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2. %2 <913 23 (Structural Causal Model)

(

A7} FE(causal inference)oll Wit =o= ARy A S A
o]s} T tpFst 7h ol A o] F oA i
e EgA} Aristotler™ $F AFEo] g '¥l’S A F <2 (material

cause), J7F<l(formal cause), Zr-&<(efficient cause), % <2(final
cause) 2.2 st @Y AAE BHTE & deE FAHE v-EHA
Locket 1690 olw gt Ftetat7vt 343k ofojtol & A= s !
Hd(cause) o]t 3k, AHE RS ' F I (effect) 2t F2Jg v QA
o] Aristotle®] ofo]tjoj7} 'Rl o] HxHo] UUE RS 'Udel g
s g R g =9t B Qlﬁ]r. 1700 ol o] =2 Hume
3}4 (causation) S F &

7
A= e Aoz 9l=d 3}
< 2=

H = RN
Y= A3 A Aol 'dlrelgtal = BEA A FHol wete = A
olgtx F33 ul 9t} o2 3 Humed #HLS, £A41¢ 93s '#2d
Aol ZAst] #EEHA g AS FESIE Aolgta HE HEA
A dalet dudsets e® B 5 Slth(Holland, 1986)
1900 tholl = FAISt RS o) 13 AAE AHRT] 93 GFT

A A x &I} (true treatment effect)ol] thal =<]3k
v glew Fishere A3 AA gt o]&& AH}7IE At
Neyman< 219 23 AFE vge=z Hit A3} § I(average
causal effect)ell 7S AQtste] Az} gapel digh FATA Tl 7]
o] 5} 3 v} (Holland, 1986).

Neyman< 19231 ¥FA}eRQ] =<0l Al "2 2 FH(potential outcome)’
g &g Aoz AA 7R s+l 19741 Rubing Neyman 2]
A Az MdE nAdd BARAFAN <3 FHE Aol £ Qe
WHor Sl ook ol A Aol Twkgk 1y FE HIS

'Ylolwk-F4Hl 2 ¥ (Neyman-Rubin model)’ T+ 'F4H <13 23 (Rubin

degel ARHAY Coxt A% %2 w7 98 247 Al o
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causal model;, RCM)’¢|2}al gt} Rubin®] EPo|A A3 a3+ &
g JHAIunipl A AE HE HAe wWE WA Az
(counterfactuals) e UEME AA A7 Hole] zpo]Z AHolH ) o|u] %
A3t JAE AAE ‘E’éﬂ‘/} WA ke A T gk 7EA AbElelRE &
A Hed, olgg dAlE SHet FA9 A s 7H-str] Sl
FHS gE 7]dksk 'EL%* U1]71‘4€(a551gnment mechanism)< A A] 3}
1 723} oH(Rubin, 2005).
E] #3829 Judea Pearl?] d1HS TAHo=E AHH F
&

Z2A o3} B (structural causal models; SCM)'2 Rubin® <3 =3

o
:ltl

3 A BF ARE FEIF Q) F2 HT Pyoer FHuy gl
(Morgan & Winship, 2015). 7+%&4 <213} 23L& =X (nodes)o} WA
shak 3t (directed edges) = 2Hd® ek w3 2 Z(DAGs)ZHH <l
I AE =Fd 83 JHES 7 £ e AAAH0 IHES
A Al SCE Judea Pearl 7|1AI7F e5E w <AzpAde] digk o]srl Ao
HollthE EAACRZR Y T34 A% BP9 NEdES AHIAH
(Pearl & Mackenzie, 2018). 74 A3} RPFL 7|A|7} A3} #Aol
gl ol = Qv AdolE ATTeEHN AF HA FE AAHS g
g 53tato] Abgro] Abarske WA vz e JAFA TS AA

i
1_.

30,
o

T e HeAMxE oY ok AFAEAdA FEE
(Holzinger et al., 2019; Pearl, 2019).

o] ol A= o] AFtelA &8t ¥ FE] JIEES] 724 A} =
ol 23S Fol Aestaa o

of

b 72 4% 299 Jje

T2 QY By M 4-FE(tuple) <U, V, F, P(U)>=E HT
At} (Bareinboim et al., 2022). o], ‘n-F=(tuple)2 n/fe L4122
el MEE 9ulsiH, 2452 () e < > 71E ke w79
(Matthews, 2014).
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o FxF Q3 2y M o= <U, V, F, P(U)>olH, Mo o3} T
Getal @ ol 6= =Z(node), WA 4t (directed arc), ¥k shik
% (bidirected arc)e] Al 7FA 242 FAACY. WA, 2y nE YA
Hel AE viE gz =g yekdith a2z yaguwel vz £,9 9
T2 XFE = Al dvd, 2 Al Vo Vo 2ol SRR
29T F Ak aHEE ?LHO}L == Abolo] WERA s EE Ad

={
o)
I e

3 Az} WMol AlolZ AT E AATNo e ol Fabo] WAL

Stk (Bareinboim et al.,, 2022; Morgan & Winship, 2015; Pearl, 2009).
qrof, ol el A= Uel 9% Ut Uy Abele] Aol IA, oo g
HE @5 fo fol U] Qah A% TFE we Voo Vg 2ol =

= Alolof FreF slA R E ARESte] Y ERHTH(Bareinboim et al., 2022).

