(ʁƄǡǬ/6ʀh|qŲèȝKǛÑ5E 7.5°

ɗɡ/ȣĕ!.Ƞǵ�H( 48 g[|z5b^lu|

XnRawKǍ1.ʀ´ 1128 Ǽɽ!!48C2 =1128ɾ5b^
lu|XnRaw5EŲèXnRawKşĕ!(ʁ 

� l��	 �� 6şĕ�H(ŲèXnRaw5Eļ(3.15)

/Ƞǵ!(ſȇƦɹɽl��	 ��(a)ɾʀļ(3.16)/Ƞǵ!

(ſȇƦëƁɽl��	 ��(b)ɾÜ8Ųè¾ĲɘŬ5Eļ

(3.18)/Ƞǵ!(�Ʀèɽl��	 ��(c)ɾ5şĕǸĻ5h

|q�İȝ3Ğ#G¤ĐŋKǦ#ʁ>(ʀl��	 �� 3

6şĕ�H(ŲèXnRaw5ǛªɽɼȂɾ0şĕª

ɽȴȂɾ5ƛȼ5}£KǦ#ʁl��	 �� Ü8l��	 ��

6Ǧ#D23ʀſȇƦɹÜ8ſȇƦëƁ5şĕǸĻ6

h|q�İȝ3¤E$ʀ15h|q�İȝ/0+.B

Ɍ¿3ŲèXnRawKşĕ#G�06/�Gʁ}Ųʀ

h|q�İȝ6 90°5ăæ3ŽB�Ʀè5şĕª57

E,�6ġ�8ʀh|q�İȝ6ǆ82Gɽ0G16ʀ

Ĺ82Gɾ3ņ+.ʀ7E,�6Ȑĵĉ�82Gʁ�

5D23�Ʀèɽ0G16Ųè¾ĲɘŬɾ5şĕǸĻ

6h|q�İȝ3Ğ#G¤Đŋ6ĈĢȦAEHG6ʀ

h|q�İȝ6 180°5ăæKɟ1.15h|q�İ

 
l��	 �� h|q�İȝ0ƦƭǿȠɑ5şĕǸĻ5ɘ

¦ʁ(a) ſȇƦɹʀ(b) ſȇƦëƁʀ(c) �Ʀè  
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ȝ/0+.BėǍǖ3Ó¾2ǸĻ/şĕ/�.1Gʁ

()!ʀh|q�İȝ6 180°5ăæʀſȇƦɹÜ8ſ

ȇƦëƁ6Ɍ¿3şĕ�H.1G6ʀ�ƦèÜ8Ųè

¾ĲɘŬ5şĕǸĻ6ȑ!8ō82Gɽl��	 ��(c)Ü

8l��	 ��(d)ɾʁ�H6h|q�İȝ6 180°5ăæʀ

�h|q6ĶȒ32FʀǾĤ50�IÖ}5h|qŲ

è5ŎĂ!5ê>H21(A/0Gʁ 

�ņ+.ʀBIMshallow3DGŲèXnRaw5şĕǸĻ

5h|q�İȝ3Ğ#G¤Đŋ6�8ʀh|q�İȝ

6 7.5°��/0H7ʀŲèXnRawÜ8ƦƭǿȠɑ

KǸĻD8şĕ/�Gʁ 

 

