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u 6789:;<=>?@ABC!

!"#$%

&'COVID-19%
P((#)*=T) =0.01

P((#)*=T|!"#$=T) =0.6

P((#)*=T|!"#$=T, &'COVID-19=T) =0.9

+,-.!"#$

+,-.!"#$/0&'1COVID-19

-.2345678

!"#$%&'#$%()*+,#

-.COVID-19#/012…
345&67(T)
85&679:(F)"#

Ø ;<=>?

Ø @ABC=DE

Ø FGHIJKLM

Ø NN

u DEFG134HIJKLM
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u '234NProbabilistic InferenceO/0'2PQRST89
UV1JKLM

OPQRS

• TUVW (Bayesian Network)

• XYZ[W (Markov Network)

• \]^_` (Conditional Random Field)

u $%&'()Probabilistic Graphical Model*

+,-./0

123456

abc;<BCd=efg;<hijklm

nopqrstuPvwxyl

z{S

| }^_~]����

� �����tu����

� ��������

�P`�S����#���F#��� ···



!"

w !"

w #$%&'(

w #$%&)*+,

w #$%&-.+,

w /0#$%&1'234

w 5-



w #$%&NBayesian Network, BNO

%&'()*+,- (1)

Ø 789:&)Directed Acyclic Graph, DAG*

Ø ;<$%=)Conditional Probability Table, CPT*

Ø 𝐺 = (𝑉, 𝐸)>?@DAGABC𝑉 = {𝑣1, 𝑣2, … , 𝑣𝑛}DEF3GHAE
DI3GHA< 𝑣𝑖, 𝑣𝑗 >)𝑖, 𝑗 = 1, 2, … , 𝑛, 𝑖¹𝑗*=JEF𝑣𝑖KEF
𝑣𝑗LMNOP𝑣𝑖Q𝑣𝑗3RSTU

Ø 𝜃=JVEFWX3GHAYZ[@EF\]^3;<$%WX

_`abcdeCPT

w BNLW
w BN=JDfghƁ = (𝐺, 𝜃)i



w !"#$%&'()

%&'()*+,- (2)

S A

B

L C

A P (A )
T 0.6
F 0.4

C B P (C|B )
T T 0.6
F T 0.4
T F 0.01
F F 0.99

B S A P (B |S , A )
T T T 0.9
F T T 0.1
T T F 0.83
F T F 0.17
T F T 0.2
F F T 0.8
T F F 0.05
F F F 0.95

S P (S )
T 0.6
F 0.4

L B P (L |B )
T T 0.8
F T 0.2
T F 0.1
F F 0.9

Ø Si “jk”

Ø Ai“lm”
Ø Bi“njop”
Ø Li“qr”

Ø Ci“stCOVID-19”

\7uvDfwuv
)xwDTyF*

XYZW[
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�d|BN

• QR¡¢£Ml
• w¤fg¥¦;<
§¨�©

ª«��hi¬ab¡
®¯°JQR

• QR��§¨�±
• QR��²³´µ¶
• ·¸J¹�¡®w¤¥
¦º»z¼½
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w BN)*+,

./01 (1)

+,��X���uvEF3;<$%WX

��?@BN ℬ = (𝐺, 𝜃)ABC𝐺 = (𝑉, 𝐸)i

ü ��EF𝑣𝑖 ∈ 𝑉xwD�7𝑟𝑖@��xw1, 2, … , 𝑟𝑖A𝑣𝑖3�E
FG�D𝜋(𝑣𝑖)��7𝑞𝑖���hH)�𝑣𝑖9�EFA�𝑞𝑖 = 1*

𝜃!"# = 𝑃(𝑣! = 𝑘|𝜋 𝑣! = 𝑗)(1 ≤ 𝑖 ≤ 𝑛)
𝜃!"# =!

ü �𝑣𝑖xwD𝑘 1 ≤ 𝑘 ≤ ri ，𝜋(𝑣!)x�𝑗�
hHA ¡WXD

abcdefg𝜃!"#hijfgℬklcmn1
lc)*hop)*qr𝜃s



w BN1)*+,

./01 (2)

ü ��?hT,ℬ3¢£¤�¥3¦§��X�G𝐷 = {𝑑1, 𝑑2, … , 𝑑𝑚}A
𝜃3¨@xw𝜃0K𝐷3©Hª«¬;<$%𝑃(𝐷|𝜃 = 𝜃0)«vA
𝑃(𝐷|𝜃 = 𝜃0)®A©Hª«¯°

ü θ3±²³Xi

𝐿 𝜃 𝐷 = 𝑃 𝐷 𝜃 =B
!