AAd F 5 WS 747 vy, Vet star, [29 II-1]19] (a)ol A ¢}

2ol ViolA Vo2 &dte FATE BAIGH, ol V7t V9 ¥lo]

g9 ousitt (b)e] Ag, U BEHA &L WHde 9w, v

Vool Al 359 o O]O] He Wolow AEFFomM Vi V, Atolol] EA)
O

A el JEES st E4n
(2% 1119 (a), <b>o1ws4 2ol g sy

Wl Vo7t A
Al 4

(a) (b) (c)
(29 1I-1] 13} 2= oA A](1)
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A, 13 g Zol= AE Aesta 1A vERE & o
[ 1-2]9] (a)¢ (b= L T=ZE vepdl Aoz, v T=
HeRd = (a)f] ﬁoEH T AA = (D)ol Ve extEo] w
Aoz Eu [29 I1-2]9 (b)ollA 28 ey, es, e3 es= 2HZF W2
Vi, Vo, V3ol tia] a3k o= Agsiy, A2 bd& a3 e v
& Welse Waide 25 Sdolgtar 7Fg etk (Morgan & Winship,
2015).

rlr mlm

71Ed wEsE AFfoA TR AILHIE A2 2E e U
(structural equation model)oll A= A& 7Fgstg oy, +24 A3} =
go el Apolel wAG] tal AW, MAY, FEAE 5o A A
e A P Ao 2ATHEA-F2]3 Fx)
Vi=1ry(e), (2 1)
ngfVZ(V1’62>’ (4 2)
Vo =1y (Vi Vaey). (4 3)

(a) (b)
[1%] I-2] A= 2= oAA(2)

2) A Hcd ag=

-

oly} Efxeo] 3 fFFel WA He=3t 1 E(Directed Acyclic
Graphs; DAGs)©= 7 WSl 7ke] #AloA ¥lo] H= wele] Ay w
omnE AHHAoE TA W HARE B 42} g 29
S
=

Ao
Zg ougith o [ O-3]eA Wl X&E T agzs &

"B A=t

LH
S il F



1, X=>Y—Z-Xe| W3y Az s glo], WMol X7F = Al
2h4=(descendant)o] ¥ 7] wjiol, o] A$= WA 6 agzZe B
T Ak WL Hed ag e HolE Abe]d A BAE FA s

71 wiizoll, 13} A it =2l &8&=2 5 dth(Pearl, 2009). g+
H, WA B3t 28 L= Pearl(1985)9] Aol A Hlo] Xt UEY A
(Bayesian networks)gh+= S92 2757 %= sFh

P
=

W Hled aHZe wes] Wl Alele] Q1Y #AAE aHoe=
U= FHER ofygl ¥l 1t FEA 9o AP £ AE
=18 Fotstr] fg E4EE &89 ¢ . WA, g5 549
(probabilistically independent)e] &t ¥l X9 gks& of= Ho] Wl Yo
gholl ik W&o JFS mAA v AF Xk Y= FEH sHolgt
i gtk ol PAY=ylX=z)=PAY=y)2® UYgd F glom,
Ply,z)=Ply)Px) 2 £ 7|5 3} Bareinboim et al.(2020) 134
TE R M= <U={U, Uy}, V={X, Y}, F, PU)>A F = );:2
olaL, Uy, U7} 242t P(U=1)=P(U=1)=1/2%] & Webar & uf ®iQl
X Y Afolo] o1yt garp gl wek 5= gle Addox EAH o
2 S2YPu(x, y)=1/DS 2 A + US55 BoF vk Aok

Pearlo] A<t ‘d-+#-2] 7]<=(d-separation criterion) = "3kA H| <=3
T goll Al EEl J}E WHeEQd X Y, 27 == e AFolA, Z
7F Fol RS wl Xk Y7F 59HAA Fotaty] 9l WHoln 2= A

A RAZ 27 XA YR gk RE ARE e 9, I 2' X9 YE



d-Z# gt gt ol e AL AA F AR FERAE S
o AR, A2 Aol A7A A Ql(causal chain)(Al: i—»m—)) E&
A FZE(fork) (A iem—j)ll A BEe] 7hEHel v == mo] I
Zo Hob= Afolth A A A FroAM = % j7F AT oE
Aol A gk, ARl 7hedel = mol BAEHAS Wi o I Hr}
jo &gl dFS MAA Fe AHA FAA SHol " 24, A=
el H-IH 3 FZE(nverted fork) (Al AL i»>mej)olAl m EE m
o] Aol et Zol &HokA &= A Folvh HHAN A 2= 7
o] A& v AJAWF7E e % ERE Hole AdFolth oA
ME uE g A2 SgoldE A, m B me Aol JF

i SHOIAW WS Afelo] H w7}

s27 o] vJdyAd #HHAo] W] wjio]th(Pearl, 2009).

H ¥

Pearl2 ‘©13} #A9] Althg](Jladder of causation)dtsE FHS T3
A3 #AA 9 AAH EAES FEst] A s tH(Pearl & Mackenzie,
2018). <13 #BAL YAH FFE= BZH(seeing), A (doing), A
(imaging) 2.2 FHEHTH<E O-1> FZF).

X O-1> A3 A gA4 5A

# 2 (seeing, A4 (doing, A4 (imaging,

observng) intervention) counterfactual)
o5 A P =TT T T T T T T T T T T T TS — o !
(External : P(U) P(U) P(U) |
State) ] |
Bk 1 l / \ |
(Transformation) | | o ;
N 3 ARER
FEE BE [ coooooomoooooooos i ——————————— \/‘

(Induced -
Distribution) P(Y) P(Yy) P(Yy,...,Zy)

<% Bareinboim et al.(2020), p. 11
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A7} FAA YAA FxRAA R WA =9 FIstE B ol

Aol g = 2R #Es= o, #ES viof] g FES A
dT Fx vk 724 A 2P M = <U, V, F, PU)>2 7} YSVo
et AFSERLE Puly) = Plu)7} =Tt

ul Y(u) = y)

T RA S AP A= oju s ARE 7bH 7] 98 Al Al (world)
of MYst= Aolth o) M& A BFolgta & ), X+ Ve ®¥<l
AEIH, X= Xo 543 dAdst gholgta sopd, Mo a9 2 My
= Mx = <U, V, Fx, P(U)>= Yed = ot o, Fx = {f; : Vi&€XIU

o

X « x}& w3, O]ﬂ‘y oo (e AdY)2 XoF A
e Ao HAYES ‘do-A4HAHdo-operator) 2 FEHE = A4 3t
X=x2Z tAlst= Bl /Yel Aa= Add A7 WA Y& F