�	  tT�
 

� HF x|\5ėȜƱ341.ŲèXnRaw5şĕ

6h|q�İȝ3¤E21�06ĹĀ3ŲèXnRa

wKßŇ#G53ſǍ/0Gʁ£37ʀl��	 �� 5D

22 2 Ĥ5 HF x|\3DGȜƱǷöK�ĕ#Gʁȴ

ȏ5ɳĀ6 1 Ĥ/5ȜƱǷöʀɼ5ɳĀ6 2 Ĥ/5Ȝ

ƱǷöKŐì#Gʁù¹5x|\5Ĉ86ʀMWoX

Ųè5¾Ȟȋ6 7.5°/0Gʁ&5(Aʀl��	 �� 5Ǿ

Ɗ6ʀ1 Ĥ!5ȜƱ�H.121Ƿöɽl7�	 �� 5ȴ

1Ƿöɾ/0+.BʀçxzW/ɣFæ2h|q/Ȝ

Ʊ�H(b^lu|XnRawKǍ1G�0/ʀŲè

XnRaw5şĕâȋ/0G�0KŐì#Gʁ}ȍ3

x|\Ĥ3Ⱦ1xzW/6à§§ä6Ŀ8ʀ2Ƙū�6Ŷ

ǝ32Gʁ&5(Aʀx|\Ĥ3Ⱦ1xzW341.6ʀ

ɣFæ2h|q/ȜƱ�H(b^lu|XnRawKǍ

1.ŲèXnRawKşĕ!ʀ&HKÁƁª3Ƙ5xz

W5ŲèXnRawKşĕ#Gɽl��	 ��ɾ�0/ʀ1 Ĥ

/!5ȜƱ�H.121Ƿö/0+.BŲèXnRaw

KǸĻD8şĕ/�G0Ȉ3EHGʁ()!ʀxzWȸ

ɨ6ɋ82G0ʀɣFæ2h|q�5ȜƱƽ6ɨHG

(Aʀ&HEKǍ1.},5ŲèXnRawKşĕ#

Găæ36ʀ&5şĕǸĻKÓ¾3ǐŐ#GŉȘ60

Gʁ�ŅʀHF x|\5ėȜƱ`|[KǍ1.��/

 

l��	 �� h|q�İȝ6ŲèXnRaw5şĕǾƊ3Ü=#łɯɽɼȂ: Ǜª, ȴȂ: şĕªɾʁ  

(a) h|q�İȝ: 15°, (b) h|q�İȝ: 90°, (c) h|q�İȝ: 150°, (d) h|q�İȝ: 180° 
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šƌ#GÖĤ5ɣFæ2h|q3DGŲèXnRaw

5şĕǸĻKǣȦ#G�ĕ/0Gʁ 

 

		  s{�
 

ƄǡǬ/6ʀœ6ù3Ɏ�HGǠƦƮƧɽHFɾx|

\/5ƦƭȜƱ5ėǍÐK÷G(AʀHashimoto and 

Tokuda(1999)6ɖǔ!(mNYþs`w3ā-8ŲèX

nRaw5şĕƥɽBIMdeepɾKƫƮĀ3BɌǍ/�GB

5ɽBIMshallowɾ3ŧȎ!(ʁ�E3ʀŬªėɸ3ā-�ʀ

BIMdeep 3DGŲèXnRaw5şĕǸĻ:5łɯC HF

x|\5h|q�İȝ6ŲèXnRaw5şĕǸĻ3Ü

=#łɯ3,1.ȩ;ʀ��5ǾȪKŇ(ʁ 

(1) BIMdeep3DGŲèXnRaw5şĕǸĻ6ʀƯƮƦ

5Ʀɔ3Ğ#GǙĞƝƯ3¤Đ#G(Aʀç}ȜƱ

ƽɽȜƱƝƯɾ/0+.BȗƇ#GƦƭ5Ʀɔ3D

+.şĕǸĻ6¤Đ#Gʁǃ3ʀǙĞƝƯ6 0.5 �

�02GƫƮĀ341.ōÐ!ʀǒĴ2ƦƭǿȠɑ

6şĕ�HG®è60Gʁ  

(2) h|q�İȝ6 7.5°��/0H7ʀŲèXnRa

w5şĕǾƊ6h|q�İȝ3<0L1¤Đ%

$ʀėǍǖ3Ó¾2ǸĻ/ŲèXnRawKşĕ

#G�06âȋ/0Gʁ()!ʀÖ}5h|qB

!86h|q�İȝ6 180°5ăæʀſȇƦɹÜ

8ſȇëƁ6Ȏċ2şĕǾƊ6ŇEHG6ʀŲè

¾ĲɘŬ5şĕǸĻ6ō82Gʁ 

(3) ƄǡǬ3DGƍȡ6ʀHFx|\3DGƦƭȜƱ6ʀ

ÖĤ5çxzW/ȜƱ�H(ɣFæ2h|q5b

^lu|XnRawKǍ1G�0/ʀŲèXnRa

w5şĕ6âȋ/0G�0KǦð#Gʁ}ȍ3x|

\Ĥ3Ⱦ1xzW/6à§§ä6Ŀ8ʀ2 Ƙū�6

Ŷǝ/0Gʁ&5(Aʀx|\Ĥ3Ⱦ1xzW34

1.ɣFæ2h|q/ȜƱ�H(b^lu|Xn

RawKǍ1.ŲèXnRawKşĕ!ʀ&HKÁ

Ɓª3Ƙ5xzW5ŲèXnRawKşĕ#G�

0/ʀHFx|\ 1Ĥ /0+.BŲèXnRaw5

şĕ6âȋ/0G0şĜ�HGʁ �Ņʀɕɒŋ¹Ƴ

3Ɏ�HG HFx|\5ėȜƱ`|[3 BIMshallow

KɌǍ!ʀŲèXnRaw5şĕǸĻKŘţ#G�

ĕ/0Gʁ 

ɽ2016 ķ 2 ž 15 ŵà�ɾ 

 

|}�

 