$

)𝑃(𝑑!|𝜃



w tuvwxfNMaximum Likelihood EstimationO

./01 (3)

´¬𝐷C3��X�Aµ1¶·7��)¶®$%*¸¹º»�
�¼�½¾3WXwA¿À𝜃3¨@xw𝜃 = 𝜃∗AÁ𝜃3±²³X
𝐿(𝜃│𝐷)w¶®°

)1*],����𝑑𝑎)1 ≤ 𝑎 ≤ 𝑚*A�ÂÃÄ³X

𝜒 𝑖, 𝑗, 𝑘; 𝑑& = G1,若𝑑&中𝑣! = 𝑘且𝜋 𝑣! = 𝑗
0,其他

ÅÆi



w tuvwxfNMaximum Likelihood EstimationO

./01 (4)

)2*]𝑳 𝜽 𝑫 x]XAÇQ𝜃3]X±²³Xi

𝑙 𝜃 𝐷 = log𝑃 𝐷 𝜃 = logB
&'(

$
𝑃 𝑑& 𝜃 = P

&'(

$

log𝑃 𝑑& 𝜃

= P
&'(

$

P
!'(

)

P
"'(

*!

P
#'(

+!

𝜒 𝑖, 𝑗, 𝑘; 𝑑& log 𝜃!"#

BCAP(da|𝜃)D��𝜃¡��da½¾3$%A�Di

𝑚!"# = P
&'(

$

𝜒 𝑖, 𝑗, 𝑘; 𝑑&

𝑚!"#ÈDÉ���vAÊËÌ>X�GDC\7ÍÎ
𝑣! = 𝑘和𝜋 𝑣! = 𝑗3��X



w tuvwxfNMaximum Likelihood EstimationO

./01 (5)

)3*Ï𝜃3]X±²³XÐÑDi

𝑙 𝜃 𝐷 =%
()*

+

%
,)*

-!

%
.)*

/!

𝑚(,.log 𝜃(,.

𝜃!"#∗ =

𝑚!"#

∑#'(
+! 𝑚!"#

,若P
#'(

+!

𝑚!"# > 0

1
𝑟!
,若P

#'(

+!

𝑚!"# = 0

)4*𝜃𝑖𝑗𝑘3¶®±²Ò�i

BCA
𝒎𝒊𝒋𝒌

∑𝒌%𝟏
𝒓𝒊 𝒎𝒊𝒋𝒌

=

𝑫中满足𝒗𝒊'𝒌和𝝅(𝒗𝒊)'𝒋的样本实例数
𝑫中满足𝝅(𝒗𝒊)'𝒋的样本实例数



w /0tuvwxf1)*+,y"

./01 (6)

𝒗𝟏 𝒗𝟐 𝒗𝟑

𝒗𝟏 𝒗𝟐 𝒗𝟑
𝒅𝟏 F F F
𝒅𝟐 T T T
𝒅𝟑 T T F
𝒅𝟒 F F F

��ℬ3¼d𝐺 T,ℬ3¢£¤�¥X�𝐷

\7uvDfwuv)xwDTyF*

𝑃(𝑣( = T)
𝐷CÍÎ𝑣( = T��ÓÔX

|𝐷| =
2
4

𝑃(𝑣( = F)
𝐷CÍÎ𝑣5 = F��ÓÔX

|𝐷| =
2
4
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𝒗𝟏 𝒗𝟐 𝒗𝟑
𝒗𝟏 𝒗𝟐 𝒗𝟑

𝒅𝟏 F F F
𝒅𝟐 T T T
𝒅𝟑 T T F
𝒅𝟒 F F F

v2Õ7?@�EFv1A𝜋(𝑣5)�7
𝜋(𝑣5) = Ty𝜋(𝑣5) = FÖ�hHA
�×�D�1�y�2�hH

𝜃56*∗ =
𝐷¾¿À𝑣5 = Tc𝜋(𝑣5) = TJÁknÂa

𝐷¾¿À𝜋(𝑣5) = TJÁknÂa
=
2
2

𝜃565∗ =
𝐷¾¿À𝑣5 = Tc𝜋(𝑣5) = FJÁknÂa

𝐷¾¿À𝜋(𝑣5) = FJÁknÂa
= 0



w /0tuvwxf1)*+,E"