S-(potential response)z}il 3Tl ojuw] Pa(Yyx) = { Y. Pu)st 7ol

A MR FE R A4 AAYde tEA e FE e o
bA QL kol hske] Azt Aol oju F=A Q3 By M =
<U, V, F, PU)>oll A A g vol £3Ho] A= Y, Z, X, W9
A AP S (Yo Zw) ol TR AREE Pa(Yxoo Zw) =
o Z ]P(u)'§ &= gt} (Bareinboim et al., 2020).
ulY,(u) =y, - )=z

el A ‘?i 3 ‘do-AXAPE Pearlo]l E=Y3 AdH QY
(intervention)®] 7R o2 <y Zefxx wdofx 23} #AA| o3t HkAL
A HZo] 7FsetEE th(Morgan & Winship, 2015). Pearls 7§ ]
A A A (pre-intervention regime)2t 7lY A Al (under-intervention
regime) 2 T3t Art [Z2F T-4]9 (a)olA WSl X7F 0 =& 19
He e & o, Y A AAlel A= Wl X Fhol x4 Q¥
oA WA X=fylcep) ol o] AR S ANY AAANAE
Xol gkol Mdel os) AAHAd Wl X7F 0 =+ 19 @S zeva
& w, MY do(X=0) Tt do(X=1)22 EHHAT Pearl> <13}

b

% - A 21



st A md2 MY A Fx7F ofd NS AHlelA e Ex =2 A9
"doha ®Bekoh G, (298 T-419] (a)dA 13 a3E Yehus &
EEIE PYI(X=0)] == PYI(X=1)]°] ofye, PY|do(X=0) =+

PlYldo(X=1)]o. & A Ro= T3k 3t Q12 e
EYldo(X=1)|—EYldo(X=0)|2 mdAAC. olu /Y AANA= Hl
X7F o)Al AF SAoNA JHFel s AR AT BY] o] &4
H ¢] (confounder) Z7} Xol Al v x| &= J3Fe] H2E ol Zt),

N

[ O-4] A AANA Y 13 2z o A
%3] Morgan & Winship(2015) p. 96

4 9ltH(Morgan & Winship, 2015).

U= WFA Hed Tz do-AAkA
(do(-))& #&st¥ AAAREEHEH A} a5 AMNT + S’J\EE‘%, =8
I ZS uw 2y &¥rF A d(identification) ¥ ttal & 4 U tH(Pearl,

2009).

W
=
ojAH AH FRE Hal
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P™(p)>0 9 u,

Ax PY()
Py |do(x))

2

E¥EE M, M
Py ldo(z))

=
R

GoNA Plyldo(z))7}
o] Frow AAETHE Yo W3k X9 3 &3t}

=49

AL

Az 1
Goll A

=
BLE]

Gt =

3L

Foll A4 Q13 —1e)

)

)

=]
=

5

e

0
iji]

0

T

[
)

ul
M

Hl (truncated
P, pa;)

o]

I1

1=}
s
vy (Ve V\ X]

25
2

¥} Plyldo(x))7F Z€
P, pa;) A Plyldo(z))

A 4 Aot

I1

(ver\x

=Y Py, pay)Plpay) o) c}.

i

9

, P(/|do(x))

=

factorization)®l] <]

.
N

‘_lr_”
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°
o

M

Ju—
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A3 FAZE S} ZE

Akl AT H& HA o] gHetA FAHA=A
T, 2018). o9 22 Ao WA EldEe] sidel Y]

B
ﬂ

o

o)
el

—

0
0SS
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o
N
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‘mﬂ

b
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(adjustment criterion)

==
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(front—door criterion)’ ¥} #*o]

7] <= (back—door criterion)



o] AtE A tH(Pearl.,, 1995; 2009; Imbens, 2020).

el

7] (back-door criterion)

7 & (back-door path)’ 7}

=
LN

bA 5

H71 flei M =

S

3l

71EE ol

=]
S Sin

A

o

ijhi]

ofel A <1}

s

e (27 O-5ldA AA¥dS X, 2

s

Hi 42E o

DOX<Z1—

AE=

Zo=>Y S @QX=>Y7F Atk F AR F XZi—ZYe Sl 2=, X

B

Bl

ojn

0

toolw Zy, Zo, = 218 Zo B

Els
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it
K

B
~
ite)
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o
bk
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fite)
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;:gl_

F el o

tH(Morgan & Winship, 2015).
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tH(Pearl, 2009).

Els

==

o]
AR

R

V)&

1)) 8}

2] <

,29,



N

al7
T

TR

o

ol
o

NI

—_—

0
T
0

7

]

ﬁo
)
M
)

~
fite)

gt

A Al

FE S

5|
pul

ot (Morgan &

N

al7)
T

Winship, 2015; Pearl, 1995).

Ak
K

)

ox

o)
ol

"

|
i
ﬁo
At
S
Xjo
il
i,

o

"
A
=

ox

el

K
]
)
;QL
ﬂyl

0

)
ar

il

o %

3} ZtF(Morgan & Winship, 2015).

—~—
o

—_—

o
il

BN

ﬁo
i
K
i
ad

|

N

ojn

o)
il

ge!
N
)

R

¢
i

&

(@) Wil 4 Z(A—C—B)elA viZi R A(C)7F S el

Fube)

S

(b)

el

(o + 7hel o

Q19] EE AF£(decendants) W

=9

(OF B>

ol
o
o

o

—B)oll A

—

X

o))
il

7
4
—_

)
i

o

7 2 (directed paths) ol &

24

s

25y

10

EERE

A

I

o]
oF A&

o

il

| e

,30,



o] A7l

stk

S

A<t

o

=

==
fLS

x4 7]

1

o

2) A 7] (adjustment criterion)
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2015).
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7 stmRle et fLREA G F$Ec] By REFEA 271X
o Fu ANAH FIH(FHE, AH) F 37 S (gradeStl, gradeSt2,
ow Surk FZPEAJT o, F%F, B, A" AFE

of &= TWEL FHHANA AgEAt. AA ExAld = 1657 F3a

WAFS e ®m EAME

ANHA 2714 Sa £ F(FH, AR EE F7h R 4 A
2 EA, 2 EA, A B4 A 2F0R St 215 o
o, ul F9 F AY E=E o7V A ERYE 277 Aouw 47
o] Aqo=z AMEstatxA] skt AA ExRAME 19671 T Ealol A
3555 ¢ wALb Swte] FolEt Tt