ƄǡǬKėų#G30(FʀmNYþs`wKǍ1

(ƮƧƦ5ŲèXnRawşĕƥ3ɘ!.�ĭĉđĮ

đǡǬɞɛĦMWMɚƼǡǬZz[|ƕƄ¸ŶŪŞ3ʀ

mNY5ĕǉÜ8&5Ȟƥ3ɘ!.ƲƳǭƲŗȓǡǬ

ŔƮƧŎĂ{ƨƦǡǬɳĀɹĬź××ą3ſŐȇ2�

ÌȟK1()1(ʁ��3Ȣ!ʀƯǋ2GȬŐKȔ#

Gʁ 
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!!L(α
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!! ŷ : ƾɝƝƯ349G 2 Ƙū�KĽ�ȵ�#Ɔ�ļ
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!θL : 2 Ƙū�ŰɭǫKȠǵ#G(A5ǫ¾Òɗ5��

ɝª 
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λ : Ʀƭ5Ʀɔɽ !!=2π kɾ 

!λd : ƯƮƦ5Ʀɔɽ!!=2π kd ɾ 
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(2)(ωDN ) : ȚƋÐ�H( 1 Ƙū�Űɭǫʀ2

Ƙū�Űɭǫ 

!!σ R(ωDN ) : 1Ƙū�Űɭǫ3Ğ#G 2Ƙū�Űɭǫ5ƛ 

!!!σ Rk(x) : !!σ R(ωDN )5ɨūª 

Σ : !d3ɘ#G¾ū¶¾ūȒÀ 

!φb : HF x|\5h|qŲèȝ 

ω : Ʀƭ5ȝëƦŬɽ!!=2π f ɾ 

!ω1 ,ω2 : 2 Ƙū�3Ě�#G 2 ,5Œ¾Ʀ5ȝëƦŬ 

!ωB : ku^Sū�ȝëƦŬɽ!!=2π fBɾ 

!ωD : b^lu|ȝëƦŬ 

!ωDN : ȚƋÐ�H(b^lu|ȝëƦŬ 

!!ωN1 ,ωN2 : ȚƋÐ�H( 2Ƙū�3Ě�#G 2,5Œ¾
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d� ��418>B-:,3?"^I·qf�

 

� ��/6ȚƋÐ!( 1 Ƙū�Űɭǫ !!σ N
(1)(ωDN )Ü8 2

Ƙū�Űɭǫ !!σ N
(2)(ωDN )5ȠǵŲƥ3,1.ȥȨ#Gʁ

ƄǡǬ/6ʀ1 Ƙū�ŰɭǫÜ8 2 Ƙū�ŰɭǫKŬ

ªǖ3Ƞǵ#G(A3ʀȚƋÐ�H(ŲèXnRaw

!!SN(ωN ,θ )KƘļ5D23 !ωN −θ Ķɭ349Gɨūǖ
}ĕªɘŬ !!Si , j/Ȕǈ#Gʁ 

!!
SN(ωN ,θ )= Si , jδ i , j(ωN ,θ )

j=1

J

∑
i=1

I

∑   (A.1) 

��/ʀ !!i (=1,2,!, I)Ü8 !! j (=1,2,!, J)6ʀ&H'Hȝ
ëƦŬ0Ʀè5¾ÈǑäKŐì#Gʁ!!δ i , j(ωN ,θ )6`w
[ɘŬ/0FʀƘļKƴȷ#Gʁ 

!! 
δ i , j(ωN ,θ )=

1 for ωN i ≤ωN <ωN i+1  andθ j ≤θ <θ j+1

0 for others

⎧
⎨
⎪

⎩⎪

 (A.2) 