./01 (8)

𝒗𝟏 𝒗𝟐 𝒗𝟑
𝒅𝟏 F F F
𝒅𝟐 T T T
𝒅𝟑 T T F
𝒅𝟒 F F F

𝜃58*∗ =
𝐷¾¿À𝑣5 = Fc𝜋(𝑣5) = TJÁknÂa

𝐷¾¿À𝜋(𝑣5) = TJÁknÂa
= 0

𝜃585∗ =
𝐷¾¿À𝑣5 = Fc𝜋(𝑣5) = FJÁknÂa

𝐷¾¿À𝜋(𝑣5) = FJÁknÂa
=
2
2

𝒗𝟏 𝒗𝟐 𝒗𝟑



w /0tuvwxf1)*+,E"
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𝒗𝟏 𝒗𝟐 𝒗𝟑
𝒅𝟏 F F F
𝒅𝟐 T T T
𝒅𝟑 T T F
𝒅𝟒 F F F

𝑣* 𝐓 𝐅
𝑃 𝑣* 2/4 2/4

𝑃 𝑣(

��\7EF3CPTi

𝑃 𝑣5 𝑣(
T F

T 2/2 0
F 0 2/2

𝑣*𝑣5

𝑃 𝑣6 𝑣5
T F

T 1/2 1/2
F 0 2/2

𝑣5𝑣9

𝒗𝟏 𝒗𝟐 𝒗𝟑
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w BN1-.+,

2301 (1)

ÃÄÅabÆJÇyÈÉÊ»Ë¬ÌÍÁkÆÎÏÐÑJWÒ¹�

¼d��ØÙYZÚcÖÛÜÝi

ÓÔFG

ÕChi-Square TestÖ
\]×@AFGÕConditional 

Mutual Information TestÖ

;<¢£Þß

)Conditional Independence Test*

}BN��ØÙ��Ú�\]
ÛÜM��JWÒQR

TUV@ADÝ

ÕBayesian Information 
Criterion, BICÖ

Þ

ßà��

á�âã

ÕScoring and SearchÖ
9BN:;<7=>?@ABCD



w /0BICz{|}~^1BN-.+,

2301 (2)

BICà�iO®��áâc]Iã±²³X3?�ä±

BIC ℬ 𝐷 =P
!'(

)

P
"'(

*!

P
#'(

+!

𝑚!"# log
𝑚!"#

𝑚!"∗
−P

!'(

)
𝑞!(𝑟! − 1)

2
log𝑚

ü �?å>'(¼d𝐺3æW]X±²«)Parameter Maximized 
Loglikelihood*A«v'(¼d𝐺KX�G𝐷3©Hª«°

ü �ç+,�?åèé'(AêÇQ?@��Ö@EFLMëN

O?;I3BN°

� Aìí�fåîDïðå)Penalty*Añò'(�©H°
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2301(3)

BICà�3�ói¬,ôõö÷�ªC3��øù

Ø ��BNC��EF𝑣𝑖A𝑣𝑖3.ú)Family*DviKB�EFG𝜋(𝑣𝑖)
ûüTIde34ý¼d

Ø 𝑣𝑖3.úBICà�i

BIC(< 𝑣!, 𝜋(𝑣!) > |𝐷) =P
"'(

*!

P
#'(

+!

