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𝒖 𝒚ሶ𝒙 = 𝒇(𝒖, 𝒙)
𝒚 = 𝒈(𝒖, 𝒙)

𝒖, 𝒚 𝒇, 𝒈

𝒇, 𝒈, 𝒚 𝒖

𝒇, 𝒈, 𝒖 𝒚
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L = 150lb ⋅ 14.7ft

m = 72slug ≈ 1050kg

LPP = L/m

Curtiss JN4
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Clp Clβ
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➢ Ψ

➢ Θ
Ψ

➢ Φ
Ψ
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𝑑𝚷

𝑑𝑡
= 𝐅

𝑑𝐊O

𝑑𝑡
=  𝐌O

𝚷 = 𝑚𝐕O 𝐊O = 𝐈𝛀

𝐈 =

𝐼𝑥𝑥 0 −𝐼𝑥𝑧

0 𝐼𝑦𝑦 0

−𝐼𝑥𝑧 0 𝐼𝑧𝑧

𝑑𝐜

𝑑𝑡
=

ሚ𝛿𝐜

ሚ𝛿𝑡
+ 𝛀 × 𝐜
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𝑋𝐴 = 𝑋𝐴0
+

𝜕𝑋𝐴

𝜕𝑈
∆𝑈 +

𝜕𝑋𝐴

𝜕𝑊
∆𝑊 +

𝜕𝑋𝐴

𝜕𝑄
∆𝑄 +

𝜕𝑋𝐴

𝜕𝛿𝐸
∆𝛿𝐸 +

𝜕𝑋𝐴

𝜕𝛿𝑇
∆𝛿𝑇 + ⋯

𝑌𝐴 = 𝑌𝐴0
+

𝜕𝑌𝐴

𝜕𝑉
∆𝑉 +

𝜕𝑌𝐴

𝜕𝑃
∆𝑃 +

𝜕𝑌𝐴

𝜕𝑅
∆𝑅 + +

𝜕𝑌𝐴

𝜕𝛿𝐴
∆𝛿𝐴 +

𝜕𝑌𝐴

𝜕𝛿𝑅
∆𝛿𝑅 + ⋯

𝑓 𝑥0

𝑓 𝑥

𝑦

𝑥𝑥0 𝑥

𝑓 𝑥

𝑓 𝑥 = 𝑓 𝑥0 + 𝑓 1 𝑥0

𝑥 − 𝑥0

1!
+ 𝑓 2 𝑥0

𝑥 − 𝑥0
2

2!
+ ⋯ + 𝑅𝑛 𝑥, 𝑥0
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𝑋𝜉𝑖
=

1

𝑚

𝜕𝑋

𝜕𝜉𝑖
𝑌𝜉𝑖

=
1

𝑚

𝜕𝑌

𝜕𝜉𝑖
𝑍𝜉𝑖

=
1

𝑚

𝜕𝑍

𝜕𝜉𝑖

𝐿𝜉𝑖
=

1

𝐼𝑥𝑥

𝜕𝐿

𝜕𝜉𝑖
𝑀𝜉𝑖

=
1

𝐼𝑦𝑦

𝜕𝑀

𝜕𝜉𝑖
𝑁𝜉𝑖

=
1

𝐼𝑧𝑧

𝜕𝑁

𝜕𝜉𝑖

𝐶𝑋 =
𝑋

1
2

𝜌𝑉𝑂
2𝑆

𝐶𝑌 =
𝑌

1
2

𝜌𝑉𝑂
2𝑆

𝐶𝑍 =
𝑍

1
2

𝜌𝑉𝑂
2𝑆

𝐶𝑙 =
𝐿

1
2

𝜌𝑉𝑂
2𝑆𝑏

𝐶𝑚 =
𝑀

1
2

𝜌𝑉𝑂
2𝑆 ҧ𝑐

𝐶𝑛 =
𝑁

1
2

𝜌𝑉𝑂
2𝑆𝑏

𝐶𝑗𝜉𝑖
=

𝜕𝐶𝑗

𝜕𝜉𝑖
∗

𝑢∗ =
∆𝑈

𝑉0

𝑤∗ =
∆𝑊

𝑉0
𝑞∗ =

∆𝑄 ҧ𝑐

2𝑉0

𝑣∗ =
∆𝑉

𝑉0

𝑝∗ =
∆𝑃𝑏

2𝑉0
𝑟∗ =

∆𝑅𝑏

2𝑉0

𝐶𝑋 = 𝐶𝑋0
+ 𝐶𝑋𝑢

𝑢∗ + 𝐶𝑋𝑤
𝑤∗ + 𝐶𝑋𝑞

𝑞∗ + 𝐶𝑋𝛿𝐸
𝛿𝐸 + 𝐶𝑋𝛿𝑇

𝛿𝑇 + ⋯



Δ ሶVO

Δ ሶ𝛼
Δ ሶQ

Δ ሶΘ

=

−0.0171 −3.6619 −1.0969 −32.174
−0.003 −0.7534 0.9279 0

0 −4.3115 −1.2657 0
0 0 1 0

ΔVO

Δ𝛼
ΔQ
ΔΘ

+

0.0999
−0.0016
−0.1397

0

Δ𝛿E
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u = sin ω0t +
1

2
ω1 − ω0

t2

T

u = sin ω0t + C1 ω1 − ω0

T

C2
eC1t/T − t

Usually (empirical): C1=4, C2=0.01876
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E
/Δ

t2
Normalized frequency
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➢

➢
E

/Δ
t2

Normalized frequency

