
+ëࡷĆĮ ࡇߟߢߡߠ �ƚżɾʕɟƚ ߣ
÷Ǖƚ $ŏʿƚɯǞŏȘ ÚƚɟɯɔƚżɾǞʲƚ żȩȘɾࡈࡏ �ǞȘƚŏɟ
+ȀŏɯɯǞ˙ƚɟɯ

�ĮĆ ÷ŏȘƇȩȘ ëżǕȩȩȀ ȩǀ CȘǃǞȘƚƚɟǞȘǃࡈ Úɟȩǀࡏ +ǕɟǞɯɾȩɔǕƚɟ �ʕɯżȩ

ߝ



θξΎ̊˨͖̊ͱ͖χϑ͖̐ ͻΎ̙̥ͱ͖;͇

vȘ ŏ $ŏʿƚɯǞŏȘ ȩɟ ÚɟȩųŏųǞȀǞɯɾǞż ŏɔɔɟȩŏżǕ ɾȩ ȒŏżǕǞȘƚ ȀƚŏɟȘǞȘǃ
ʶƚ ŏȀʶŏʿɯ ɯɾŏɟɾ ųʿ żȩȘǲƚżɾʕɟǞȘǃ ŏ

ɔɟȩųŏųǞȀǞɯɾǞż ȒȩƇƚȀ

ɾǕŏɾ ɔȀŏʕɯǞųȀʿ żȩʕȀƇ Ǖŏʲƚ ǃƚȘƚɟŏɾƚƇ ȩʕɟ Ƈŏɾŏࡏ

ࡄ ÷Ǖƚ ȒȩƇƚȀ ǃʕǞƇƚɯ Ǖȩʶ ʶƚ ȒŏǺƚ ɔɟƚƇǞżɾǞȩȘɯࡏ
ࡄ ÷Ǖƚ ȒȩƇƚȀ ɾʿɔǞżŏȀȀʿ Ǖŏɯ ʕȘǺȘȩʶȘ ɔŏɟŏȒƚɾƚɟɯ !θ ŏȘƇ ʶƚ ɾɟʿ
ɾȩ ˙ȘƇ ɾǕƚ Ȓȩɯɾ ɟƚŏɯȩȘŏųȀƚ ɔŏɟŏȒƚɾƚɟɯ ųŏɯƚƇ ȩȘ
ȩųɯƚɟʲƚƇ Ƈŏɾŏ Ȓȩɟƚ ȩȘ ɾǕǞɯ Ȁŏɾƚɟ ǞȘ Ȁƚżɾʕɟƚࡏ

ߞ



θξΎ̊˨͖̊ͱ͖χϑ͖̐ ͻΎ̙̥ͱ͖;͇

CʾƚɟżǞɯƚࡇ ĦǞɾǕ ŏ ɔŏɟɾȘƚɟࡈ żȩȒƚ ʕɔ ʶǞɾǕ ŏ ɔɟȩųŏųǞȀǞɯɾǞż ȒȩƇƚȀ
ǀȩɟ ŏȘʿ ȩȘƚ ȩǀ ɾǕƚ ǀȩȀȀȩʶǞȘǃ Ƈŏɾŏ ɯƚɾɯ ,ߝʺ) ʻߝ), . . . , (ʺȗ, ʻȗ)ࡏ

ࡏߝ _ȩɟ ȗ ɔƚȩɔȀƚࡇ ƚŏżǕ ʺǝ ∈ ,ߜ} {ߝ ʶǞɾǕ ˌƚɟȩ ǞȘƇǞżŏɾǞȘǃ ȒŏȀƚࡈ
ȩȘƚ ǞȘƇǞżŏɾǞȘǃ ǀƚȒŏȀƚࡏ CŏżǕ ʻǝ Ǟɯ ɾǕƚ ǕƚǞǃǕɾ ȩǀ ɾǕƚ ɔƚɟɯȩȘ
ǞȘ ǞȘżǕƚɯࡏ

ࡏߞ _ȩɟ ȗ �Į+ ŏɔŏɟɾȒƚȘɾɯࡇ ƚŏżǕ ʺǝ Ǟɯ ɾǕƚ ɯǞˌƚ ȩǀ ɾǕƚ ŏɔŏɟɾȒƚȘɾ
ǞȘ ɯɛʕŏɟƚ ǀƚƚɾࡏ CŏżǕ ʻǝ Ǟɯ ɾǕƚ ȒȩȘɾǕȀʿ ɟƚȘɾ ǞȘ ƇȩȀȀŏɟɯࡏ