𝑚!"# log
𝑚!"#

𝑚!"∗
−P

!'(

)
)𝑞!(𝑟! − 1

2
log𝑚

�7

BIC ℬ 𝐷 =P
!'(

)

BIC(< vi, 𝜋(𝑣!) ) > |𝐷)
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2301(4)

Ø +,þÿÝ!QBICà�¶¯3'(

ÅÆi

)1*"#¼dD9I'(A$+,%&'()*"#¼d

)2*��íI�ôI�µ+I,��-].á¼d4ý/012A
ÇQ?U34è'(

)3*��5¤4è'(WX3¶®±²Ò�ûü^3BICà�

)4*67è½.áBICà�¶¯34è¼dAÊ89:
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2301(5)

äå¹� æç𝒗𝟐 → 𝒗𝟑 èç𝒗𝟐 → 𝒗𝟒 éêç𝒗𝟑 → 𝒗𝟐
èç𝒗𝟒 → 𝒗𝟐ë
ì*íë=îï

,��-i

𝒗𝟏 𝒗𝟐

𝒗𝟑

𝒗𝟒

𝒗𝟏 𝒗𝟐

𝒗𝟑

𝒗𝟒

𝒗𝟏 𝒗𝟐

𝒗𝟑

𝒗𝟒

𝒗𝟏 𝒗𝟐

𝒗𝟑

𝒗𝟒

𝒗𝟏 𝒗𝟐

𝒗𝟑

𝒗𝟒



w /0}~^1BN-.+,g^

2301(6)

𝑉EFGHIJ@/𝐷EKL𝑉MNOPQ/𝑓EBICRSTP/𝐺0EUVBN:;
𝐺 ← 𝐺0 , 𝜽 ← 𝑳(𝜽│𝑫), 𝑜𝑙𝑑𝑆𝑐𝑜𝑟𝑒 ← 𝑓(𝐺, 𝜽|𝐷)

While true Do
𝐺∗ ← ∅; 𝜽∗ ← ∅; 𝑛𝑒𝑤𝑆𝑐𝑜𝑟𝑒 ← −∞

For WXY𝐺Z2[\]M^_`Do
abc[de[fgh[ij/kl:;𝐺’
𝜽’ ← 𝑳 𝜽, 𝑫 m 𝑡𝑚𝑝𝑆𝑐𝑜𝑟𝑒 ← 𝑓(𝐺’, 𝜽’|𝐷)
If 𝑡𝑚𝑝𝑆𝑐𝑜𝑟𝑒 > 𝑛𝑒𝑤𝑆𝑐𝑜𝑟𝑒 Then 
𝐺 ← 𝐺∗; 𝜽 ← 𝜽∗; 𝑜𝑙𝑑𝑆𝑐𝑜𝑟𝑒 ← 𝑛𝑒𝑤𝑆𝑐𝑜𝑟𝑒

End for
If 𝑛𝑒𝑤𝑆𝑐𝑜𝑟𝑒 > 𝑜𝑙𝑑𝑆𝑐𝑜𝑟𝑒 Then  

𝐺 ← 𝐺∗; 𝜽 ← 𝜽∗; 𝑜𝑙𝑑𝑆𝑐𝑜𝑟𝑒 ← 𝑛𝑒𝑤𝑆𝑐𝑜𝑟𝑒
Else Return (𝐺, 𝜽)

End while

¡M;<«i
O(|V|2×|D|)
t>nopP
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w /0BN1'234g^

*4%&'(),567 (1)

Ø =>12�Ý

?'ĘxwDe3;<cA´¬@H$%yIã$%A��BCuv
QxwDɋ3D0$%AÇQ=>3P(Q=ɋ|Ę=e)

Ø ä±12�Ý

��EF]=«3ÙÀAO5�¡MGÇQ?@ä±ó

-HÙ6I�)Importance Sampling*

-JKLMNOÃPQ)Markov Chain Monte Carlo, MCMC*

ĘiR�uvGHSQiBCuvGH
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*4%&'(),567 (2)

L=TîDR��S=TîDBCA��;<$%𝑃 𝑆 = 𝑇 𝐿 = 𝑇

Ø ?T@H$%�¥12

ÅÆi

Õ1Öðñ°��𝑃 𝑆, 𝐴, 𝐵, 𝐿, 𝐶 òó

Õ2Ö��çô���õ𝑃 𝑆, 𝐿 =
∑:,<,= 𝑃 𝑆, 𝐴, 𝐵, 𝐿, 𝐶

Õ3Ö��𝑃 𝑆 = T 𝐿 = T = >(@)6,A)6)
>(A)6)

§@@H$%�¥YU25-1@¢
£WXAÜÝ·7V¯3;<«



*4%&'(),567 (3)