ωΔt ≈ 2.3

Δt ≈
2.3

ω
≈

2π

2.7ω
≈

1

2.7
T
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E
/Δ

t2
Normalized frequency

ωΔt = 1.6 ⇒ Δt ≈
1

4
T

ωΔt = 2.1 ⇒ Δt ≈
1

3
T
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Δ ሶW
Δ ሶQ

=
0 −30

−1.64 −4.01

ΔW
ΔQ

+
0

−2.61
ΔδE

Δ ሶQ ω

ΔδE ω
,

MWΔW ω

ΔδE ω
,

MQΔQ ω

ΔδE ω
,

MδE
ΔδE ω

ΔδE ω

Δt ≈
2.3

ω
≈

2.3

8
≈ 0.3s
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uj = 

k=1

M

Aksin
2πkt

T
+ φk

Ak =
Aj

nj

Ak = Aj pk



➢ φk

➢

➢

•

➢

uj = 

k=1

M

Aksin
2πkt

T
+ φk

time s
0 10 20 30 40

𝛿 𝐴
d

eg
𝛿

𝐸
d

eg

1

0

-1

1

0

-1𝛿
𝑅

d
eg

RPF =
max uj − min uj

2 2rms uj
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•
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𝐅 ≡ E
𝜕lnL 𝚯|𝐳

𝜕𝚯

𝜕lnL 𝚯|𝐳

𝜕𝚯

T

= E −
𝜕2lnL 𝚯|𝐳

𝜕𝚯𝜕𝚯T

L 𝚯|𝐳 ≡ p 𝐳|𝚯 න

−∞

+∞

p 𝐳|𝚯 dz = 1

𝐑 =

𝜎1
2 𝜎1𝜎2𝜌1,2 ⋯ 𝜎1𝜎𝑛𝑦

𝜌1,𝑛𝑦

𝜎2𝜎1𝜌2,1 𝜎2
2 ⋯ 𝜎2𝜎𝑛𝑦

𝜌2,𝑛𝑦

⋮ ⋮ ⋱ ⋮
𝜎𝑛𝑦

𝜎1𝜌𝑛𝑦,1 𝜎𝑛𝑦
𝜎2𝜌𝑛𝑦,2 ⋯ 𝜎𝑛𝑦

2

p 𝐳|𝚯 = 2π ny|𝐑|
−N/2

exp −
1

2


k=1

N

𝐳 tk − 𝐲 tk
T𝐑−1 𝐳 tk − 𝐲 tk
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➢

𝐅 ≈ 

k=1

N
𝜕𝐲 tk

𝜕𝚯

T

𝐑−1
𝜕𝐲 tk

𝜕𝚯
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fs

fmax

fs= 2fmax

•
f 25fmax

•

fmodel =
1

s
faircraft



fs=1Hz
f1=0.1Hz
f2=0.9Hz

➢

➢

➢ fa fs
fa ≤ fs/2

➢

fa fs fmax

➢

➢
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Uout = U
R2

R1 + R2

R = ρSl

R = ρS
2π rθ

360o

Uout = U
x

L

Uout = U
θ

θmax
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•

a = ሷx

M ሷx = M ሷy + C ሶy + Ky

ሷy = ሶy = 0

a =
K

m
y
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➢ θ
➢

θ
ΩΔt

➢

➢ B

➢

➢

H = Iω

ΔH = IωΩΔt ⇒ ሶH = IωΩ

ሶH = B ሶθ + Kθ Ω =
B ሶθ + Kθ

Iω
≈

Kθ

Iω
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• α

• β 

•
ptot

➢

➢

➢

➢

K(Ma)