ࡏߟ _ȩɟ ȗ ɯɾʕƇƚȘɾɯࡇ ƚŏżǕ ʺǝ ∈ {]ɛƙɫǔ., ãȧɑǔ., �ʑȗ., ãƙȗ.}
ǞȘƇǞżŏɾǞȘǃ żȀŏɯɯ ʿƚŏɟࡏ CŏżǕ ʻߝ ∈ ,ߜ} {ߝ ʶǞɾǕ ˌƚɟȩ ǞȘƇǞżŏɾǞȘǃ
ɾǕƚ ɯɾʕƇƚȘɾ Ǖŏɯ Șȩɾ ɾŏǺƚȘ ȒŏżǕǞȘƚ ȀƚŏɟȘǞȘǃࡈ ȩȘƚ
ǞȘƇǞżŏɾǞȘǃ ɾǕƚʿ Ǖŏʲƚࡏ

áƚżȩɟƇ ŏȘʿ ʕȘǺȘȩʶȘ ɔŏɟŏȒƚɾƚɟɯ ȩǀ ʿȩʕɟ ȒȩƇƚȀࡏ ĦǕŏɾ ʶȩʕȀƇ
ųƚ ŏ ǃʕƚɯɯ ǀȩɟ ɾǕƚǞɟ ʲŏȀʕƚɯࡐ mȩʶ ʶȩʕȀƇ ʿȩʕ żȩȘ˙ɟȒ ȩɟ ɟƚ˙Șƚ

ɾǕǞɯ ǃʕƚɯɯ ʕɯǞȘǃ Ƈŏɾŏࡐ ߟ



θξΎ̊˨͖̊ͱ͖χϑ͖̐ ͻΎ̙̥ͱ͖;͇

4ŏɾŏɯƚɾࡇ ,ߝʺ) ʻߝ), . . . , (ʺȗ, ʻȗ)

4ƚɯżɟǞɔɾǞȩȘࡇ _ȩɟ ȗ ɔƚȩɔȀƚࡇ ƚŏżǕ ʺǝ ∈ ,ߜ} {ߝ ʶǞɾǕ ˌƚɟȩ ǞȘƇǞżŏɾǞȘǃ
ȒŏȀƚࡈ ȩȘƚ ǞȘƇǞżŏɾǞȘǃ ǀƚȒŏȀƚࡏ CŏżǕ ʻǝ Ǟɯ ɾǕƚ ǕƚǞǃǕɾ ȩǀ ɾǕƚ ɔƚɟɯȩȘ
ǞȘ ǞȘżǕƚɯࡏ

�ȩƇƚȀࡇ

ߠ

:L:::::::::.':D
Parameters:
62, faug,ma n y _ µ

( Y,Y ) faug may
height¢

0 , 1 with y = {Ifx .-o , y.-mug
+1110,8,

probositz '12142
I f ×.-l,y. .taught196)

6 4 1
humpy.random.random



θξΎ̊˨͖̊ͱ͖χϑ͖̐ ͻΎ̙̥ͱ͖;͇

4ŏɾŏɯƚɾࡇ ,ߝʺ) ʻߝ), . . . , (ʺȗ, ʻȗ)

4ƚɯżɟǞɔɾǞȩȘࡇ _ȩɟ ȗ �Į+ ŏɔŏɟɾȒƚȘɾɯࡇ ƚŏżǕ ʺǝ Ǟɯ ɾǕƚ ɯǞˌƚ ȩǀ ɾǕƚ
ŏɔŏɟɾȒƚȘɾ ǞȘ ɯɛʕŏɟƚ ǀƚƚɾࡏ CŏżǕ ʻǝ Ǟɯ ɾǕƚ ȒȩȘɾǕȀʿ ɟƚȘɾ ǞȘ ƇȩȀȀŏɟɯࡏ

�ȩƇƚȀࡇ

ߡ

m i n = 35058ft. y . . C .X x
H (O, G )

M a x = 5000s qf t

¥ i f3¥ ] H ,- )
-

L t Uniff-U,r ]dro.ua#ormy=c.x~/
"Ingrid" t

y , @tUuitfii3J.x
Using data: find c - $ 5 ✓ = $ 1



θξΎ̊˨͖̊ͱ͖χϑ͖̐ ͻΎ̙̥ͱ͖;͇

4ŏɾŏɯƚɾࡇ ,ߝʺ) ʻߝ), . . . , (ʺȗ, ʻȗ)

4ƚɯżɟǞɔɾǞȩȘࡇ _ȩɟ ȗ ɯɾʕƇƚȘɾɯࡇ ƚŏżǕ
ʺǝ ∈ {]ɛƙɫǔ., ãȧɑǔ., �ʑȗ., ãƙȗ.} ǞȘƇǞżŏɾǞȘǃ żȀŏɯɯ ʿƚŏɟࡏ CŏżǕ
ʻߝ ∈ ,ߜ} {ߝ ʶǞɾǕ ˌƚɟȩ ǞȘƇǞżŏɾǞȘǃ ɾǕƚ ɯɾʕƇƚȘɾ Ǖŏɯ Șȩɾ ɾŏǺƚȘ
ȒŏżǕǞȘƚ ȀƚŏɟȘǞȘǃࡈ ȩȘƚ ǞȘƇǞżŏɾǞȘǃ ɾǕƚʿ Ǖŏʲƚࡏ

�ȩƇƚȀࡇ

ߢ

•
1

114 114 114 1/4

x ~ Unit[fresh,soph,Jun,Sen.]

