
<데이터사이얼스를 위한 인과 추론.

L
.
IntrodafTou

1 . 1 . Peanl's Caansal Hcerarclha .

- ① Assoratlon < ylX그
② Inteventzou (

y | d .Ge3 . c

③ Comnterfaceual PLyel a', y
' 3 .

1
.

2
. Rewraw

- chain Rule .

plaibidie) = Plalbidie) p ( bl die) PCale ) ple) .

- Sum of Prodscts

,cflaiblglb ( c) h [ c , d 3 = 등 h (ad ] g (b,c )( ( fla, b))
,P ( 에b 3gsbic) h (a. d ) = ( 화마에 >]( iglb. c3 h (a. d ] ] = ig (b, g h (ad)

2
.

corugal hodelss and Grarphs .
2 . 1 .

SCM

pef Strcuataural caunsalmodel o = EV , U
, ε ,PLw ) .

_

V =Ius. . UnI : endogeneous .

ω : axogeneous{ F = f . . . fr? : e ← frEpda, i ].
P(U ) : dist

.
over W

.

2 . 2 . Properties of SCM .

① sch anduces distributzon Plu2 .

- f - ω -s V .

→ ω . γ
.
W .

이므로 V도 R
.
V
.

sPlry: layer s of PatH .

③ SCM indaces causal diagram
- repuesented as DAG .

* SCM * G .

lone -way) .

→ e ε Va node Crertex)

→ dsrected edge B→ Vo for all Ba Pln
.

→ bidivelted edge ts if whenever ii # Uz .



- Terminology :
For VEI , Parents

ㅣ
children

> 자가 자신도 포함
,

Aucestors

pescendants

siblings
③ SEou implres pcl

D : P ()=동 P ( V =v , V = u ] = 동 P ( VKV fE (Pai,i ] =v , δ=n ).
7 topological order : d a b . ( 모든 var ol parents 다음에 오도록 )

.

→ P(r3 = ( P (u) 다P ( 티↑ …처 날 ? .Cachalsrule) .

= 후 P(u] vP ( ELP ,날 ).

2 . 3 .Condtlonal Ladependence : G 가 P (V) 에 대해 의미하는 바로
- X *Y E3 P( Egl X =x ) = PLeY ].

XYY Z Ʃ> PCX = ㆍ Y)= PX=리=z).
- PCVEI K …

P 러
, u ) =PCE (P; , r) .

내

Ls maxmal set = non-descendatsof K. = ndr.

⇒ # NdiIP ,UiWol Pan ,

2
.
4

.

Markovlan Condtlou

- U . .On EUarejatly ndependent. ( E7nobidinated edge n G
)

.
> noded

.
τs called Markovlan

- Markovran factorzayzots :FCr ) = IpCu )πP ( vlpar, e ]
=

표PLvilPwparerts에산영향.
local Markov : 날 Y Adi lPIP ~~
.



2 .5 . Graph Separatlon
- ×*Y : 미셔 ,

1 ] # P( 셔 ) P(= 1) .

×YYIE . PlYIE ) =Plelz)plylz ).

- X*Y _ X YY

XLY 1 Z X *YIW

사
- × 1 Y ⑧ collider 의 descenduts 에 주의 .

× *리②
Z를 알련 *-9 렇에발생.

- Arive : ** Y

Inactave : XLY . n d- separated .
n

- AtTve 한 경로 하나라도있으면 안림
~

3
.

sdattificatron of Causal effects

3 .
1
.

scM Tnderces 22 - Distributron

-Interventron : doLyoperatom .

s grverselstixng XeW to constant c

→ transforms el to e
. [ G → G2 ) .

t an Mol

PC3= PE3PLIE) PCWLz )PlYL w : z)

PR [ H ×9) = P ( Z]P (wlE] P (ylw, ε )

- X] P (v)= P(Su? P(SP1 n ] P (R 미n ) P (W디 p)P ( S 11we).

→ P (wel sp= on) =

P (weldo [sp해)]

3. 2 .
TVncated FactozatonPRoduct

- Parx ldox))= UEUX PlEI Par ) *in a Martcovran model )
.

= 몫냄(al pux) .

( . P(a 2=니스미디코포편미디 pa×)>



s when EEX
3

, =(Pa ×

1=P (없
, Pu× )

= PCvll d . px) P ( Pax).
Ls 're - weaghtng process

"

3. 3 Sdenicticatzon Problem

" deectrable" e Plyldo (y] ) can be computedquely
← βM. (yldo (×) ) = Pu

.