α =
pα1

− pα2

Kαpdyn
𝛽 =

p𝛽1
− p𝛽2

K𝛽pdyn
pdyn = ptot − pstat =

1

2
ρV2
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static pressure ports

conical 

canopy
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+

+



➢

➢ X

➢

➢ ε Y
➢

➢

➢ σ2

➢
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𝐘 = 𝐗𝚯 + 𝛆

J 𝚯 =
1

2


𝑘=1

n

𝛆2 k =
1

2
𝛆T𝛆 =

1

2
𝐘 − 𝐗𝚯 T 𝐘 − 𝐗𝚯

𝚯 = 𝐗T𝐗
−1

𝐗T𝐘

𝐏 = 𝛔2 𝐗T𝐗
−1

ෝ𝛔2 =
1

N − nx


k=1

N

𝐘 𝑡𝑘 − 𝐘 𝑡𝑘
2
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𝐘 = 𝐗𝚯 + 𝛆

𝚯 = 𝐗T𝐗
−1

𝐗T𝐘
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➢

➢

෩𝐘 = ෩𝐗𝚯 + 𝛆

𝚯 = Re ෩𝐗†෩𝐗
−1

Re ෩𝐗†෩𝐘

෩X ω = 

k=1

N

x tk exp −iωkΔt

J 𝚯 =
1

2
෩𝐘 − ෩𝐗𝚯

† ෩𝐘 − ෩𝐗𝚯



➢ ε

➢ wk

➢

➢

J 𝚯
1

2


𝑘=1

n

wk𝛆2 tk =
1

2
𝛆T𝐖𝛆 =

1

2
𝐘 − 𝐗𝚯 T𝐖 𝐘 − 𝐗𝚯

𝚯 = 𝐗T𝐖𝐗
−1

𝐗T𝐖𝐘



➢ μ

➢

➢

•

𝚯 = −𝐕12𝐕22
−1

𝐘 = 𝐗 − 𝛍 𝚯 + 𝛆

𝐘|𝐗 − 𝛍|𝛆
𝚯

−𝟏
= 𝟎

𝐘|𝐗 = 𝐔S 𝐔N
𝚺S 0
0 𝚺N

𝐕11 𝐕12

𝐕21 𝐕22

T



➢ Z
μ

➢

➢

➢

➢

➢

➢

➢

𝚯 = 𝐙T𝐗
−1

𝐙T𝐘
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•

𝐗T𝐗 = 𝐓𝚲𝐓−1

Ci =
λmax

λi

𝐗 = 𝐔𝚺𝐕−1

Ci =
𝜎max

𝜎i

T
Λ λ 

Σ σ
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•

➢ Θ0 W

➢

𝐘
𝚯0

=
𝐗
𝐀

𝚯 +
𝛆
𝛇

Θ0

A

𝚯0 = 𝐀𝚯 + 𝛇

E 𝛇𝛇T = 𝜎2𝐖

E 𝛇 = 0

𝚯 = 𝐗T𝐗 + 𝐀T𝐖−1𝐀
−1

𝐗T𝐘 + 𝐀T𝐖−1 𝚯0
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•

•

y = Θ1x1 + Θ2x2
2 + ⋯

y = Θ1x1 + Θ2x2
∗ + ⋯

x2
∗ = x2

2

y = f 𝐱, 𝚯

J 𝚯 = 

k=1

N

y tk − f 𝐱 tk , 𝚯 2
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•

t
•
•

•



➢

➢

F t

➢ R2

➢R2

• R2
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+-

+
+
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➢

𝚯 = arg max
𝚯

𝑝 𝐳|𝚯

p 𝐳|𝚯 =
1

2𝜋 𝑛𝑦 𝐑
𝑁 exp −

1

2


k=1

N

𝐳 tk − 𝐲 tk
T𝐑−1 𝐳 tk − 𝐲 tk

L 𝚯|𝐳 = p 𝐳|𝚯

J 𝚯 = −ln L 𝚯|𝐳



➢
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•

➢

➢

➢

➢

J 𝚯 =
1

2


k=1

N

𝐳 tk − 𝐲 tk
T𝐑−1 𝐳 tk − 𝐲 tk +

N

2
lndet 𝐑

𝐑 𝚯 =
1

N


k=1

N

𝐳 tk − 𝐲 tk 𝐳 tk − 𝐲 tk
T

J 𝚯 = det 𝐑

𝐆 = − 

k=1

N
𝜕𝐲 tk

𝜕𝚯

T

𝐑−1 𝐳 tk − 𝐲 tk

𝐅 = 

k=1

N
𝜕𝐲 tk

𝜕𝚯

T

𝐑−1
𝜕𝐲 tk

𝜕𝚯𝚯i = 𝚯i−1 − 𝐅i−1
−1 𝐆i−1

𝚯i = 𝚯i−1 − 𝐅i−1
−1 + λi𝐈 𝐆i−1
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•
•