{if
X--fresh, y e t w i t hprob. O

i f X .soph, y - j with prob. - 0 5

if--I..Sen, y = L w i th prob. a s



;˨͖ϻ̥ ̊˨І̥χ ̐ͱ˨χχ͖͖̥͂ξ

bȩŏȀࡇ

ࡄ $ʕǞȀƇ ŏ ɔɟȩųŏųǞȀǞɯɾǞż ȒȩƇƚȀ ǀȩɟ ŏ ųǞȘŏɟʿ żȀŏɯɯǞ˙żŏɾǞȩȘ
ɔɟȩųȀƚȒࡏ

ࡄ CɯɾǞȒŏɾƚ ɔŏɟŏȒƚɾƚɟɯ ȩǀ ɾǕƚ ȒȩƇƚȀࡏ
ࡄ _ɟȩȒ ɾǕƚ ȒȩƇƚȀ ƇƚɟǞʲƚ ŏ żȀŏɯɯǞ˙żŏɾǞȩȘ ɟʕȀƚ ǀȩɟ ǀʕɾʕɟƚ
ɔɟƚƇǞżɾǞȩȘɯ ɾǕƚ �ŏǞʲƚ $ŏʿƚɯ +ȀŏɯɯǞ˙ƚɟࡏ

ߣ

#



χθ˨ͻ θξ̥̙͖̐ϑ͖Ύ;

$ȩɾǕ ɾŏɟǃƚɾ ȀŏųƚȀɯ ŏȘƇ Ƈŏɾŏ ʲƚżɾȩɟɯ ŏɟƚ ųǞȘŏɟ ʿࡏ
ߤ

' 2 X , d Y ,

X u

Xu J u



θξΎ̊˨͖̊ͱ͖χϑ͖̐ ͻΎ̙̥ͱ ͂Ύξ ̥ͻ˨͖ͱ

ÚɟȩųŏųǞȀǞɯɾǞż ȒȩƇƚȀ ǀȩɟ ࡈʶȩɟƇɯࡷȩǀࡷųŏǃ ȀŏųƚȀ ɔŏǞɟ (ʾ, ʻ)ࡇ
ࡄ ëƚɾ ʻ = ߜ ʶǞɾǕ ɔɟȩųŏųǞȀǞɾʿ ɑ(ʻ = ࡈ(ߜ ʻ = ߝ ʶǞɾǕ ɔɟȩųŏųǞȀǞɾʿ
ɑ(ʻ = (ߝ = −ߝ ɑ(ʻ = ࡏ(ߜ

ࡄ ɑ(ʻ = (ߜ Ǟɯ ɔɟȩųŏųǞȀǞɾʿ ŏȘ ƚȒŏǞȀ Ǟɯ Șȩɾ ɯɔŏȒ ࡏǃࡏƚ ࡏ%ߥߥ
ࡄ ɑ(ʻ = (ߝ Ǟɯ ɔɟȩųŏųǞȀǞɾʿ ŏȘ ƚȒŏǞȀ Ǟɯ ɯɔŏȒ ࡏǃࡏƚ ࡏ%ߝ

ࡄ vǀ ʻ = ࡈߜ ǀȩɟ ƚŏżǕ ǝࡈ ɯƚɾ ʺǝ = ߝ ʶǞɾǕ ɔɟȩųࡏ ɑ(ʺǝ = ߝ | ʻ = ࡏ(ߜ
ࡄ vǀ ʻ = ࡈߝ ǀȩɟ ƚŏżǕ ǝࡈ ɯƚɾ ʺǝ = ߝ ʶǞɾǕ ɔɟȩųࡏ ɑ(ʺǝ = ߝ | ʻ = ࡏ(ߝ

ĆȘǺȘȩʶȘ ȒȩƇƚȀ ɔŏɟŏȒƚɾƚɟɯࡇ
ࡄ ɑ(ʻ = ɑ(ʻ,(ߜ = ࡈ(ߝ
ࡄ ɑ(ʺߝ = ߝ | ʻ = ,(ߜ . . . ,ɑ(ʺȗ = ߝ | ʻ = ࡏ(ߜ
ࡄ ɑ(ʺߝ = ߝ | ʻ = ,(ߝ . . . ,ɑ(ʺȗ = ߝ | ʻ = ࡏ(ߝ

mȩʶ ʶȩʕȀƇ ʿȩʕ ƚɯɾǞȒŏɾƚ ɾǕƚɯƚ ɔŏɟŏȒƚɾƚɟɯࡐ

ߥ

=

4014010't!!'???
d
d



θ˨ξ˨ͻ̥ϑ̥ξ ̥χϑ͖ͻ˨ϑ͖Ύ;