Ø ´¬uvM3;<¢£6A�ó@H$%�¥

qrstuvE𝑃 𝐿 = ∑-∑.∑/∑0 𝑃 𝑆 𝑃 𝐴 𝑃 𝐵 𝑆, 𝐴 𝑃 𝐿 𝐵 𝑃 𝐶 𝐵

!"#$ %&'()*&'()

𝑃 𝑆 𝑃 𝐴 → 𝑃(𝑆, 𝐴) 4 /

𝑃(𝑆, 𝐴)𝑃 𝐵 𝑆, 𝐴 → 𝑃(𝐵, 𝑆, 𝐴) 8 /

𝑃(𝐵, 𝑆, 𝐴)𝑃 𝐿 𝐵
→ 𝑃(𝐿, 𝐵, 𝑆, 𝐴) 16 /

𝑃(𝐿, 𝐵, 𝑆, 𝐴)𝑃 𝐶 𝐵
→ 𝑃(𝐶, 𝐿, 𝐵, 𝑆, 𝐴) 32 /

𝑃(𝐶, 𝐿, 𝐵, 𝑆, 𝐴) → 𝑃 𝐶, 𝐿, 𝐵, 𝐸 / 16

𝑃 𝐶, 𝐿, 𝐵, 𝐸 → 𝑃 𝐿, 𝐵, 𝐸 / 8

𝑃 𝐿, 𝐵, 𝐸 → 𝑃 𝐿, 𝐸 / 4

𝑃 𝐿, 𝐸 → 𝑃 𝐿 / 2

+! 60 30 WÙ60XYÝy30XíÝ



*4%&'(),567 (4)

Ø ´¬uvM3;<¢£6A�ó@H$%�¥

�¢ö÷øÝS𝑃 𝐿 = ∑/𝑃(𝐿|𝐵)∑0 𝑃(𝐶|𝐵)∑-𝑃(𝑆)∑.𝑃(𝐴)𝑃(𝐵|𝑆, 𝐴)

!"#$
,-%&

'()

,-*&

'()

𝑃(𝐴)𝑃(𝐵|𝑆, 𝐴) → 𝑃(𝐵, 𝐴|𝑆) 8 /

𝑃(𝐵, 𝐴|𝑆) → 𝑃(𝐵|𝑆) / 4

𝑃(𝑆)𝑃(𝐵|𝑆) → 𝑃(𝐵, 𝑆) 4 /

𝑃(𝐵, 𝑆) → 𝑃(𝐵) / 2

𝑃(𝐶|B)𝑃(𝐵) → 𝑃(𝐶, B) 4 /

𝑃(𝐶, B) → 𝑃(𝐵) / 2

𝑃(𝐿|𝐵)𝑃(𝐵) → 𝑃(𝐿, 𝐵) 4 /

𝑃(𝐿, 𝐵) → 𝑃(𝐿) / 2

+! 20 10 çWÙ20XYÝy10XíÝ
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*4%&'(),567 (5)

Ø uvZgÝ)Variable Elimination, VE*i���ó@H�¥ÑÐ12

ÅÆi

)1*)Ɲ(𝑣1, 𝑣2, … , 𝑣𝑛)D{𝑣1, 𝑣2, … , 𝑣𝑛}3³XA¬ℱ = {𝑓1, 𝑓1, … , 𝑓𝑏}=
J?h³XABCA[@𝑓𝑖（1 ≤ 𝑖 ≤ 𝑏）[ûuvD{𝑣1, 𝑣2, … , 𝑣𝑛}3?
@-G°\�

ℱ =B
!'(

7

𝑓!