➢

➢

J 𝚯 =
1

2


j=1

m

𝐳 𝜔j − 𝐲 𝜔j
†

𝐒−1 𝐳 𝜔j − 𝐲 𝜔j +
m

2
lndet 𝐒

𝐒 𝚯 =
1

N


j=1

N

𝐳 𝜔j − 𝐲 𝜔j 𝐳 𝜔j − 𝐲 𝜔j
 †

෩X fj = 

k=1

N

x tk AW−jk

A = 1 W = exp i2π/N

𝐴 = exp i 𝜔minΔt

𝑊 = exp i Δ𝜔Δt
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➢

➢

➢

+-

+
+
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➢

➢

➢

➢

•

•

•

Δ𝐗 tk+1 = 𝚽Δ𝐗 tk+1 + 𝚿𝐁Δ ሜ𝐔 tk + 𝚿𝐛x

𝚽 = e𝐀Δt

𝚿 = න

0

Δt

e𝐀𝜏dτ

𝚿 ≈ 𝐈Δt + 𝐀
Δt2

2!
+ 𝐀

Δt3

3!
+ ⋯𝚽 ≈ 𝐈 + 𝐀Δt + 𝐀2

Δt2

2!
+ ⋯



➢

➢ v(t) w(t)

➢

➢

➢

➢

ሶ𝐱 = 𝐀𝐱 t + 𝐁𝐮 t + 𝐅𝐰 t + 𝐛x 𝐱 t0 = 0

𝐲 = 𝐂𝐱 t + 𝐃𝐮 t + 𝐛y

𝐳 tk = 𝐲 tk + 𝐆𝐯 tk k = 1,...,N
F
G

𝐱 tk+1 = 𝚽ො𝐱 tk + 𝚿𝐁 ǉ𝐮 tk + 𝚿𝐛x

𝐲 tk = 𝐂𝐱 tk + 𝐃𝐮 tk + 𝐛y

ො𝐱 tk = 𝐱 tk + 𝐊 tk 𝐳 tk − 𝐲 tk

෩𝐏 tk+1 = 𝚽෩𝐏 tk 𝚽T + Δt𝐅𝐅T



𝐱 tk+1 = 𝚽ො𝐱 tk + 𝚿𝐁𝐮 tk

෩𝐏 tk+1 = 𝚽𝐏 tk 𝚽T + 𝐐

k = k + 1

𝐏 tk = 𝐈 − 𝐊 tk 𝐂 ෩𝐏 tk

ො𝐱 tk = 𝐱 tk + 𝐊 tk 𝐳 tk − 𝐲 tk

𝐊 tk = ෩𝐏 tk 𝐂T 𝐂෩𝐏 tk 𝐂T + 𝐑
−1

𝐳k

𝐱k

ො𝐱k

ො𝐱k

𝐲 tk = 𝐂𝐱 tk + 𝐃𝐮 tk

ො𝐱0, 𝐏0
R
Q



➢

➢

•

•

•

➢

➢ KC ≤1

•

• F R F

𝐊 = 𝐏𝐂T𝐑−1

J 𝚯 =
1

2


k=1

N

𝐳 tk − 𝐲 tk
T𝐑−1 𝐳 tk − 𝐲 tk +

Nny

2
ln2π +

N

2
lndet 𝐑

𝐑 𝚯 =
1

N


k=1

N

𝐳 tk − 𝐲 tk 𝐳 tk − 𝐲 tk
T

𝐀𝐏 + 𝐏𝐀T −
1

Δt
𝐏𝐂T𝐑−1𝐂𝐏 + 𝐅𝐅T = 0



➢

➢

➢

•

•

𝐱 tk+1 = ො𝐱 tk + න

tk

tk+1

𝐟 ො𝐱 t , ǉ𝐮 tk , 𝚯 dt ො𝐱 t0 = 𝐱0

𝐲 tk = 𝐠 𝐱 tk , 𝐮 tk , 𝚯

ො𝐱 tk = 𝐱 tk + 𝐊 tk 𝐳 tk − 𝐲 tk

𝐀ij ≈