� l��	 � 3 1 Ƙū�Űɭǫ5Ƞǵj·|KǦ#ʁ1 Ƙ

ū � Ű ɭ ǫ !!σ N
(1)(ωDN ) 6 ʀ ļ(2.31)/ ĕ ȇ ! (

!!C1(ωDN ,θb0)0ku^Sū�KĽ�ȵ�#Ʀ5ŲèX
nRawª !!SN(1,θb0 +φb)Kļ(2.30)3�³#H7ʀęŷ
3Ƞǵ#G�06/�Gʁ!5!ʀ!ωN −θ Ķɭ341
. !!(ωN ,θ )= (1,θb0 +φb)6ļ(A.1)5D23ɨūÐ!(Ƌ
Ďƽ0}Ȍ#G06ɝE21ʁ&�/ʀHisaki(1996)0

çƑ3ʀȾ¬5 4 ƋĎƽ�5ŲèXnRawªKǍ1

.Ƙļ/ȂŁ¹Ŝ#G�0/ʀ �Ő5ȝëƦŬ!ωN Ü

8Ʀè θ 349GŲèXnRawª !!SN(ωN ,θ )KȠǵ
/�GD23!(ʁ 

!!SN(ωN ,θ )=w1Si , j +w2Si+1, j +w3Si , j+1 +w4Si+1, j+1   (A.3) 

��/ʀ !!wn (n=1,!,4)6åƋĎƽ349GŲèXnR
awª5ɏ?/0Fʀl��	 � 3Ǧ#ɭǫƛ/Ơ>Gʁ

#2J*ʀ 

!!

w1 =
ωNi+1 −ωN( ) θ j+1 −θ( )

ΔωN ⋅Δθ
, w2 =

ωN −ωNi( ) θ j+1 −θ( )
ΔωN ⋅Δθ

,

w3 =
ωNi+1 −ωN( ) θ −θ j( )

ΔωN ⋅Δθ
, w4 =

ωN −ωNi( ) θ −θ j( )
ΔωN ⋅Δθ

⎧

⎨

⎪
⎪

⎩

⎪
⎪

 

 (A.4) 

/0FʀƘļKƴȷ#Gʁ 

!!
wn

n=1

4

∑ =1  (A.5) 

�}Ųʀ2 Ƙū�Űɭǫ!!σ N
(2)(ωDN )5āǥļɽļ(2.32)ɾ

KɨūÐ#G0ʀ 

!!
σ N

(2)(ωDN )= C2(ωDN ,θbk )SN(ωN1k ,θ1k )SN(ωN2k ,θ2k )Δθb
k=1

K

∑  

 (A.6) 

0Ȕǈ/�Gʁ��/ʀ !!C2(ωDN ,θbk )6ʀļ(2.33)/ĕ
ȇ�HGǫ¾¦Ŭ/0Gʁ !!θbk (k =1,2,!,K )6h|qŲ
è3Ğ#GŒ¾Ʀ5Ʀè5ǙĞȝ/0Fʀ!![−θL , θL ]5
ǷöK0Gɽļ(2.34)ɾʁ#2J*ʀ 

!!θbk = k−1( )Δθb −θL  (A.7) 

!!Δθb =2θL K −1( )  (A.8) 

02Gʁ!!SN(ωN1k ,θ1k )Ü8 !!SN(ωN2k ,θ2k )6 2 Ƙū�KĽ

�ȵ�# 2 ,5Œ¾Ʀ5ŲèXnRawª/0Gʁļ

(A.6)5Ŭªǫ¾6ʀl��	 � 5Ƞǵj·|3ā-1.

 

l��	 � 1 Ƙū�Űɭǫ5Ƞǵj·|]t|a 

 

l��	 � ŲèXnRawª5ȂŁ¹ŜŲƥ  
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ėų#Gʁ 

(1) >$Ƞǵ#G 2 Ƙū�Űɭǫ5b^lu|ȝëƦ

ŬK !ωDN ƠAGʁ��/ƠA(b^lu|ȝëƦ

Ŭ3Ŋ".ļ(2.25)3DFǰä !! m1 ,m2( )6Ơ>Gʁ 
(2) Ƙ3ʀ(1)/ƠA(b^lu|ȝëƦŬ !ωDN /5 2

Ƙū�3Ě�#G 2 ,5Œ¾ƦK`w[ɘŬ5Ä

ǺƆ�ɽ !δ(⋅)=1ɾKƴȷ#GD23Ơĕ#Gʁ#
2J*ʀļ(A.7)/!θb =θbkKɱƘĕȇ!ʀ`w[ɘ

Ŭ5ÄǺƆ�ļ 

!!ωDN −m1ωN1 −m2ωN2 =0  (A.9) 

5Eʀ2 ,5Œ¾Ʀ5ƦŬɽ !!kN1Ü8 !!kN2ɾKȠǵ
#H7D1ʁ24ʀ!!kN26ļ(2.18)3Ǧ#¶ɺƆ�
ɽl��	 �ɾ5E !!kN1KǍ1. 