�Èℱ>Ɲ3?@�ó)Factorization*A𝑓1, 𝑓1, … , 𝑓𝑏ÈDº@�ó3
�-)Factor*°



w VEg^

*4%&'(),567 (6)

)2*Zg)Elimination*i

)ℱ = {𝑓1, 𝑓1, … , 𝑓7}D³XƝ(𝑣1, 𝑣2, … , 𝑣𝑛)3?@�óA]ƝCZ^uv

𝑣13�ªi

1*]ℱC_^\7𝑣1[û3³X))º»³XD{𝑓1, 𝑓1, … , 𝑓𝑘}*S

2*Ï`³X∑81∏!'(
# 𝑓!abℱC°

Ɲ(𝑣1, 𝑣2, … , 𝑣𝑛)
Ƙ 𝑣5, … , 𝑣9 = ∑81 aℱ(𝑣(, 𝑣5, … , 𝑣9 ÇQuv{𝑣2, … , 𝑣𝑛}

3?@³X



w VEg^

*4%&'(),567 (7)

ƁSBNùĘSúb��ùeSúb��ûüëQSýþ��ù ρS
ÿ!"��#$ë%&'(=ÃĘ∪Q¾J��

ℱ←Ɲ(𝑣1, 𝑣2, … , 𝑣𝑛) //klƁZwxHIyz{|S}MTP
~ℱM��Z/9�QHIĘ��>����e
While 𝜌 ≠ ∅Do
𝜌 ← 𝜌\{𝑍} //Z>ρZ�XYHI/9Z�ρZ��
ℱ ← Elim(ℱ, 𝑍) //`HIZab��

End While

ℎ(𝑄) ← ∏234
|ℱ| 𝑓2 //9ℱZwx��\�/klQMTPh(Q)

Return ℎ(𝑄)/∑7 ℎ(𝑄)

Elim(ℱ, 𝑍) 
ℱ←ℱ\{𝑓1, … , 𝑓𝑘}
//从ℱ中删去所有涉及𝑍
的函数{𝑓1, … , 𝑓𝑘}
𝑔←∏234

8 𝑓
!

h←∑9𝑔
ℱ←ℱ ∪ {ℎ} //9ℎ��ℱ
Return ℱ

)�Ɓ¾*Ë��(x+ûüë𝜌�ÿ!"��ËaëÐ,-.Èº/𝑥×∏()*
C

𝑥
01�ù)�Ɓ¾»2(𝑛Ë��ëÝ��3�tu³�𝑂 𝑛×𝑥ρD* 4



w VEg^y"

*4%&'(),567(8)

56VE����P(S|L=F)

Õ1Ö�7��!"#$ρ=<A, B, C>ë
ñ°���¢�ℱ={P(S), P(A), P(B|S, A),
P(L|B), P(C|B)}ù

Õ2Ö�7úbL=Fë·¸ℱ={P(S), P(A),
P(B|S, A), P(L=F|B), P(C|B)}ù

Õ3Ö!8ASA�9»Ë!"��ë¬
Ú´�J:a;P(A)cP(B|S, A)ë!8A
·¸ℱ={P(S), P(L=F|B), P(C|B), φ1(B, S)}ë
/¾ëφ1(B, S)=∑:𝑃(𝐴)𝑃(𝐵|𝑆, 𝐴)4



w VEg^y"

*4%&'(),567(9)

Õ4Ö!8BS¬Ú´�J:a;
P(L=F|B)#P(C|B)cφ1(B, S)ë!8B·¸
ℱ={P(S), φ2(S, C)}ë/¾ëφ2(S, C) = 
∑< 𝑃(𝐿 = 𝐹|𝐵)𝑃(𝐶|𝐵)𝜑*(𝐵, 𝑆)ù

Õ5Ö!8CS¬Ú´�J:a;φ2(S, C)ë
!8C·¸ℱ={P(S), φ3(S)ë/¾ëφ3(S) 
= ∑= 𝜑!

(𝑆, 𝐶)ù

Õ6Ö��h(S)= φ3(S)ù

Õ7Ö<=ℎ(𝑆)/∑@ ℎ(𝑆)4



w �v34g^

*4%&'(),567(10)