𝐟i 𝐗0 + δ𝐗j𝐞j, 𝐔0, 𝚯 − 𝐟i 𝐗0 − δ𝐗j𝐞j, 𝐔0, 𝚯

2δ𝐗j

𝐂ij ≈
𝐠i 𝐗0 + δ𝐗j𝐞j, 𝐔0, 𝚯 − 𝐠i 𝐗0 − δ𝐗j𝐞j, 𝐔0, 𝚯

2δ𝐗j

෩𝐏 tk+1 = 𝚽𝐏 tk 𝚽T + Δt𝐅𝐅T

𝐏 tk = 𝐈 − 𝐊 tk 𝐂 ෩𝐏 tk



➢

➢

➢

➢

➢

➢

➢

➢

➢

➢



➢

➢ <0; tk>

➢ <0; tk+1>

•

•

𝚯k = 𝐗k
T𝐗k

−1
𝐗k

T𝐘k

𝚯k+1 = 𝐏k+1𝐗k+1
T 𝐘k+1

𝐗k+1 =
𝐗k

𝐱k+1
T 𝐘k+1 =

𝐘k

𝐲k+1
T

𝚯k+1 = 𝚯k + 𝐊k+1 𝐲k+1 − 𝐱k+1
T 𝚯k

𝐏k = 𝐗k
T𝐗k

−1

𝐏k+1 = 𝐏k − 𝐊k+1𝐱k+1
T 𝐏k

𝐊k+1 =
𝐏k𝐱k+1

1 + 𝐱k+1
T 𝐏k𝐱k+1

𝚯k+1 = 𝐏k+1 𝐗k
T𝐘k + 𝐱k+1𝐲k+1



➢

➢ λ ϵ <0;1>

➢

➢ tk+1

𝚯k+1 = 𝚯k + 𝐊k+1 𝐲k+1 − 𝐱k+1
T 𝚯k

𝐏k+1 =
1

𝜆
𝐏k − 𝐊k+1𝐱k+1

T 𝐏k

𝐊k+1 =
𝐏k𝐱k+1

𝜆 + 𝐱k+1
T 𝐏k𝐱k+1

J 𝚯
1

2


i=1

k

𝜆k−i𝛆2 i



➢

➢

➢ i-

➢ κ

• κ

𝚯 = 𝐗T𝐖𝐗
−1

𝐗T𝐖𝐘

Wii = exp −
di

2κ2

di = 

j=1

p

xij − xhj
2



➢

➢

➢

• H

• P=ZTZ+HTH

• F

Fi =
σ

j=1

nq cij
2 /sjj

2

σ
j=1

nq cij
2 /sjj − 1

𝐖𝐗 =
𝐙
𝐇

𝐂 = 𝐇𝐕

𝐏 = 𝐔𝐒𝐕T



➢

➢ <0; tk>

➢ <0; tk+1>

•

➢

෩Xk ω = 

k=1

N

x tk exp −iωkΔt

𝚯k+1 = Re ෩𝐗k+1
† ෩𝐗k+1

−1
Re ෩𝐗k+1

† ෩𝐘k+1

= ෩Xk ω + x tk+1 exp −iω N + 1 Δt

෩Xk+1 ω = 

k=1

N+1

x tk+1 exp −iω N + 1 Δt =



➢

➢

➢

𝐱a = 𝐱T 𝚯T T

ሶ𝐱a = 𝐟 𝐱a t , 𝐮 t + 𝐅a𝐰a t

𝐳 tk = 𝐲 tk + 𝐆𝐯 tk k = 1,...,N

𝐲a = 𝐠 𝐱a t , 𝐮 t

෩𝐏 tk+1 = 𝚽a tk+1
𝐏a tk 𝚽a tk+1

T + Δt𝐅a𝐅a
T

𝚽a tk+1 ≈ 𝐈 + 𝐀a tk+1 Δt + 𝐀a
2 tk+1

Δt2

2!
+ ⋯

𝐀a tk = อ
𝜕𝐟a 𝐱a t , 𝐮 t

𝜕𝐱a
𝐱a=ො𝐱a tk

𝐂a tk = อ
𝜕𝐠a 𝐱a t , 𝐮 t

𝜕𝐱a
𝐱a=𝐱a tk



➢

➢



➢ 2na+1 na

➢

➢

➢ f(χ)