<E M-1> 5718 Z2AF 2 7

EREEE 2 3% 77 2
27 | - - AA) B2 |EE 97}
F (LA %) EX St 5 (AAF )
. 3,0597) i 177] A9 1637)) 3t b
(68,3417) 200713 (4,000%) 2,931
63,2267} it AR 5 x 37 shd 7z 16570 _
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(12,061,144) 220713 (4,400%) 2,560
10,4267 3 3N 8 x40 AY 19671
4= S5
(264,356'8) 200713 (4,0007) 3,555

Z 41 OECD (2019c¢). pp.1037104, 4637469, Annex E.
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‘g 1§ &4 (Clarity of instruction)’, ‘St <14
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o] AFelAE 207 & F & EFoEE AZFe] e Atde B4
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WAF 19307 (16570 eFal), Ao wAb 29188 (1947) stal)e] &4 A=
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5 24 ko ST obdl <E M-3>& 7 B4 ga 2ol A At
Wl W] 7EEAE el Aolth, B U 7 F 199
WS EF Pato] 2832 7 =2 o= YUehgow, s=(275), dE
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WAL #AZAE zZteva @ o9, A (DAY y = [y, . yele @ B
o &% n7 WANSY wFAF(EARWT) HHot X 1AEY TH
A Hola, f(X)E Ho WY ¥H2E V|How FAHAL Z& IE
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oS wWEE AZE e vntoz Fu A F9sk gl gede
39S W TigE e 2d o F9 Wtz A4lE i (Lundberg &

Lee, 2017; Lundberg et al., 2018; 2020). SHAPe| <73 2 =9
A4S 93] Pythonel shap gto] &gl S AF&-319tt

eHES Ay TUAE Z4E 9% 52 Python Z=9] ofAE |
Ueh2021) 8 #Fud 4 o

o

i

Y. a3 ty2An g (Causal Discovery) &8 E

U
)
Iy

F(Morgan & Winship, 2015). weba 224 3} &3
HAE FES7] AsiA e WA dRAWFer AARF Alole] #A
3 e whAgle]l dold= Aol F ol =

o] AEA A2, G, dely 9 EE ARE &8st el
A=, o] TAAE 53] #F dHolHys &8st A3 #dA o
3 ARE w3= AL AP tyx#AwE(causal discovery)EFal dhoh
(Spirtes et al, 2000). ¥ H2=AWE FAL GEFE Ay} 1z
2 OREHe IS dEsr 98 dHAd wtaEE 7 (causal
markov condition), 134 #4A ZZ(causal minimality condition), %
A Z 7 (faithfulness condition)2 7} 3tk (Spirtes et al., 2000).
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de  dolHel= o3 W F(discrete variable)®t A&5¥E W
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(continuous variable)7} -7 XEFEJTH<E V-1>"<E V-3> F
Z). wepA] w o)X HES A B4l Fo|Ax o]y wWgel A&y W
TE BT X3 F de 205 7F-2 wol Ak vl E 9] AL (Conditional
Gaussian Bayesian Networks; CGBN)E A3 tH s, W=,
2022; Cowell, 2005; Koller & Friedman, 2009; Lauitzen & Jensen,
2001; Malinsky & Danks, 2018; Scutari & Denis, 2021). 25 7}~
Holxt MIEQAE d&53 =27t d453 9 o]&% F R =E(parent
node)& HAE F U= ¥ o]y =t o]y FE =t AT F
o L

A T
9l = At} o)9} 7o AL AduH o= 723 o R

N
N
o
o

AAd F Jou, A3 g7 A4S fg Holy MEe] X3
o= ] ol d Wl Af(e: JtEAE HE Ad v=
Azl FA F), ohE WAde AY =E(child node)7} HTh= AL ©
g olEwel derm o $AA M 4 Ayl & FFS VA
A s AoR Adstn Egh dubA oz ol Xt YA aEsE &&
g APATEANAE= oldF S Fskr] fle] ko mE Wl
S o]y Wowm W3l HAE FHS|E s, Exkd Wl W
e WSS oA S A AEE Aolrt e 5EA dds AbE
sk 9)8 o] ti(Malinsky & Danks, 2018). wekA o] Ao A= o]
Zot MEY A ) WHAdE9 ZASHE X (joint distribution)”} ZAF 7~
Txete 7M1 xste] 1% Yz E =& Th

of AFtolA  HolXF UWESLA ] WAES  AFEE(oint

distribution)dl] ™3F 7} A& t}e A3 2o}

p@)=pG,y)=TTpGli .. )I_IFP(%| Ga(y)? Ypalr)) (2)
FE

€A

5 20

| &1

11



Dethlefsen 2003; Bgttcher, 2005).

A7 gz=AWE WS Ak 71Rk(constraint-based) ¥, A5 7]t
(score-based) W, 1g]il slo]H g =(hybrid) WHoZ F&E F 9l
U}, Briganti et al.(2022)«= oJg] AdAFolAx EA AlEH)A A
Az} Ak 7]WH(constraint-based) W, HF 7]
ag)a shol B = (hybrid) W Zrel Aoy &
AAA R Aol 7b vebbA] ktom, Jd ¢y

(«

2

=
(constraints)”)& 2|3t Wgolth, Aok 7wk Wy & PC ¢ale
71 BEA o R F8E 1 Y= e 52 2 (Scutari et al, 2018),
3l W) 98FA 1) Z(complete undirected graph)Z-E] A Zbslo]
XXl A 2 Sgo] FAYstyl F Wl Alolo] AAS A
g o T Wl Apo]o] spAd WES FdstE AARE o] Fofx
(Colombo & Maathuis, 2014). ©] Ao e} o] o]y W A%5F