[yldo(x] ) .

s M1 ,M 2 가같은G ,PG )nduce하면P ( ylo(×3 ) 가유일해야identifeable
.

( Idantificatlontn Markouanlodels)→ 항상TFP로idetifsable
.

Sanc P( V
'

/ do( x ; ]=* P (날 ( Pa는) , P(yldo(×)] = 회
Y vxPl= (말 ).

G sf I is Singleton, Plyldola] = n Ply (e, pax ) β (Pax)

of . 값x PCr
" Ie, pax 3 p (Pax) .

4
. confounding and Bactkdoon.

4. 1
. (Recap) fdentiteablersNon -dntifrable

VS .

psD (yd
.

musag] # B (
z) [y ldo(x) ) .

4. 2

.Backdoorelon.
- Confounding blas → remolable ?

of E . baatadoor cterzon rnt
.
X, Y.

efo3 no node n 4 es descendant of X
.

로{ iel abloctesevenypathbetweenX
d

Y thatcourtalns arrow Tnto X .

팬 If E satistiesback-deorcrteron ,effecton Yasdentrfrable

Plyld .(x) ) =몰 p (y / X, z ) P (z )
, Paxe hactkdoor 의 예

bidrrected 존재 ⇒ paatb로충분X.
FX)

'



- GraplorcalCondtlon :dsep x from 4 n G스

4
.
3
.
Evaluathon

- Inverse Probabelzay Werghtug ( IPW)

Plyldo( × ) ) =:P ( y( × , Z )P( E )
=출마) .
:
Pu) 에서

πwng ().

= 끝
☆쳐 ↑ 오(=Y, X* =* ZE ←Z )

=↓틀(ㆍ )ga & P( N ㆍ )

# [yldo (×)] = * 채는 α[않기
⇒ E= [ Y 1d ( 셔 ]1 - ≈ Eeld. ( ×X)]

L ' psedo causal samples
"

에서# Eyldol×]]estumate

5
. Adjustment Crtaron

5 .
1.CondtconalBafadoom.Trghtuess of Backdoor .

TyPCyldo(×3 , w )isideatifredefwozsrsfsesBakdon crterzon .

s p(yldo (×) , ω ? = 돌 P(y / X, z, w ) P (E) .

- Backdooz Crfern 은 충분조건 [ BD 2 identifcable ) .

~

LS X 의descendnt제외 >πgt .

5
. 2

. Adjustment CGferlon

( ProBen Cansal Paths 3 . path from X to E is causal if t is directed

proper of f only courtcrrns X at the

-s Desturbed
e

by adjastlng varlable
onpath(

tstsdescendantJ
.startinglout .

← pCy ldo (e))= Plyle)
⇒ 끝 Ply ( 기, z) P (z ) . (혹은 ω 로 adjat]

박 t is ademssible for adjastment f
E does not desturb any paP (s

no element n I sdescentant

3 n Gy of any wEXon apop
)
.

{ (E:) all proper
hou -canalaths n G are blocked by t

⇒ I satrsfies A .
C . ε) Plyld .(×3 )

=

홑 Plyl ×( z) P(E) .



- 찾는 순서 :

s
hidirectededge제거한뒤 찾기.

① Fandvarableson : W =PelX
]G
* ? Au(4

)

③ Determlne forbrdden varables : F = De EWIX] GX
.

s f EME # 0
, Z is not admissible

.

③ chece E bloctes all proper nos-causal parths :G
'
= GI SX→WEHJWEW, KEX로

, 다 CXYY 1 E3 G' s Eis admissible .

,
non-cobbesal Patㆍ 완 납원

.

5
. 3

. Expliayt Construcfom
β
Arlw) = Aubw] |w .

Itthere exlsts admssableset t, Zo = An ( xulFs alsoadmissble.

⇒ ff to is not aduressible ,thereexists no possplsle sepavaton.

wospMotquatlon fAlgorthm .

5
.4 .

condtroual Ignovabibey n Po Framework

* * X 1 Z

n plyldolx ] , n=plylX ,w →A .
C . 는 ε의 존재성에 대한

전담화를 제공
,

6 .

the Eansal Calacles
.

6 . 1
.
three Fxamples .

: TfP nSeit-Marteolan.

- PCVl d .( × ) )
=

동 니×
P (vl P, 날] Plu)

⇒ Plyl dolx) ) = ** Y 곧×
Plvl Paz ,) Pla)

→ Plyldo (x)] = 홑 Ply ( , z) Plz)

→ P (yld %(×) ] =, 미y |e " ? p (u
' ) .