➢

na=

5

𝛾 𝐏x −𝛾 𝐏x

𝛘i = ǉ𝐱 ǉ𝐱 + 𝛾 𝐏𝑥 ǉ𝐱 − 𝛾 𝐏𝑥



➢

➢

➢ Wm Wc

ො𝐱a t1 , 𝐏a t1

k = k + 1

ො𝐱a tk

ො𝛘a tk

𝛘a tk , 𝐱a tk , ෩𝐏a tk

𝐊 tk , ො𝐱a tk , 𝐏a tk

λ = α2 na + κ − na

W0
𝑚 = 𝜆/ 𝑛𝑎 + 𝜆 W0

m = λ/ na + λ + 1 − α2 + β
Wi

m = Wi
c = 1/ 2 na + λ i = 1, ⋯ 2na



➢

➢

➢

➢

➢

➢

➢



➢

➢

➢

➢

➢

➢



➢

➢

➢

➢

➢

➢ fi xi = tanh
γi

2
xi

γ



➢

➢

➢ ϕ
c

➢

𝜑 𝐮, 𝐜 = 𝜑 𝐮 − 𝐜 yi 𝐮 = 

i=1

n

wi𝜑 𝐮 − 𝐜i



➢

➢

•

•

E tk =
1

2
z tk − u tk

T z tk − u tk

W2 tk+1 = W2 tk + μ −
𝜕E

𝜕W2 tk

W2 tk+1 = W2 tk + μe2b tk u1
T tk

e2b tk = 𝑓′ 𝑦 tk z tk − u2 tk

W1 tk+1 = W1 tk + μe1b tk u0
T tk

μ



➢ Ω

➢

➢

➢

➢ Ω∈(0;1)
μ μ/(1- Ω)

W2 tk+1 = W2 tk + μe2b tk u1
T tk + Ω W2 tk − W2 tk−1

W1 tk+1 = W1 tk + μe1b tk u0
T tk + Ω W1 tk − W1 tk−1



➢

➢

γ slope coefficient

➢ λ1 λ2

➢

➢

W2 tk+1 = W2 tk + d tk − y2 tk K2
T tk

W1 tk+1 = W1 tk + μe1b tk K1
T tk



➢

➢

➢

K1 tk =
D1 tk u0 tk

𝜆1 + u0
T tk D1 tk u0 tk

K2 tk =
D2 tk u1 tk

𝜆2 + u1
T tk D2 tk u1 tk

D1 tk =
D1 tk−1 −K1 tk−1 u0

T tk−1 D1 tk−1
𝜆1

D2 tk =
D2 tk−1 −K2 tk−1 u1

T tk−1 D2 tk−1
𝜆2

d tk =
1

γ
ln

1 + z tk

1 − z tk



➢

➢

➢

➢ β
Cl

Clβ =
Cl β + Δβ − Cl β − Δβ

2Δβ



➢

➢

•

•

•

•

➢

➢

➢



TF

ξ(t) w(t)
Twin

ξ(t).w(t)