áƚŏɯȩȘŏųȀƚ ʶŏʿ ɾȩ ɯƚɾ ɔŏɟŏȒƚɾƚɟɯࡇ

ࡄ ëƚɾ ɑ(ʻ = (ߜ ŏȘƇ ɑ(ʻ = (ߝ ɾȩ ɾǕƚ ƚȒɔǞɟǞżŏȀ ǀɟŏżɾǞȩȘ ȩǀ Șȩɾ
ɯɔŏȒࡕɯɔŏȒ ƚȒŏǞȀɯࡏ

ࡄ _ȩɟ ƚŏżǕ ʶȩɟƇ ǝࡈ ɯƚɾ ɑ(ʺǝ = ߝ | ʻ = (ߜ ɾȩ ɾǕƚ ƚȒɔǞɟǞżŏȀ
ɔɟȩųŏųǞȀǞɾʿ ʶȩɟƇ ǝ ŏɔɔƚŏɟɯ ǞȘ ŏ ȘȩȘࡷɯɔŏȒ ƚȒŏǞȀࡏ

ࡄ _ȩɟ ƚŏżǕ ʶȩɟƇ ǝࡈ ɯƚɾ ɑ(ʺǝ = ߝ | ʻ = (ߝ ɾȩ ɾǕƚ ƚȒɔǞɟǞżŏȀ
ɔɟȩųŏųǞȀǞɾʿ ʶȩɟƇ ǝ ŏɔɔƚŏɟɯ ǞȘ ŏ ɯɔŏȒ ƚȒŏǞȀࡏ

CɯɾǞȒŏɾǞȘǃ ɾǕƚɯƚ ɔŏɟŏȒƚɾƚɟɯ Ǟɯ ɾǕƚ ȩȘȀʿ ࢆɾɟŏǞȘǞȘǃࢅ ʶƚ ʶǞȀȀ Ƈȩࡏ

ߜߝ

-



̙Ύ;̥ Ͼ͖ϑ͑ ͻΎ̙̥ͱ͖;͇
Ύ; ϑΎ θξ̥̙͖̐ϑ͖Ύ;

ߜߝ



̐ͱ˨χχ͖͖͂̐˨ϑ͖Ύ; ξϟͱ̥

bǞʲƚȘ ʕȘȀŏųƚȀƚƇ ǞȘɔʕɾ (ʾ, ࡈ( żǕȩȩɯƚ ɾǕƚ ȀŏųƚȀ ʻ ∈ ,ߜ} {ߝ
ʶǕǞżǕ Ǟɯ Ȓȩɯɾ ȀǞǺƚȀʿ ǃǞʲƚȘ ɾǕƚ Ƈŏɾŏࡏ áƚżŏȀȀ ʾ = ,ߜ] ,ߜ ,ߝ . . . , ,ߝ ࡏ[ߜ

+ȀŏɯɯǞ˙żŏɾǞȩȘ ɟʕȀƚࡇ ȒŏʾǞȒʕȒ ŏ ɔȩɯɾƚɟǞȩɟ ɔɟȩųࡏ ��Ú ƚɯɾǞȒŏɾƚࡏ

ëɾƚɔ ࡏߝ +ȩȒɔʕɾƚࡇ

ࡄ ɑ(ʻ = ߜ | ʾ)ࡇ ɔɟȩųࡏ ʻ = ߜ ǃǞʲƚȘ ȩųɯƚɟʲƚƇ Ƈŏɾŏ ʲƚżɾȩɟ ʾࡏ
ࡄ ɑ(ʻ = ߝ | ʾ)ࡇ ɔɟȩųࡏ ʻ = ߝ ǃǞʲƚȘ ȩųɯƚɟʲƚƇ Ƈŏɾŏ ʲƚżɾȩɟ ʾࡏ