Aoz o]Fof  FlolH = o]t Y EA(hybrid Bayesian

=]
zdy =
= +
=

e o

(& -E 2 B o 12

)

networks)oll A =AF 59 AL A% G HE(mutual information)=
RREA=

A 71 e Akl Fe] 2 (heuristic) #4135k 7IHE UES
A Fx FgFd ALste AeR, AP E(goodness of fit)E WHI3te
HESNA A+E @9t ga5s &3 ol& HAdistsa " 71 3
W % syl Hill-Climbing ¢i2] 52 F& ¥ 2 Z(empty graph)el

Al ARt = Afoleo] bl shAbiwitt F7b(adding),  AHA

(deleting), ¥Fd(reversing)s T3t M7t A=A &S wW7pA &

Fote WhE o] Ao A ALE-3F Tabu search il 5L BE 3%
A i

o
of F7, AbAl, HAAAE W W57 AMEA @ A @A DAGEIA

l

11



o ot
e oy

& WFA @43, vl e DAGE 37| 918 DAGS] &35 o &4
4% Hill-Climbing ¢ ig]5o]tH(Colombo & Maathuis, 2014;
Nagarajan et al., 2013). Z1&|X % 35S 3 A2 = AIC(Akaike
Information Criteri), BIC(Bayesian Information Criterion),
BDeu(Dirichlet equivalent score) 5= 283 4 +=d(Scutari et al.,
2022), ©] < bnlearn 7] A4 = Tabu Search &gl A3Ar] 7] &
#h(default) &2 BICE A &3ttt BICE of#lle] 4 (3)7 o] Aot}
(Chickering, 1995).

My, (G D) =logM,, (G, D)—%Dim(G)logN (3)
BIC d% WEL(M)e ot WEND T2(@ B2 ot

(D)E ¥ (input)rol, sl 2Hl = Fx7} dlolgd dnl} Z uk=x
& Rhgdste gs wEete dolth My, (G Oe HueE WEE,
£ TAste 74 =253 B R =20 2418 SYHE
Ja3t genEle] 4, N dolEl ] A SFE o] git)
kA BIC @2 295 F2 gholthH(Beretta et al, 2018; Scutari et

al., 2022)

mpAEro 2 stol Bl W2 Aok Nk WA g 7Nk RS
g o w, AR 59 As TFstel HEAA FH NFE
=9 T H4E HUFste MEHIE T Ao w FyEH
(Briganti et al., 2022). o] Ao A= stolBg = WHo 2 MMHC &
1Y 5SS AFEE Y. MMHC 21858 WA Max-Min Parents and

Children(MMPC) gz g5 =2 18z 9
71wk "W F syl Hill-Climbing €
Al 5= W o] tH(Tsamardinos et al., 2006).

3 Briganti et al.(2022)%= 100914 2003%] 9] FE2~E WM (bootstrap)
AAste] dojzl bH A HMEYAE R s AdsiAdd. wat

b
Jb‘,

Ry
_VE

skeleton)S 8hsta, o

b

52 B SuEe P

mlo ate

mlo
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A o] ‘?i:[“)ﬂ/ﬂ": Briganti et al.(2022)¢] A& wlg o2 PC, Tabu
Search, MMHC @a2]5ellA Hg2Q HELAE 47 98 FEXE
@ ATFRE ZOOQE AAE 9 o averaged.network TFE A&}
i HEYIT F+E2E5 =39 Y. averaged.network SHrolA = 4
ANE HF9n A A Fk(significance threshold)S A AlsF=H], o] 18
Zo et 3RS FYudt Aow o2 £ de dAHRS gu
t}. Scutari®t Nagarajan(2013)-‘§ g EE FAskE AR Ee] =
(p( el W3 2 X 3F5(CDF)9}, 3
o) O

S fesA fola gl

a4 gl Rnow 5 A=
g5 JF )l gk w2 Ex 5 Abole] Li-norme #4388t
AARES F4ste], Tz BdoA Fou|g AALES st WY
S Alrek v Aok d M-2] #Fx). olgA FAHHE ARG & 7
% (arc strengths) #< Hol:= 3 E BYF Fon|d ZAow 2 4 9
t}(Nagarajan et al., 2013; Scutari & Nagarajan, 2013).
= . = [ 2 _I
oo | - @ ) @
— o _] i = w | — o _|
s e =
& 348 & 3 =
: !
S S 3
g —; T T T T T g —| T T T T T g _l T T T T T
0.0 0.4 0.8 0.0 0.4 0.8 0.0 0.4 0.8
i €T €X

(19 m-1] 484 CDF . ) (&%), CDF F (), Lim norm(-$-=)
Z=7]: Scutari & Nagarajan (2013)9] Figure 1

Lo

w3, Q3 taAME B4 A AT Bee] we 54 Wel 3
Aubg BAE ojrse WP FAES TFAALGIEY S

E:
whitelist), X335} &== A A (52 2E; blacklist)sle] #4188 <
dom AR Aol we SolEAE i ZHP2ES #FEEE A



o =0

AEst=d E=89°] ®E(Briganti et al., 2022; Scutari
et al, 2022). ©o] AFoA] ARE3 TALIS 2018 dlolH &= 3w dolH
(Cross-sectional data)=, <13} f=AWE +4 dagFolAs ‘A A
Aol B AR o] el HATtA A B €dQlo] driele 194 43
(causal precedence)(Nogueira et al., 2022)< wtdd 4 Qlv wabA o]
Aol A=, TALIS 2018 Aol A 845 2 224" A4 (section)ol
lFste WHelE T T8 WddEel e AA R dests ow &
A7 A3 AW EA Ao v

o

4»
%2
rr
=
rO
iy
2

m =
_o|L
,ﬂ
L
[1{

o5 AYE vl 0}7] 9130 lfﬁie ?33} shaksre] g, Her mt
s3x  E#7l A7|(markov blanket size), H¥ 7] Al4(average

branching factor), SHD(Structural Hamming Distance), BIC(Bayesian
Information Criterion) 4% #lustdrt. wtz=x  E @ Fl(markov
blanket) & ZefZo] REZFFo7 F o B v 2] == 2}
U w59 Eryvrg FAEW(Nagarajan et al, 2013), 7] Al<F
(branching factor): 3+ =29 2 == £Z ou|sit} SHDE= 1
Lol Frxol A WEkgd (e HPERA) shaR e F7F AL aela s
F o] whgko] Wl Ao =2 A oj¥ v (Tsamardinos et al., 2006).