➢

➢

➢

➢

w t = sin π
t

Twin



➢

➢ Twin=0.5Trec

0.5Trec

➢

• Twin 1/5TF

➢

fmin fmax

Twin ≤ min 0.5Trec 1/5TF

Twin ≥ 20/fmax



➢

➢

➢

෨Sxx f =
2

T
X f 2 ෨Syy f =

2

T
Y f 2 ෨Sxy f =

2

T
X† f Y f

Sxx f =
1

Unr


k=1

nr

෨Sxx,k f

Syy f =
1

Unr


k=1

nr

෨Syy,k f

Syy f =
1

Unr


k=1

nr

෨Syy,k f

H f =
Sxy f

Sxx f
ො𝛾𝑥𝑦

2 f =
Sxy f

2

Sxx f Syy f

nr

U
U



➢

➢

➢

𝛾𝑥𝑖𝑦⋅𝑥j
2 f =

𝐒xiy⋅𝑥j
f

2

𝐒xixi⋅𝑥j
f 𝐒yy⋅𝑥j

f

εxj
f = Cε

1 − γxiy⋅xj
2 f

1 − γxiy⋅xj
2 f 2nd

𝐇 f = 𝐒xx
−1 f 𝐒xy f

xi

xj i≠j

Cε

Cε=0.74
nd

nd=Trec/Twin



➢

➢

➢

➢

•

•

Wi =
εi f

εmin f

−4

ҭSxx f =
σi=1

nw Wi
2 f Sxx f

σ
i=1
nw Wi

2 f
ҭγxy
2 f =

Sxy f
2

Sxx f Syy f

nw



➢

➢

•

•

•

➢

J f = 

𝑖=1

𝑛𝑤

Wi ൞
መ𝑆𝑥𝑥𝑐

− መ𝑆𝑥𝑥𝑖

ҭ𝑆𝑥𝑥

2

+
መ𝑆𝑦𝑦𝑐

− መ𝑆𝑦𝑦𝑖

ҭ𝑆𝑦𝑦

2

+
Re መ𝑆𝑥𝑦𝑐

− Re መ𝑆𝑥𝑦𝑖

Re ҭ𝑆𝑥𝑦

2

+ ቑ
Im መ𝑆𝑥𝑦𝑐

− Im መ𝑆𝑥𝑦𝑖

Im ҭ𝑆𝑥𝑦

2

+ 5
ො𝛾𝑥𝑦𝑐

2 − ො𝛾𝑥𝑦𝑖
2

ҭ𝛾𝑥𝑦
2

2

ොγxyc

2 f =
Sxyc

f
2

Sxxc
f Syyc

f
Hc f =

Sxyc
f

Sxxc
f



➢

➢

➢

➢

➢

➢

➢

δ



➢

➢

•

•

•

•

δ



➢

➢

➢

➢

•

•

δ

δ



➢

➢

➢

•

•

•

•

•

•

➢



➢ xm

➢

➢

➢

ሶ𝐱 = 𝐀S𝐱 t + 𝐁 𝐀U
𝐮 t

𝐱m t

𝐲 = 𝐂S𝐱 t + 𝐃 𝐂U
𝐮 t

𝐱m t

AS

AU



➢ xm

➢

➢

➢ AOD

•

ሶ𝐱 = 𝐀D𝐱 t + 𝐁 𝐀OD
𝐮 t

𝐱m t

𝐲 = 𝐂D𝐱 t + 𝐃 𝐂OD
𝐮 t

𝐱m t

AD

A
AOD

A



➢

➢

➢

➢ AOD

•

ሶ𝑥1

ሶ𝑥2

ሶ𝑥3

ሶ𝑥4

𝑎11 𝑎12 𝑎13 𝑎14

𝑎21 𝑎22 𝑎23 𝑎24

𝑎31 𝑎32 𝑎33 𝑎34

𝑎41 𝑎42 𝑎43 𝑎44

𝑥1

𝑥2

𝑥3

𝑥4

+

𝑏11 𝑏12

𝑏21 𝑏22

𝑏31 𝑏32

𝑏41 𝑏42

𝑢1

𝑢2
𝒚 = 𝒙;  𝒛 = 𝒚 + 𝝂

ሶ𝑥1

ሶ𝑥2

ሶ𝑥3

ሶ𝑥4

𝑎11 0 0 0
0 𝑎22 0 0
0 0 𝑎33 0
0 0 0 𝑎44

𝑥1

𝑥2

𝑥3

𝑥4

+

𝑏11 𝑏12

𝑏21 𝑏22

𝑏31 𝑏32

𝑏41 𝑏42

𝑢1

𝑢2

0 𝑎12 𝑎13 𝑎14

𝑎21 0 𝑎23 𝑎24

𝑎31 𝑎32 0 𝑎34

𝑎41 𝑎42 𝑎43 0

𝑧1

𝑧2

𝑧3

𝑧4



➢

σT

➢

➢ A σT

➢ A C
y

➢ exp(- σTt)