ëɾƚɔ ࡏߞ °ʕɾɔʕɾࡇ ߜ ȩɟ ߝ ƇƚɔƚȘƇǞȘǃ ȩȘ ʶǕǞżǕ ɔɟȩųŏųǞȀǞɾʿ Ǟɯ Ȁŏɟǃƚɟࡏ

ɑ(ʻ = ߜ | ʾ) ŏȘƇ ɑ(ʻ = ߝ | ʾ) ŏɟƚ żŏȀȀƚƇ ɔȩɯɾƚɟǞȩɟ ɔɟȩųŏųǞȀǞɾǞƚɯࡏ

ߝߝ



̥ϻ˨ͱϟ˨ϑ͖;͇ ϑ̥͑ θΎχϑ̥ξ͖Ύξ

mȩʶ ɾȩ żȩȒɔʕɾƚ ɾǕƚ ɔȩɯɾƚɟǞȩɟࡐ $ŏʿƚɯ ɟʕȀƚࡋ

ɑ(ʻ = ߜ | ʾ) = ɑ(ʾ | ʻ = ɑ(ʻ(ߜ = (ߜ
ɑ(ʾ) ߝ

ɔȩɯɾƚɟǞȩɟ = ȀǞǺƚȀǞǕȩȩƇ× ɔɟǞȩɟ
ƚʲǞƇƚȘżƚ ߞ

ࡄ ÚɟǞȩɟࡇ ÚɟȩųŏųǞȀǞɾʿ ǞȘ żȀŏɯɯ ߜ ɔɟǞȩɟ ɾȩ ɯƚƚǞȘǃ ŏȘʿ Ƈŏɾŏࡏ
ࡄ ÚȩɯɾƚɟǞȩɟࡇ ÚɟȩųŏųǞȀǞɾʿ ǞȘ żȀŏɯɯ ߜ ŏǀɾƚɟ ɯƚƚǞȘǃ ɾǕƚ Ƈŏɾŏࡏ

ߞߝ

-

ply.-IIX) = play.-1)P l y= D/ p ( x )



̥ϻ˨ͱϟ˨ϑ͖;͇ ϑ̥͑ θΎχϑ̥ξ͖Ύξ

bȩŏȀ Ǟɯ ɾȩ ƇƚɾƚɟȒǞȘƚ ʶǕǞżǕ Ǟɯ Ȁŏɟǃƚɟࡇ

ɑ(ʻ = ߜ | ʾ) = ɑ(ʾ | ʻ = ɑ(ʻ(ߜ = (ߜ
ɑ(ʾ) ʲɯࡏ

ɑ(ʻ = ߝ | ʾ) = ɑ(ʾ | ʻ = ɑ(ʻ(ߝ = (ߝ
ɑ(ʾ)

mȩʶ ɾȩ żȩȒɔʕɾƚ ɔȩɯɾƚɟǞȩɟɯࡇ

ࡄ vǃȘȩɟƚ ƚʲǞƇƚȘżƚ ɑ(ʾ) ɯǞȘżƚ Ǟɾ Ǟɯ ɾǕƚ ɯŏȒƚ ǀȩɟ ųȩɾǕ ɯǞƇƚɯࡏ
ࡄ ɑ(ʻ = (ߜ ŏȘƇ ɑ(ʻ = (ߝ ŏȀɟƚŏƇʿ ǺȘȩʶȘ żȩȒɔʕɾƚƇ ǀɟȩȒ
ɾɟŏǞȘǞȘǃ Ƈŏɾŏࡏ

ࡄ ɑ(ʾ | ʻ = (ߜ = ࡐ ɑ(ʾ | ʻ = (ߝ = ࡐ

ߟߝ

0 0

s o



;˨͖ϻ̥ ̊˨І̥χ

ࢆ�ŏǞʲƚࢅ $ŏʿƚɯ áʕȀƚࡇ +ȩȒɔʕɾƚ ɑ(ʾ | ʻ = (ߜ ųʿ ŏɯɯʕȒǞȘǃ
ǞȘƇƚɔƚȘƇƚȘżƚࡇ

ɑ(ʾ | ʻ = (ߜ = ɑ(ʺߝ | ʻ = (ߜ · ɑ(ʺߞ | ʻ = (ߜ · . . . · ɑ(ʺȗ | ʻ = (ߜ

ࡄ ɑ(ʺǝ | ʻ = (ߜ Ǟɯ ɾǕƚ ɔɟȩųŏųǞȀǞɾʿ ʿȩʕ ȩųɯƚɟʲƚ ʺǝ ǃǞʲƚȘ ɾǕŏɾ ŏȘ
ƚȒŏǞȀ Ǟɯ Șȩɾ ɯɔŏȒߝࡏ