!!kN2 = kN12 +2kN1 cosθb +1  (A.10) 

0Ȕǈ/�ʀ�E3ļ(2.26)3Ǧ#¾ūɘ¦KȈő

#H7ʀļ(A.9)5įȽ6 !!kN15ɘŬɽ !! f (kN1)ɾ0
ș2#�06/�GʁƄǡǬ/6ʀLipa and 

Barrick (1986)0çƑ3ʀƘļ5ƹÐļKǍ1(ȅ

Fȿ!ȠǵɽNewton-Raphson ƥɾ/Ŭªǖ3Ȟ8

�0/ʀ !! f (kN1)=05Ȟ !!kN1 = k̂N1KƞAGʁ 

!!
kN1n+1 = kN1n − f (kN1)

∂ f (kN1) ∂kN1

⎡

⎣
⎢

⎤

⎦
⎥
kN1=kN1

n

 (A.11) 

��/ʀ !!n(=0,1,...) 6ȅFȿ!óŬKŐì!ʀ
!!∂ f (kN1) ∂kN1  6Ƙļ02Gʁ 

!!
∂ f (kN1)
∂kN1

=m1
∂ωN1
∂kN1

+m2
∂kN2
∂kN1

∂ωN1
∂kN2

  (A.12) 

24ʀļ(A.11)KȅFȿ!Ƞǵ/Ȟ8ɢʀÁƁª

!!kN1
0 3D+.Ƞǵ6ǔū#G(Aʀ2G;8ÞƅȞ

3Ⱦ1ª6ƀ>!1ʁ&�/ʀ!hN →∞  5, !!θb =00
�ĕ!(0�5ļ(A.9)5ȞƉȞKÁƁª0!.

Ǎ1(ʁ#2J*ʀ 

!!
kN1 =

ωDN
2 −1
2ωDN

⎛

⎝⎜
⎞

⎠⎟

2

  (A.13) 

/0Gʁ24ʀÁƁªKȠǵ#Gɢ3ʀ!hN →∞0

!.1G6ʀļ(A.11)KǍ1H7ʀ !hN 3Ŋ"(Ž

ɌȞ6ŇEHG5/ñɵ21ʁƄǡǬ/6ʀ

!!kN1
n+1 −kN1n <10−5KÞƅāƵ0!.ÞƅȞ !!k̂N1KƠĕ
!(ʁ�5ÞƅȞ !!k̂N1Kļ(A.10)3�³!. !!k̂N2K
ƠAʀ�HE5ƦŬɽ !!k̂N1Ü8 !!k̂N2ɾKļ(2.26)3
Ǧ#¾ūɘ¦ļ3�³#G�0/ 2 ,5Œ¾Ʀ5

ȝëƦŬKǃĕ#G�06/�Gʁ�E3ʀƘļ

5E 2 ,5Œ¾Ʀ5Ʀèɽ !θ1Ü8!θ2ɾKƠĕ#G
�06/�Gʁ 

� !!θ i =θ(i)−0.5π mi −1( ) (i =1,2)  (A.14) 

� !!

θ(1)=θb +φb
θ(2)= −π +arcsin k̂N1

k̂N2
sinθb

⎛

⎝⎜
⎞

⎠⎟
+φb

⎧

⎨
⎪

⎩
⎪

 (A.15) 

(3) ǃĕ!( 2 ,5Œ¾Ʀ5ƦŬɽ !!k̂N1Ü8 !!k̂N2ɾ5E

 
l��	 � 2 Ƙū�Űɭǫ5Ƞǵj·|]t|a 

 

l��	 � ȚƋÐ�H(ƦŬmRawĶɭ349G 2

Ƙū�KĽ�ȵ�# 2 ,5Œ¾Ʀ5ĸ¡đǖƆ� 
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ļ(2.33)/Ƞǵ!( !!C2(ωDN ,θb)0ȂŁ¹Ŝɽļ(A.3)ɾ
!.Ƞǵ!( 2 ,5Œ¾Ʀ5ŲèXnRawª