< non -iderrfrabla : >

→
Playldls] = P /zle) 급, PlY | ( u

' ] plus )
.

8
살을 수없는 경우.

plyldolas) .

frout-door
.

. D를 block 하면 backdoon 막음
.

= Pllx? 출. Ply ( z? P ( e~.

< identifrable ! >
.

⇒ TFP 로 나타낸 뒤 , W -freeexpressn유도.



6
. 2

.

causal Calcailus
. py

constaoutt .

- Prelude :(A2 Bla )under dolx )⇒(ABI C,A) n GF
.

ESA (B ( 23 n GX

_ [Y *X] G* ←> Plyldo(k ) , ←] = Ply ldole ) ) .

{ (YYX 1 E] 스, Plyldok
), z 3= plyle ,z) .

[ EYX ] G *
←> P ( Eld) ) = P (z)

- Rule 23 model - submodel geverates same prots . → FE 로 선택
,
[F= * Y | E( w ] G'

E7 가given ⇒d-Counecton 은 >Z
←

,터트 만dreae
.

- Rale 3 )
"

change to do' - →f 터 이면 dola3 . Fzyy Lw, X n G
"

fE Z → … 항상야 .

. fa → z ← . Z ε Aulw) aG
*

. ⇒Y( Y / X( ω)GFㆍm-

6 . 3 .
Po - Calalus and fdentificatzon

θ

팬
Q

=plyldo (x33 ts idetifrable E3 Eeq ofrallsofdo- caloulns a prob. axroons

that reedances QTnto ado-fueeexprassou -

Λ∠ √

- 유도) P ( aldo (s)] = 초 p (els ]춤 , P ( ls; t ) p(s
' ) . ⑤ e ⑤ -2 @

Lemma Q is not identifsable n G ⇒
G
←에서 mot derfrable .

Tdentifiable n G ⇒ G 에서도 Tdentrfable.

TI brdcreated path y to Lts childern Plulldolx] is not identifrable .

6
.4 . Sumpson

'
s Paradox

와

⇒

alway

'

s hold
.

pf㎥



13 .AlgorimC ID .

7 .

1
. C- FactorrzatoN

e(Component) K ,UIsharecommonIt .

→ [ U ,
V3
,
57, ( Uz, V43 .

L
. bidirected edge 완 고려 . [G [H]] .

- Pelompostzon (Markolan? → πPlvilPar. D .s comprtable
< Sem? -Markovran )→

⇒ Q[C] (ε. pac)
=

→ Q [C ]
.

⇒

= Q [V , µa , * ] Q [G,
v4] .

*

/
QCV] = P(r)

θLO] = 1 .

- C- factors are causal effects :

pCal do [olc)? = 동 Plu ? cP ( U| P. *>
= ,(P (U는| Plz, U= ] PCu (c)] = Q[C]

.

- MargrnalizngvareablesInot
theparentofotber components = 가능

.

o . vir →불가능.

Lemma it w ' sanvrcenm,aswsY 86.y
.

CEJ :

mattasalcomponeunts
←
Lemma Let H . .

Hhe be C-omponents ofGCHJ.QCH ]= YGCC Q[상] .

_

⇒ Letv (
13α v ( 23 α… < vI

( 3

QC
대스]

Q [H; ] = π태; Q 대스러 ] ,
QH ≤
]

= * 다 θ대]
.

= P(ui) P(v3 lu , K] P(*/ μ , K ,
γ3 , U43 .



7
.
2
. Examples
- ① PCv ) 를 C -factor?ratu

sum

② nterventon PC rlx ldo (× )] a - fatorzaton → pCyld.(× ))
③ ① 의 Q[C] 를 이용하여 ② 의 QEC] 계산 . (mang ( fat )

④ dole? 그래로 → β 를 과
'
도 대체 ,

X ← wa ←WI ←sY
s adjustment 분가 : [ × ←, w ,

←xy.

gW ' 막으면collider . - yopen

W. 박아도 ptn B open
,Pluy =Qlu , ti4JQm

?
Cwa?

→ Q Cw , ω2 ,
Y ] 에서 Y가 ancestral

≈> 쪼개지 않고 G [Y] 로 a[Y] ?

① Q [WI , X, Y] 에서 W, mang .

(ancestral 확인] .

② Q[×× Y] x-→④ .

= EC×] QCY] .

③ Q[4]. factonmzatzow.

7.3 .
General Approacdh

∞ Plyldo (× ) ) 나타내기An(s) G
스
고려

= ( P(lo(
c)) = × Q [C] .