� Ȓȩɟƚ żȩȒɔȀǞżŏɾƚƇ ȒƚɾǕȩƇ ȒǞǃǕɾ ɾŏǺƚ ƇƚɔƚȘƇƚȘżǞƚɯ ǞȘɾȩ
ŏżżȩʕȘɾࡏ

ࡈáƚżŏȀȀߝ ʺǝ Ǟɯ ƚǞɾǕƚɟ ߜ ʶǕƚȘ ʶȩɟƇ ǝ Ǟɯ Șȩɾ ɔɟƚɯƚȘɾࡈ ȩɟ ߝ ʶǕƚȘ ʶȩɟƇ ǝ Ǟɯ ɔɟƚɯƚȘɾࡏ

ߠߝ

→
model paramete, chosen

↳ i - z d e t a

d
CO,l , l , o ,o,..? ↳ o ,I



;˨͖ϻ̥ ̊˨І̥χ

_ǞȘŏȀ �ŏǞʲƚ $ŏʿƚɯ +ȀŏɯɯǞ˙ƚɟ

÷ɟŏǞȘǞȘǃࡕ�ȩƇƚȀǞȘǃࡇ Ćɯƚ ƚʾǞɯɾǞȘǃ Ƈŏɾŏ ɾȩ żȩȒɔʕɾƚࡇ

ࡄ ɑ(ʻ = ɑ(ʻ,(ߜ = (ߝ
ࡄ _ȩɟ ŏȀȀ ǝࡇ

ࡄ +ȩȒɔʕɾƚ ɑ(ߜ ŏɾ ɔȩɯǞɾǞȩȘ ǝ | ʻ = ߝ)ɑ,(ߜ ŏɾ ɔȩɯǞɾǞȩȘ ǝ | ʻߜ)
ࡄ +ȩȒɔʕɾƚ ɑ(ߜ ŏɾ ɔȩɯǞɾǞȩȘ ǝ | ʻ = ߝ)ɑ,(ߝ ŏɾ ɔȩɯǞɾǞȩȘ ǝ | ʻ = (ߝ

ÚɟƚƇǞżɾǞȩȘࡇ
ࡄ _ȩɟ ŏȀȀ ǝࡇ

ࡄ +ȩȒɔʕɾƚ ɑ(ʾ | ʻ = (ߜ =
∏

ǝ ɑ(ʺǝ | ʻ = (ߜ
ࡄ +ȩȒɔʕɾƚ ɑ(ʾ | ʻ = (ߝ =

∏
ǝ ɑ(ʺǝ | ʻ = (ߝ

ࡄ áƚɾʕɟȘ

ŏɟǃȒŏʾ [ɑ (ʾ | ʻ = (ߜ · ɑ (ʻ = (ߜ ,ɑ (ʾ | ʻ = (ߝ · ɑ (ʻ = [(ߝ .
ߡߝ



Ύϑ̥͑ξ ˨θθͱ͖̐˨ϑ͖Ύ;χ Ύ͂
ϑ̥͑ ̊˨І̥χ͖˨; θ̥ξχθ̥̐ϑ͖ϻ̥

ߡߝ



̊˨І̥χ͖˨; ξ̥͇ξ̥χχ͖Ύ;

÷Ǖƚ $ŏʿƚɯǞŏȘ ʲǞƚʶ ȩǀǀƚɟɯ ŏȘ ǞȘɾƚɟƚɯɾǞȘǃ ŏȀɾƚɟȘŏɾǞʲƚ ɔƚɟɯɔƚżɾǞʲƚ
ȩȘ ȒŏȘʿ ȒŏżǕǞȘƚ ȀƚŏɟȘǞȘǃ ɾƚżǕȘǞɛʕƚɯࡏ

CʾŏȒɔȀƚࡇ �ǞȘƚŏɟ áƚǃɟƚɯɯǞȩȘࡏ

ÚɟȩųŏųǞȀǞɯɾǞż ȒȩƇƚȀࡇ
ʻǝ = 〈ʾǝ,β〉+ η

ʶǕƚɟƚ ɾǕƚ η ƇɟŏʶȘ ǀɟȩȒ (ߞσ,ߜ)� Ǟɯ ɟŏȘƇȩȒ bŏʕɯɯǞŏȘ ȘȩǞɯƚࡏ

Óɛ(η = ˈ) ∼

÷Ǖƚ ɯʿȒųȩȀ ∼ ȒƚŏȘɯ Ǟɯࢅ ɔɟȩɔȩɟɾǞȩȘŏȀ ɾȩࡏࢆ ߢߝ
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μϟ͖̐ͬ ̥̐͑̐ͬ

CʾŏȒɔȀƚࡇ �ǞȘƚŏɟ áƚǃɟƚɯɯǞȩȘࡏ

ÚɟȩųŏųǞȀǞɯɾǞż ȒȩƇƚȀࡇ

ʻǝ = 〈ʾǝ,β〉+ η

ʶǕƚɟƚ ɾǕƚ η ƇɟŏʶȘ ǀɟȩȒ (ߞσ,ߜ)� Ǟɯ ɟŏȘƇȩȒ bŏʕɯɯǞŏȘ ȘȩǞɯƚࡏ

vǀ ʶƚ ǺȘƚʶ β ʶǕŏɾ Ǟɯ ɾǕƚ ȒŏʾǞȒʕȒ ŏ ɔȩɯɾƚɟǞȩɟ ��Ú ƚɯɾǞȒŏɾƚ
ǀȩɟ ʻǝ ǃǞʲƚȘ ȩųɯƚɟʲƚƇ Ƈŏɾŏ ʾǝࡐ

ߣߝ
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m
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̊˨І̥χ͖˨; ξ̥͇ξ̥χχ͖Ύ;

mȩʶ ɯǕȩʕȀƇ ųƚ ɯƚȀƚżɾ β ǀȩɟ ȩʕɟ ȒȩƇƚȀࡐ

$ŏʿƚɯǞŏȘ ŏɔɔɟȩŏżǕࡇ Ćɯƚ ��Ú ƚɯɾǞȒŏɾƚ ŏǃŏǞȘࡋ �ȩʶ ǀȩɟ
ɔŏɟŏȒƚɾƚɟ ʲƚżɾȩɟࡏ

+Ǖȩȩɯƚ β ɾȩ ȒŏʾǞȒǞˌƚࡇ

Úɟ(β | ĭ, ʿ) = Úɟ(ĭ, ʿ | β)Úɟ(β)
Úɟ(ĭ, ʿ) .