ɽ !!SN(ωN1k ,θ1k )ʀ !!SN(ωN2k ,θ2k )ɾKļ(A.6)3�³!
.Ŭªǫ¾!.18�0/ʀåb^lu|ȝëƦ

Ŭ !ωDN 349G 2 Ƙū�ŰɭǫKȠǵ/�Gʁl

��	 	 3!!φb =050�ʀ !ωN −θĶɭ349G 2 Ƙū

�ŰɭǫKȠǵ#G(A5ǫ¾ǽȹɽ>(6ʀb

^lu|ȝëƦŬ !ωDN 5ǳªȂɾKǦ#ʁl��	 	 

(a)−(d)6ʀļ(2.25)3Ǧ# !ωDN 5ɳĀƚ3ŠǏ!.

1GʁėȂÜ8ǢȂ6ʀ&H'HƦŬ !!kN1Ü8!!kN25

Œ¾Ʀ5ǫ¾ǽȹKŐì!ʀɼȂÜ8ȴȂ6ʀ&

H'H  !!h=10 mÜ8  !!h=100 m5ăæ5ǫ¾ǽȹK

Őì#Gʁļ(A.6)5ǫ¾6b^lu|ȝëƦŬ/

Ơ>Gǫ¾ǽȹ3ƣ+.ėų#Gʁ£37ʀ

!!(ωDN ,θb)= (−1.5,0) 50�ʀƦŬ !!kN1 5Œ¾Ʀ5

!!(ωN1 ,θ1)6l��	 	(a)�5ɼ�ʀƦŬ !!kN25Œ¾Ʀ
5 !!(ωN2 ,θ2)6l��	 	(a)�5Ǖ�02Fʀ�HE5
�Ȇ349GŲèXnRawªKȂŁ¹Ŝ!. 2

Ƙū�Űɭǫ5Ƞǵ3Ǎ1Gʁ&!.ʀ !θb 6

!![−θL ,0]5Òɗ341.6ʀėȂǞØ5Ų3ʀ!![0,θL ]

 
l��	 	 Ķɭ349G 5ǳªȂɽɼȂ: ʀȴȂ: ɾʁ 

(a) , (b) , (c) , (d)  
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5Òɗ341.6ʀǢȂǞØ5Ų3ɱƘǫ¾Kɇ

A.197ʀ!!ωDN = −1.5349G 2 Ƙū�Űɭǫ

ɽ#2J*ʀ!!σ N
(2)(−1.5)ɾ6Ƞǵ/�Gʁ>(ʀl

��	 	 3Ǧ#D23āƄǖ3ǫ¾ǽȹ6ƝƯ3¤

Đ!.ĆÐ#Gʁǃ3ʀ!!ωDN >0.5Ü8 !!ωDN <1.55
Ƿö341.ǫ¾ǽȹ5ĆÐ6ĉ�1ʁ�5(Aʀ

�HE5Ƿö349G 2 Ƙū�Űɭǫ6ƝƯ3¤

Đ!.ĆÐ#Gʁ  

��5D23!.ʀ#;.5 !ωDN 3Ğ!.l��	 � Ü8

l��	 �5j·|/ 1ƘÜ8 2Ƙū�ŰɭǫKȠǵ#H

7ʀǉȪǖ2b^lu|XnRawKŇG�06/�

Gʁ 

 

d� ��-254�021.�3 Q\)o8�crECxf�

 

�ŲèXnRaw5şĕ6ʀmNY5ĕǉ3ā-97ʀ

ļ(2.48)5�ŅǣǇ¾ĲKŽĉÐ#H7D1ʁ�H6ʀ

0GeNg|gur|[ γ 3ɘ!.ʀļ(2.48)5ŚŬ
ɍɽ#2J*ʀļ(2.52)ɾ5Žġ��ȞKƞAG�0

3Ǚŀ#Gʁ��/6ʀHouseholder ĆŢKǍ1(ļ

(2.52)5Žġ��Ȟƥ3,1.ȥȨ#Gʁ 

�ļ(2.52)5¾ū¶¾ūȒÀ!Σ−16Ö�ȒÀɽ�	 � Ûƿɾ

/0G�0KȈő#G0ʀļ(2.52)6Ƙļ/ż�Ţ3

G�06/�Gʁ 

!!! f (x)= ax−b
2
+γ 2 Dx

2
 (B.1) 