→ Q[C] = 포 Q~ 'Q]= πQG한 ~ :QCi ] 를 QCE] 로 구하기

② fdentrfy Algorzthm
X

①
Ance ) y =4

로α
-할

→ E = 943 .

② QCπ J 에서 ③ CEJ 공).

π z - A= Aa [C]GG] = 후 XY공.
ㅰ 위 AFC

띠 A=O 도아엄
.

ππ룅 QCA7 도 mgrguarttae .

→ fa4:- x

QC(]
,



8 . Linear SCM
.

8 .

1
.

fntrodnctron .

-
linear ScMs : Lefrned as systerm of anearequatlons ,

. ε ← 합P는λ 청I + En.

- latet confonading
"brdyvectededge 2표현 Er. y 간의covamance (Ey) .

- x) D→
③ : 4 [ 41 d [ ×=x ] ] = FCxx+ y ] = λ x.

- identrficatrou : $ructuralcoef .로) 표현
.

⇒ rs
.

⇒

. Trek & Wirght' sRule: Tey =Σ(par
,

betwe (f X
,Ytersectny .

collidars .

sleeXY, ty = α ifXIYn Ga- Cedgerematoved ) .

8
.
2
. Regressrons a when can /canmot be used to find causal effets? poPyse .

_ X <Ee .

s f BIe grvesblased answer . f
*
β= -ry) .

Y exayXt ay ←-vy ㅇ{ D→④

λ

< Tay o-dexifcable?
.

Er
, ay comelated . xay

- (X * Y 1 z) E7 rz = 0 . (=β×+αz )
- cans이 구하려면 조조 고려해야

y = BXte
s B= Tayt Aowetmaf

Y = BXt aW 4 ote s 3 .fray .
ITaws-vse

.

Y = βXtaw te . s BaAay

y Sugle-Dor( ) XY . λ s idtifiableef ot b . t.

(7) 2 contarns no descendant of

(ii) E d- sepavates X fromyn Ga
.

7 λ= ryrz



ay

팬 (Back -Roov? Total effeet 7s sdenifcable ef Az .t .

⑭

(i ) nomemberof tisdescendant of X .

Gil E d - separates X from Y n G 스

=⇒ total effect = ryx트 Ls total effect . Aez λzy ← xey
bactkdoora rype ar.

8
.3

. Algovizommlc LR .

-> σ are knowm .

A, E unknowm .

⇒after salbsteutrou
,
full- rante equatous .

- Non -Tdetifiable ,

7 quradrat?a
en xaf .

Fiuzle - identzfiable

- Efficrently Gearch ? : LU .

7 Aay . :Gon-perametcally ideatsfiy 불가
batt) tay = xay T Eay

{ Jag = TEe . xsay
⇒ λy =
「

다
.σaz = xct

(다른 방법 : 2- SLS .

m

- Condzonal IVs given W 인 상태에서 IU .

L
7 z가 여러개인 경음…

8 .4. ft ton mental sets

- SU 는 총재 X .

개 쉽게 행결 가능
.



- 실패하는 경우 equrons가Gollinear.

⇒

- Non - Degenerate ey fullmastaiug btw It ( Er3 and $X1123 rwzthnon
-

etersectngaths.

_
→ can be found uslang a max-flow 하나써담행

wrra

9 . Partial ID

A. l . Partcal Ip Problen

9t
.

Natural Bonds

기-→ dola)

-하한 . 먹던 사람 당연히 야 .

- 상한 . 약 먹지 않던 사람 얼두 호과 ,

- Jightness

1 natural bounds ane not tagh+ 한 경우 , /eg .

Iu model ω/ ε ).

9 . 3

.Canocal lype Models & LP Bounds

)→ 이런 Gataral boand 보다 더 tght하게 ?



- Ply ldo(a)) 에 대한 최적화 문제도 생각 .

→ 가능한 보든 SCM ?

> 적절하게 Parometertn. ( 사람들의 특성을 … ) .

- 」 를 seleetor로 생각 금 X 를선택.

3 It× 1
, 1t = 그 이므로 22 :4,t 지few

.

D , o Fx) '

o= ① : 4 가지gup.( 용 " ].
> RX 조 정의 .

→ Y에 대해서도 4 종류로 (R×) .

⇒ qjok = PCRX = Z , RY= k ) .

- Canozcal SCM .

s Round 설정 가능
.

- P (Eyldo lh= l? 를 fk 의Knearftn으로생각.

⇒ Bound는 다음과 같은 선형 Prograam 최적화로 구할 수 했음 .

[ayil , bysa]

closed-form
sol .

→

G p (y,elz)= Pyd .