AdAToAe A3 gazAe] 4 d35 22 AAE o, 7
2ERS AAste] FAHE dAIRAAY agEzZE AASFAY

(Nagarajan et al., 2013; Scutari & Nagarajan, 2013), YA@GHT &

|

dE(arc strengths) #S HolE 34T E EF Fondt Aoz B &
sleme Ak o] s A= OM 54 (el 05 =& 085 )

S Jdog Adste] afxZE AAE7]E 5t Briganti et al., 2022;
Lee et al, 2023). o]9} & APAF S| LAFFe], o] AFoA = Al
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7HA] GalElE A ANE AEE i U EYA Fx29 A o5
7= (arc strengths)oll ts] BIC < w]usle] =7pd B4 do
q5tel dugl5S AAsATh T3 A =Tt =4 vERG AR
T kol Ao s WAL w ] diE HF A aHE Y
o2 AAEAT ol BICS #2 R AT AR o A7 ta=AY
g daglE 1He] #A AIdE vudtes AR F otHE AREEIL Y
(Scutari et al., 2018).
oy} tx=AWE A4S 93] R 4.2.00014 bnlearn¥ Rgraphviz 3 7]
A (Scutari et al, 2022)& AH&atlvh 13 d=AWE F4& 8 &
&3 F8 R A= dAle <X M-6>3% 2

_

[¢:

<% M-6> A7} g=2AHZ B4S 3 R Z= oA

# A3} t=7H g
avgnet_pc <- averaged.network(boot.strength(dat, R=200,
algorithm = "pc.stable”), # PC ¢ 18 &
algorithm.args = list(blacklist = bl))
avgnet_tabu <- averaged.network(boot.strength(dat, R=200,
algorithm = "tabu”), # Tabu Search ¥1.8]%&
algorithm.args = list(blacklist = bl))
avgnet_mmhc <- averaged.network(boot.strength(dat, R=200,
algorithm = "mmhc”), # MMHC €318+
algorithm.args = list(blacklist = bl))

graphviz.plot(avgnet_pc, avgnet_tabu, avgnet_mmbhc,

shape = "rectangle”, layout = "circo”, # L@ R
main = c("PC”, "Tabu Search”, "MMHC"), # 12| A=

?lil} w2 o3 7EAH | ZATY. Pearl?}t Bareinboim(2014)2]
J , o1& EUZ 7MES HEs dlo]



Bl o} Agtshe AAHN oz Qi FEo] o]Fojorgs Xl
Ak F, Y B¥ES EUE dto] A7 AU e AT Aol

13 59E Fotd & ASA A (identification) 7Hs o F7F &
olo] HA& wl 1 F3o FA(estimation)= 2m7} ASS HFEd=
Azpolth, Q¥ gzt FoAH, 2 zel] vepd Rl 7 21¥ A=
o} FWel =4 F¥(covariate adjustment sets) 52 detd 4= vk
W 2A HIe A #A 2wzt Fgeivial THAs S W
ool Al Az} #A] AFHA ke F4& gt HAES] HTE
= 9w gt

al, 2022)& AH&3FAS

-7>3} 2k

<E M-7> <3 A2 XS 93 R Z= oA

#

adjustmentSets(dag, exposure = ‘exposure variable’,

oH

Wl 24 AE 4

outcome ='competency’, type="minimal”, effect="total”)
# dag : = 71E Q3 =
# exposure: 1L (A AR thE AW S
RE A ERER
paths(dag, from = ‘exposure variable’, to = 'competency’, limit = 100,
directed = FALSE)

1ol Aapel] whel A xWely Azpel Alo]e] 1yt A ZF 2w W
o AFE ulgow o3 g3 F=A

o ol
A7} Fehag e A7 AR vy oo
N

‘TL]' §_‘TL]’ ‘il‘xé% 05_]_- HO]_}_\J
o FuE + vk A agEs wgom @ i mu BAY A
(Al A 34 EAdE =S o]FAEY §) H F8 R A=

o A& Cunningham(2021) &< #ag 4 ATk
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t3seeng 257 tt3g06e2 | TREFREERISBI R G- | 0.78 | 0.96
t3seeng sy tt3g06g2 | Wi L R upt -] 4= | 072 | 0.97
t3seeng sz t3stud WAL-EA A 085 | 097
t3seeng sy anpEaty TR e 095 | 0.95
t3socut g8l gt 57] tt3g06e2 | TREISHEE/RISHRBaBRE | 094 | 1.00
t3socut a8 gk &7 tt3g06i2 | SRl skel R ) 4= | 092 | 1.00
t3socut 8o 3 E7] tt3gh3i AF Ao digk v 0.71 1.00
t3socut 2ol W 57 t3pdiv | TR %S 9k AR ke e | 0.99 | 1.00
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from to SRIE u} g
iR B Wl ik =
t3socut ae gk 5 t3pdped | 1} wSe) digk ATy e | 0.87 | 1.00
t3socut a8 g 5 t3seins FAAE 27 257 0.77 | 1.00
t3socut ae 3k 5 t3seeng st o] 217 &% 0.99 | 1.00
t3socut a8 st 5 anpEay W 097 | 1.00
t3stake ol s T A A Fo] t3exch WA 7 AF D 2A 0.86 | 0.64
t3stake ol s FA AL+ Zho] t3pdbar AEA N 071 | 0.75
t3stake ol &l & A A7t F t3stud WAL-BHAY A 1.00 0.99
t3stud A=A A t3satat | ol B AR digk v | 0.99 | 0.76
t3wels A B 2 ~Edfs tt3gllb WALR FGE F AS 097 | 0.72
t3wels 44 52 9 ~Ef X~ tt3g53i A5 Afol| oigh vk 1.00 0.96
t3wels A Bx 9L ~EY A t3pdbar AEA N 1.00 0.96
t3wels A BA 9 AEY A t3stake o &l LA A7t F 1.00 | 098
t3wels 27 B2 2 AEYA t3wload AFFgF ~EY 2 1.00 | 0.64
t3wels A 5A B 2Eg s anpHay WG 0.90 | 0.86
t3wload AFF 2EHx tt3gh2k | S5t SRS SR 2= e | 1.00 | 0.77
t3wload AEF 2EH~ t3pdbar AEA N A 0.92 0.90
t3wload AFF 2EHx t3pdped | a0} 2! nkdel| ok it oA 0.70 0.98
arpiy o 7 tt3g11b WALR LEI F A 0.72 | 059
[Gratisielg g g tt3g53i AF Ao digk v 0.74 0.79
Ty g t3coles | AR ZF AFAQ £ E9 | 1.00 | 058
anpity g t3pdiv | Tk meS 9kt xR kel Fe | 098 | 0.78
Ty o B t3satat | P = AREel gk == | 098 | 0.78
QT e t3stud A8 A 0.71 | 0.78