��/ʀ!a6Ƙ°!K ×L 5ȒÀʀ!x6Ƙ° !L5mRawʀ

!b6Ƙ° !K 5mRawʀ !D6 !L Ƙ5ƙŲȒÀ/0Gʁ

�E3ʀļ(B.1)K 

!!! f (x)= ZX
2

 (B.2) 

!!
Z= a b

γD 0
⎛

⎝
⎜

⎞

⎠
⎟ , X = x 0

0 −1
⎛

⎝⎜
⎞

⎠⎟
 (B.3) 

0ż�Ţ3ʀ Householder ĆŢKɌǍ#Gʁ24ʀ !Z

6Ƙ° !! K +L( )× L+1( )5ȒÀʀ!X6Ƙ° !! L+1( )×25ȒÀ
/0Gʁ 

� Householder ĆŢ6ʀ�Ő5ȒÀ3Ğ!.ɓŸĆŢ

KȅFȿ#�0/ QR ¾Ȟɽǘ�ȒÀ0�~ȝȒÀ3

¾Ȟɾ#GB5/0FʀȒÀ !ZK !! L+1( )Ƙ5�~ȝȒ
À3ĆŢ#G�06/�GʁHouseholder ĆŢȒÀ !H

6ʀƘļ5D23ĕȇ�HGʁ 

!!!H=E−2wwt  (B.4) 

!
w = u− v

u− v
 (B.5) 

��3ʀ!E6Ö�ȒÀʀ!u6�Ő5mRawʀ!v6!u5
ɓŸĆŢŅ5mRaw/0Gʁ�ʀ !Z3 Householder

ĆŢKɌǍ#G�0/ʀ 

 !!!

HZ=

z1,1 ! z1,L+1
" #

0 zL+1,L+1
0

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

 (B.6) 

KŇEH(B50#Gʁ�50�ʀļ(B.2)5ãȽ6ʀ 

 !!!

HZX
2
=

z1,1 ! z1,L
" #

0 zL ,L

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
x−

z1,L+1
#

zL ,L+1

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

2

+ zL+1,L+12  (B.7) 

02Gʁļ(B.7)5ãȽǱ 1 ɰ5Eļ(B.2)0G16ļ

(2.52)5Žġ��Ȟ !!x̂6 

 !!!

z1,1 ! z1,L
" #

0 zL ,L

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
x =

z1,L+1
#

zL ,L+1

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

 (B.8) 

5Ȟ0!.ęŷ3ƞAEHGʁļ(B.7)5ãȽǱ 2 ɰ

ɽ#2J*ʀ!!zL+1,L+1
2 ɾ6!!! f (x̂)0}Ȍ#G�05EʀȜ

Ʊȧİ5XT|wKŐì#GeNg|gur|[ !α 2

6ʀļ(2.63)3ā-�ʀ 

!!α
2 = zL+1,L+12 K  (B.9) 

/ŇEHGʁ 

�Ë3.ʀABICB>( HouseholderĆŢ5ǾƊɽļ(B.8)ɾ

KǍ1G�0/ęŷ3Ƞǵ#G�06/�Gʁļ

(2.65) / ABIC KȠǵ#Gɢʀļ(2.58)/ĕȇ!( !c5
ȒÀļ

!
c 6ŉȘ02Gʁ

!
c 6ʀļ(B.8)5įȽ5ȒÀ

5ĞȝŒ¾ !!zl ,l5E 

!!!
c = zl ,l2

l=1

L

∏  (B.10) 

/ŇEHGʁ��3ʀ !!l (=1,2,!,L)6ļ(B.8)5įȽ5
ȒÀ5ȘǻǑä/0Gʁ!5!26Eʀļ(B.10)5D

23�ǫK0G0ʀMz\|j·|6ǌ"ʀ ABIC 6

Ƞǵ/�21âȋŋ60Gʁ&5(Aʀ��/6ʀ 

!!!
ln c = lnzl ,l2

l=1

L

∑  (B.11) 

KȠǵ!ʀMz\|j·|6ǌ"21D23!(ʁ!

(6+.ʀļ(B.9)0ļ(B.11)Kļ(2.65)3�³#H7ʀ 
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!!
ABIC = K lnzL+1,L+12 −Llnγ 2 + lnzl ,l2

l=1

L

∑ +C  (B.12) 
02FʀABIC Kęŷ3Ƞǵ#G�06/�Gʁ 
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