�ɯɯʕȒƚ ŏȀȀ β࢈ɯ ŏɟƚ ƚɛʕŏȀȀʿ ȀǞǺƚȀ ʿࡈ ɯȩ ʶƚ ȩȘȀʿ żŏɟƚ ŏųȩʕɾ
Úɟ(ĭ, ʿ | β) ʶǕƚȘ ȒŏʾǞȒǞˌǞȘǃࡏ

+Ǖȩȩɯƚ β ɾȩ ȒŏʾǞȒǞˌƚࡇ

Úɟ(ĭ, ʿ | β) ∼

ߤߝ



̊˨І̥χ͖˨; ξ̥͇ξ̥χχ͖Ύ;

ࡄ ʻǝ = 〈ʾǝ,β〉+ η

ࡄ ʶǕƚɟƚ ɑ(η = ˈ) ∼ ƙ−ˈߞ/σߞ

Úɟ(ĭ, ʿ | β) ∼

ߥߝ



ͱΎ͇ ͱ͖̥ͬͱ͖͑ΎΎ̙

CŏɯǞƚɟ ɾȩ ʶȩɟǺ ʶǞɾǕ ɾǕƚ Ȁȩǃ ȀǞǺƚȀǞǕȩȩƇࡇ

ŏɟǃȒŏʾ
β

Úɟ(ĭ, ʿ | β) = ŏɟǃȒŏʾ
β

ȗ∏

ǝ=ߝ
ƙ−(ʻǝ−〈ʾǝ,β〉)ߞ/σߞ

= ŏɟǃȒŏʾ
β

Ȁȩǃ
( ȗ∏

ǝ=ߝ
ƙ−(ʻǝ−〈ʾǝ,β〉)ߞ/σߞ

)

= ŏɟǃȒŏʾ
β

ȗ∑

ǝ=ߝ
−(ʻǝ − 〈ʾǝ,β〉)ߞ/σߞ

= ŏɟǃȒǞȘ
β

ȗ∑

ǝ=ߝ
(ʻǝ − 〈ʾǝ,β〉)ߞ.

+Ǖȩȩɯƚ β ɾȩ ȒǞȘǞȒǞˌƚ
∑ȗ

ǝ=ߝ(ʻǝ − 〈ʾǝ,β〉)ߞ = ‖ʿ− ĭβ‖ࡋߞߞ

÷ǕǞɯ Ǟɯ ŏ żȩȒɔȀƚɾƚȀʿ ƇǞǀǀƚɟƚȘɾ ǲʕɯɾǞ˙żŏɾǞȩȘ ǀȩɟ ɯɛʕŏɟƚƇ Ȁȩɯɯࡏ
ߜߞ



̊˨І̥χ͖˨; ξ̥͇ξ̥χχ͖Ύ;

vǀ ʶƚ ǕŏƇ ȒȩƇƚȀƚƇ ȩʕɟ ȘȩǞɯƚ η ŏɯ �ŏɔȀŏżƚ ȘȩǞɯƚࡈ ʶƚ ʶȩʕȀƇ
Ǖŏʲƚ ǀȩʕȘƇ ɾǕŏɾ ȒǞȘǞȒǞˌǞȘǃ ‖ʿ− ĭβ‖ߝ ʶŏɯ ȩɔɾǞȒŏȀࡏ

Óɛ(η = ˈ) ∼

�ŏɔȀŏżƚ ȘȩǞɯƚ Ǖŏɯ ǕƚŏʲǞƚɟࢅ ɾŏǞȀɯࡈࢆ ȒƚŏȘǞȘǃ ɾǕŏɾ Ǟɾ ɟƚɯʕȀɾɯ ǞȘ
Ȓȩɟƚ ȩʕɾȀǞƚɟɯࡏ

÷ǕǞɯ Ǟɯ ŏ żȩȒɔȀƚɾƚȀʿ ƇǞǀǀƚɟƚȘɾ ǲʕɯɾǞ˙żŏɾǞȩȘ ǀȩɟ ߝ% Ȁȩɯɯࡏ

ߝߞ



̊˨І̥χ͖˨; ξ̥͇ϟͱ˨ξ͖В˨ϑ͖Ύ;

áƚżŏȀȀ ǃȩŏȀ Ǟɯ ɾȩ ȒŏʾǞȒǞˌƚ ȩʲƚɟ βࡇ

Úɟ(β | ĭ, ʿ) = Úɟ(ĭ, ʿ | β)Úɟ(β)
Úɟ(ĭ, ʿ) .