. -
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from to SR u} g
ey & L & ZE
tt3g06e2 | TRkl 7K shipl Ut i STE. | 1t3g06g2 | Wbk Rkl Upt s = | 1.00 | 0.83
tt3g06e2 | CThEHshis=l 7K skip Ut - STE. | tt3g06j2 | Sk skel ot e = | 1.00 | 0.85
tt3g06e2 | ThEIShiER 7K Sk ph w58k | t3pdiv | R m8S SR A el He | 1.00 | 0.63
tt3g06g2 | W m} <P =2 7kl Ok -8 A | 113062 | Sk SRR ot R B g | 1.00 | 0.83
tt3gllb WALR 25 F AP t3g50 5wz FAL 8|y 7|3 1.00 0.94
tt3gllb WALR EFE F A tt3g53i A5 Ao oig v 0.77 0.53
tt3gllb WALR 25 F AF t3pdped | 1} H wSe]] vigh PR o] 0.79 0.62
tt3g22h | A ML B AR UEST He) | 11323k | AR /s i) e optasy] | 099 | 051
tt3g22h | g /M s R UESE o) | tt3g23m | R /R s X er ek | 1.00 | 051
tt3g23k | Al 72 Sl kel Ot i) | tt3g26] | aRAd o) SR s 2 | 1.00 | 0.503
tt3g23k | i 7 s it kel ok e | ¢63g29c4 | aepRbl o AR Skl 919 | 0.94 | 051
tt3g23m | 4] JIRE s ) ) §B) | tt3g23k | AR /R Eswlde vit s | 1.00 | 0.503
tt3g23m | 4 7HY e A @RS T | ¢t3g20c4 | nebRpl R AR skl 99 | 0.95 | 051
tt3g23m | 24 7 s ] (RIS} §B) | t3effpd | & A HAEA AN Z%F | 064 | 1.00
tt3g261 | A 7l 2] B-u] Skl 29 | t3effpd | EHH A AEA AL ZF | 1.00 | 1.00
tt3g29c4 | PP et S AgeR) shibl §12 | t3coles | WAF IF AEAQA £ HE 0.97 1.00
tt3g34m | TRE 7ksS 883 Sk 2R A Tt | tt3gllb WALR FEIF E A 092 | 0.76
tt3g34m | ThE 7kS 283k sk AR AV &7 | t3exch WAL 7 uF 2 2A 0.62 0.64
tt3g34m | THE 7S 983 sis AR AP &7 | anpny EA s 1.00 | 0.82
tt3g35c | e E FAEFRSIY A | tt3g35d | thdeRE Pdaeell =t k=R | 1.00 | 0.85
tt3g35c | Wl TGS S gAY | t3pdbar AEA N gy 073 | 0.73
tt3g35d | WISk TAENEl BT 9= s | tt3g39b | ATl 2 AEEARE | 0.80 | 0.66
tt3g35d | dbdEE @l AP = ) | t3stud WAR-8HA A 0.83 0.95
tt3g35d | obdsht HeEsel At U= ) | ammety A FF 091 | 0.82
tt3g39b | 49k ] 2RI ABEARE | tt3gllb AR ZEI F A 077 | 092
tt3g39b | FHARFE P 2] FINAREARE | tt3g39c | T AKFE AR kel ARs ARt | 1.00 | 0.98
tt3g39c | 4 ARY T 2k agkel AK8S ARRY | t3satat | OV S ARAIEA digk Y= | 0.78 0.99
tt3g39c | 4 AR A agEkel AKBSEARRY | t3stud A=A A 0.66 0.92
tt3g39¢ | T4 AREE A 13Kpl A8 ARRY | anpdaty W4 0.75 | 092
tt3gh2k | E5a RIS 918k 4] =4 el | tt3g36c | I GRS ) | 1.00 | 052
tt3gh2k | B WS- 9fek 7 228 2Eu- | t3pdiv | TRFY weS ok g kel e | 1.00 | 0.96
tt3g53i A5 Ayt g3k = t3satat | o g ARIE tigk v | 0.90 0.69
t3stbeh A HE AEH A tt3g35d | ubdehs Hde¥sel T k=sk) | 1.00 | 0.81
t3stheh s HE AE# s tt3g39b | IHA ] 2 FHIAIAE | 0.94 0.66
t3stheh s HlE AE# s tt3gh2k | s sRIS- bl =4 2E- | 1.00 0.98
t3stbeh SHA HlE ~E#H A t3disc A2kd & 34 1.00 0.58
t3stbeh g HE AEfA t3wels A Hz W e 1.00 | 095
t3stbeh g HE 2EfA t3wload AEF ~EY 2 089 | 096
t3coles WAL T AFA = FeY t3exch AR P WF P 2H 1.00 | 0.90
t3coles WAL T AEHQ £ #/E t3seeng st 27 53 0.74 | 0.59
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from to _