GibbsI�ic�de?@KR�Ę=e?¹3��Ɗ1îD"#��A
[?Åë].á��½ldec?@��°

ÅÆi

Õ1Öµ6>Ç9𝑖 − 1zë�𝐷(E* = 𝐷(ù

Õ2Ö?@Ë#$µ𝐷(E*¾Aúb��BËCÁù

Õ3Ö�Z;È»ËÿCÁ��ëDb�õ𝑃(𝑍|𝑚𝑏(𝑍) = 𝑧𝑖)µZCÁù

Õ4ÖPCÁ¹EFG𝐷(¾ZJ>Çûü4

Ø mb(Z)>Z3JKLMfg)YZZ3Êhi-EF�Êh�
jEF�ÚûÊhi-EF3Bk�jEF*Ì3uvGH

Ø 𝑧𝑖>mb(Z)O𝐷!C3.áxw



*4%&'(),567 (11)
ℬSBNëηSCÁ0aëĘSúb��ëeSúb��ûüëQSýþ��ë
ɋSýþ��ûüëρSAúb��CÁ#$

FG5�XY��Ɗ1/�Ę=e
If Q=ɋ Then mq←mq+1
For 𝑖 = 2 To η Do

𝑫𝒊 ←Ɗi-1

For ρZWXYHIZ Do
ɣ←∑2 𝑃(𝑧2|𝑚𝑏(𝑍)) //��ZM�XY��/zi>ZM3�����
5�XYFGPɤ∈[0, ɣ]/ZM��>

𝑍 = c
𝑧4, ɤ ≤ 𝑃(𝑧4|𝑚𝑏(𝑍))
𝑧<, 𝑃 𝑧4 𝑚𝑏 𝑍 ≤ ɤ ≤ 𝑃 𝑧4 𝑚𝑏 𝑍 + 𝑃(𝑧<|𝑚𝑏(𝑍))
…

𝐷2 ←replace(𝐷2, 𝑍)
If Q=ɋ Then mq←mq+1

Return 𝑚𝑞/𝜂
)�*Ë��Jûü:H(|𝑧|+ë/I��2(𝑐
+J°ëÝ��J3�tu³�𝑂(𝜂×𝜌×|𝑧|𝑐)



*4%&'(),567 (12)

+,GibbsI��Ýä±��P(S|L=F)

w /0Gibbs��1'234y"

Ø !"#$%&'()L=F%*+
,-./01Ɗ1={S=T, A=F, B= 
T, L=F, C=F}

Ø 2Ɗ1#$,-Ɗ2

Ø 345Ɗ2=Ɗ1={S=T, A=F, B=T, 
L=F}67.89():;<&
=,

Ø =,>?1<S, A, B, L, C>



*4%&'(),567 (13)

w /0Gibbs��1'234y"

I��ª\ci

|µSº/CÁëmb(S)%KLMAc
Bë��SJ���õP(S|A=F, B=T)ë
)�CÁ¹E�S=FëÝ(Ɗ2={S=F, 
A=F, B=T, L=F, C=F}

�µAº/CÁëN3S=Fëmb(A)%
KLMScBë��FJ���õP(A|S 
=F, B=T)4)�CÁ¹E�A=TëÝ
(Ɗ2={S=F, A=T, B=T, L=F, C=F}



*4%&'(),567 (14)

w /0Gibbs��1'234y"

�µBº/CÁëN3A=Tëmb(B)%
KLMS#A#LcCë1Në��BJ
���õP(B|S=F, A=T, L=F, C=F)ë)
�CÁ¹E�B=TëÝ(Ɗ2={S=F, A= 
T, B=T, L=F, C=F}

OµLº/CÁëN3B=Tëmb(L)%
KLMBcCë��LJ���õP(L| 
B=T, C=F)ë)�CÁ¹E�L=TëÝ
(Ɗ2={S=F, A=T, B=T, L=T, C=F}



*4%&'(),567 (15)

w /0Gibbs��1'234y"

PµCº/CÁëN3L=Tëmb(C)%

KLMBcLë��CJ���õP(C| 

B=T, L=T)ë)�CÁ¹E�C=FëÝ

(Ɗ2={S=F, A=T, B=y, L=T, C=F}ëQ

�Ɗ2JÐRü4

)�CÁ2·¸𝜂ËÁkë/¾¿À
Q=ɋJ(𝑚𝑞ËëSTJUV���

𝑃 Q=ɋ ≈
𝑚-

𝜂
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w !"

w #$%&'(

w #$%&)*+,

w #$%&-.+,

w #$%&'234

w 5-
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w 5>�6'(=Jyl2�mA>n�U�o8Ó¬3HÙÙÀ

ü $%&'(i&'(3$%6pA$%q+&q

ü $%12+�rsy�Û

w tuvw3$x�WX��y¼d��

w +,tuvw3$%12)=>12Aä±12*
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