ŏɯɯʕȒƚ ŏȀȀ β࢈ɯ ƚɛʕŏȀȀʿ ȀǞǺƚȀʿ

$ŏʿƚɯǞŏȘ ʲǞƚʶࡇ �ɯɯʕȒƚ ʲŏȀʕƚɯ ǞȘ β = [βߝ, . . . ,βƆ] żȩȒƚ ǀɟȩȒ
ɯȩȒƚ ƇǞɯɾɟǞųʕɾǞȩȘࡏ

ࡄ +ȩȒȒȩȘ ȒȩƇƚȀࡇ CŏżǕ βǝ ƇɟŏʶȘ ǀɟȩȒ ,ߜ)� γࡈ(ߞ Ǟࡏƚࡏ ȘȩɟȒŏȀȀʿ
ƇǞɯɾɟǞųʕɾƚƇࡈ ǞȘƇƚɔƚȘƇƚȘɾࡏ

ࡄ CȘżȩƇƚɯ ŏ ųƚȀǞƚǀ ɾǕŏɾ ʶƚ ŏɟƚ ʕȘȀǞǺƚȀʿ ɾȩ ɯƚƚ ȒȩƇƚȀɯ ʶǞɾǕ
ʲƚɟʿ Ȁŏɟǃƚ żȩƚǀ˙żǞƚȘɾɯࡏ

ߞߞ



̊˨І̥χ͖˨; ξ̥͇ϟͱ˨ξ͖В˨ϑ͖Ύ;

bȩŏȀࡇ żǕȩȩɯƚ β ɾȩ ȒŏʾǞȒǞˌƚࡇ

Úɟ(β | ĭ, ʿ) = Úɟ(ĭ, ʿ | β)Úɟ(β)
Úɟ(ĭ, ʿ) .

ࡄ Ħƚ żŏȘ ɯɾǞȀȀ ǞǃȘȩɟƚ ɾǕƚ ࢆƚʲǞƇƚȘżƚࢅ ɾƚɟȒ Úɟ(ĭ, ʿ) ɯǞȘżƚ Ǟɾ Ǟɯ ŏ
żȩȘɯɾŏȘɾ ɾǕŏɾ Ƈȩƚɯ Șȩɾ ƇƚɔƚȘƇ ȩȘ βࡏ

ࡄ Úɟ(β) = Úɟ(βߝ) · Úɟ(βߞ) · . . . · Úɟ(βƆ)
ࡄ Úɟ(β) ∼

ߟߞ



̊˨І̥χ͖˨; ξ̥͇ϟͱ˨ξ͖В˨ϑ͖Ύ;

CŏɯǞƚɟ ɾȩ ʶȩɟǺ ʶǞɾǕ ɾǕƚ Ȁȩǃ ȀǞǺƚȀǞǕȩȩƇࡇ
ŏɟǃȒŏʾ

β
Úɟ(ĭ, ʿ | β) · Úɟ(β)

= ŏɟǃȒŏʾ
β

ȗ∏

ǝ=ߝ
ƙ−(ʻǝ−〈ʾǝ,β〉)ߞ/σߞ ·

ȗ∏

ǝ=ߝ
ƙ−(βǝ)

ߞγ/ߞ

= ŏɟǃȒŏʾ
β

ȗ∑

ǝ=ߝ
−(ʻǝ − 〈ʾǝ,β〉)ߞ/σߞ +

Ɔ∑

ǝ=ߝ
−(βǝ)

ߞγ/ߞ

= ŏɟǃȒǞȘ
β

ȗ∑

ǝ=ߝ
(ʻǝ − 〈ʾǝ,β〉)ߞ +

σߞ

γߞ

Ɔ∑

ǝ=ߝ
(βǝ)

.ߞσ/ߞ

+Ǖȩȩɯƚ β ɾȩ ȒǞȘǞȒǞˌƚ ‖ʿ− ĭβ‖ߞߞ + σߞ

γߞ ‖β‖
ߞ
ࡏߞ

+ȩȒɔȀƚɾƚȀʿ ƇǞǀǀƚɟƚȘɾ ǲʕɯɾǞ˙żŏɾǞȩȘ ǀȩɟ ɟǞƇǃƚ ɟƚǃʕȀŏɟǞˌŏɾǞȩȘࡋ
ߠߞ



̊˨І̥χ͖˨; ξ̥͇ϟͱ˨ξ͖В˨ϑ͖Ύ;

÷ƚɯɾ ʿȩʕɟ ǞȘɾʕǞɾǞȩȘࡇ ĦǕŏɾ ȒȩƇƚȀǞȘǃ ŏɯɯʕȒɔɾǞȩȘ ǲʕɯɾǞ˙ƚɯ ��ëë°
ɟƚǃʕȀŏɟǞˌŏɾǞȩȘࡇ ȒǞȘ ‖ʿ− ĭβ‖ߞߞ + λ‖β‖ࡐߝ

ߡߞ