➢

𝐱 t = 𝐱 t exp −𝜎Tt
𝐲 t = 𝐲 t exp −𝜎Tt

ሶ𝐱 t = 𝐀 − 𝜎T𝐈 𝐱 t + 𝐁𝐮 t + 𝐅 𝐰 t

𝐲 t = 𝐂𝐱 t + 𝐃𝐮 t 𝐳 tk = 𝐲 tk + 𝐆 𝐯 tk

σ
𝐮 t = 𝐮 t exp −𝜎Tt
𝐳 t = 𝐳 t exp −𝜎Tt
𝐰 t = 𝐰 t exp −𝜎Tt
𝐯 t = 𝐯 t exp −𝜎Tt



➢ S

➢ S

➢

➢

➢

ො𝐱 tk = 𝐱 tk + 𝐒 𝐳 tk − 𝐲 tk



➢

➢

➢ σj

➢

➢

𝐱 𝜏j = 𝛔𝑗

ሶ𝐱 = f t,𝐱, 𝚯
t ∈ 𝜏j 𝜏j+1

hj 𝛔j, 𝛔j+1, 𝚯 = 𝐱 𝜏j+1ห𝛔j,𝚯 − 𝛔j+1 j = 1, … ,m − 1



➢

➢

➢

➢ 𝑎𝑥 𝑎𝑦 𝑎𝑧 𝑃 𝑄 𝑅 𝑈 𝑉 𝑊 𝜙 Θ 𝜓 ℎ
𝑈0 𝑉0

ሶU = −QW + RV − gsinΘ + ax

ሶV = −RU + PW + gcosΘsinΦ + ay

ሶW = −PV + QU + gcosΘcosΦ + az

ሶΦ = P + QsinΦtanΘ + RcosΦtanΘ
ሶΘ = QcosΦ − RsinΦ
ሶΨ = QsinΦsecΘ + RcosΦsecΘ
ሶh = UsinΘ − VcosΦsinΘ−WcosΦcosΘ



➢

➢

➢

➢

➢

➢

➢

➢

ym = Kyy t − τy + by

𝐚C = 𝐚O + 𝛀 × 𝛀 × 𝐫OC + 𝛆 × 𝐫OC



➢

➢

•

•

VC = U2 + V2 + W2

αNB = Kαatan
WNB t − τα

UNB t − τα
+ bα

𝛽NB = K𝛽asin
VNB t − τα

UNB
2 t − τα + VNB

2 t − τα + WNB
2 t − τα

+ b𝛽

𝐕NB = 𝐕C + 𝛀 × 𝐫C NB



➢ 𝑎𝑥 𝑎𝑦 𝑎𝑧 𝑃 𝑄 𝑅

➢

•

•

•

•

➢



➢

➢

• 𝑋, 𝑌, 𝑍
𝑁, 𝑀,𝑁

➢ ሶ𝑃 ሶ𝑄 ሶ𝑅

ሶU = −QW + RV − gsinΘ + 𝑋
ሶV = −RU + PW + gcosΘsinΦ + 𝑌
ሶW = −PV + QU + gcosΘcosΦ + 𝑍
ሶΦ = P + QsinΦtanΘ + RcosΦtanΘ

ሶΘ = QcosΦ − RsinΦ
ሶΨ = QsinΦsecΘ + RcosΦsecΘ
ሶh = UsinΘ − VcosΦsinΘ−WcosΦcosΘ

ሶP = PQ𝐶11 + 𝑄𝑅𝐶12 + 𝑄𝐶13 + 𝐿 + 𝑁𝐶14
ሶQ = PR𝐶21 + 𝑅2 − 𝑃2 𝐶22 − 𝑅𝐶23 + 𝑀
ሶR = PQ𝐶31 + 𝑄𝑅𝐶32 − 𝑄𝐶33 + 𝐿𝐶34 + 𝑁



➢

➢

➢

➢

➢

χ = X Y Z L M N T

ሶχi = Liχi + 𝜉i t i = 1, … ,6
Li =

0 1 0
0 0 1
0 0 0

ሶ𝐱 = 𝐟 𝐱 t , 𝛘 t , 𝚯 + 𝐰

ሶ𝛘 = 𝐋𝛘 t + 𝛏

𝐲 = 𝐠 𝐱 t , 𝚯

𝐳 tk = 𝐲 tk + 𝐯 tk

ξ



➢

➢

➢

➢



➢

➢

➢

➢

➢

➢

➢

➢



➢

➢

•

•

•

•

➢

➢

➢

➢

➢



➢

➢

•

➢

➢

➢

➢

•

➢

➢

➢

➢

➢

•
•

➢

➢



➢

➢

➢

➢

➢

➢

•

𝜎𝚯𝑖
= Pii

𝐅 ≈ 

k=1

N
𝜕𝐲 tk

𝜕𝚯

T

𝐑−1
𝜕𝐲 tk

𝜕𝚯

𝜌𝚯𝑖𝚯𝑗
=

Pij

PiiPjj

𝜎rel𝚯𝑖
= 100

𝜎𝚯𝑖

𝚯𝑖



➢

➢

➢

➢

➢

➢

•

•

•

σi =
1

N


k=1

N

zi tk − yi tk
2 i = 1, … ,ny



➢

➢

➢

➢

➢

➢ UM

➢ UC

➢ US

Ui =

1
N

σk=1
N zi tk − yi tk

2

1
N

σk=1
N zi tk

2 +
1
N

σk=1
N yi tk

2

i = 1, … ,ny



➢ UM

➢ UC

➢ US

➢
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