W B ¥ e Ae |t
t3coles | AR IF AFHR £ FY t3stake ol g B A A7t Fo 099 | 0.78
t3coles WA ZF AEAH] g ey e 0.83 0.70
t3exch WAL 7F wE 9 %A t3pdbar AT N A 090 | 0.78
t3exch AR wF 2 FA t3satat | P S5 A gk = | 0.83 | 0.74
t3exch AR ZF AF W A t3stake ol &l T A A7t F 069 | 0.62
t3pdbar A A 3y t3stud FAR-THAY A 0.89 0.63
t3disc A7 & A tt3g35d | thdEh Mdeleel Bl =) | 1.00 | 0.77
t3disc A7 & 3 tt3g39b | TR 2 A | 1.00 | 0.75
t3disc A 2+E & 34 tt3g39c | QAR 2K) nbERpl At Akt 1.00 0.84
t3disc A7t & 37 tt3gh2k | Sk SRS oRtal =g 2= | 0.85 0.79
t3disc A z2tE 48 27 tt3gh3i AF Ao digk v 0.64 0.92
t3disc A7t & 37 [eesancisioy o g 0.65 0.95
t3pdiv | Tl S et TR tt3gllb WALR RS F Ag 098 | 0.53
t3pdiv | vIFd s 913k g t3pdped | 19wl gk Y- Fed | 1.00 | 0.99
t3pdped | a0 B ksl digh 2hd tt3g53i A5 Aol oigh v 0.95 0.70
t3pdped | 1} 2 WSl oigh At t3pdbar AR N g4 1.00 | 054
t3secls wAFe A7 B tt3g11b WALR ZEI F A4 0.73 | 0.94
t3secls wAd#e 27 55 tt3g53i A5 Ao digk v 097 | 098
t3secls wA#e 27| T3t t3stbeh A HE AEHA 1.00 | 0.54
t3secls wA#e 27| ZE53t t3exch AR ZF AF R 2A 069 | 0.56
t3secls wdHe 2] 257 t3disc AZ%E & 874 1.00 | 0.85
t3secls wA#AE 27 257 t3pdped | 1} w8l Ot dPRE e | 094 | 0.94
t3seins FAAE 27 E3 tt3g34m | TRE7ESE8esRIAV | &t | 1.00 | 057
t3seins FHAE 27 £57 t3exch AR ZF AF R 2A 095 | 0.64
t3seins FAAE A7) 2537 t3secls A A7) a2 1.00 | 091
t3seins FAAE A7) 257 t3seeng sty zte] 217] gzt 1.00 | 0.72
t3seins FHAE 27 E57 t3stud A=A A 0.63 | 098
t3seins FAAE A7) a5 apdary g 1.00 1.00
t3seeng A A7) 't tt3g06e2 | ThEFeHER RIS Bl | 0.76 | 0.89
t3seeng Azt A7) 53 tt3g06g2 | HawhAR| ke ot us-M| = | 067 | 0.78
t3seeng st 27 8253 tt3g53i A Ao 3k = 097 | 1.00
t3seeng St F] 27 B t3stbeh Al HE AEY A 079 | 0.82
t3seeng st ze] A7) Bt t3exch AR P uF 2 A 0.74 | 0.68
t3seeng st el A7) B t3secls A #E 27 a5 1.00 | 0.70
t3seeng st ze] A7) & anpday TR e 1.00 | 0.96
t3socut A3 A g g d3 57 tt3g06e2 | ThEFSHER R SHBRlEBE: | 092 | 1.00
t3socut ALE A &g t3 57 tt3g1lb WALR 25 = A 0.71 | 1.00
t3socut ALE A &g T3 57 t3pdiv | Thid wSS fkb a7kl e | 092 | 1.00
t3socut AE] A g e gigk 7] t3seins FHAAE 27| E5F 090 | 1.00
t3socut AFE) A Eg e ) t3seeng sty zte] 217] g3t 096 | 1.00
t3socut A3 A g g "3 57 ey Y 091 | 1.00
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from to SRIE u} g
Hely & W ol =
t3stake ol 3| #A AL o t3pdbar AT e A 1.00 0.81
t3stake ol sl #A A7 Fe] t3satat | Y sRF &A@l tiEk W= | 096 | 0.94
t3stake ol sl #A AT o] t3stud WAL-BHAY A 1.00 0.96
t3stud A=A A tt3gh3i AF Ao digk v 1.00 0.72
t3stud A=A A t3satat | O sk el disk v | 0.65 | 0.78
t3wels A 5A B 2Edf s tt3gh0 | &F$F wA FAF &% 717k | 1.00 | 0.96
t3wels 2% B2 g ~EY s tt3gh2k | kRS- SR ad =g 2=k | 1.00 | 0.90
t3wels 44 52 9 ~Ef X~ tt3g53i AF Aol 3k vk 0.80 0.96
t3wels A B 2 ~Edfs t3pdbar A A 3y 0.88 | 0.81
t3wels A BA 9 B~ t3stake o &l LA A7t Fh 1.00 | 0.81
t3wels A A 2 2EH~ t3wload drF ~Ef A 1.00 | 0.88
t3wload AFF 2EHx tt3gh2k | S5k SRS SRl =g 2= | 1.00 | 0.72
t3wload AEHEF ~EY X t3pdbar AT N A 0.82 0.72
t3wload JdrF ~Ef 2~ t3pdiv | TRIS mES ok ke Ha | 064 | 094
t3wload AT ~EH 2~ t3satat | OV sk Aol digk v | 0.78 | 091
Ty WA T tt3g06e2 | TREISHEE KIS il | 0.70 | 0.85
anpiy SR t3g1§j <5 AIZH7TER 0.92 0.99
anpay g tt3g53i AT Aol U3t vk 0.83 0.75

. -
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from to SR u} g

ey & W & ZE
tt3g06e2 | ThREFSRIEE 7R skl bt e-mTs | t13g06g2 | AR D ke bt | 1.00 | 0.92
tt3g06e2 | TREMHEE 7RI ShiBl thhede | tt3g06j2 | ShEIERISER Rt LR B 4= | 1.00 | 0.94
tt3g06g2 | W nwhAR) H 7k ok w39 A | tt3g06j2 | ShElaEreke dp LR 4= | 1.00 | 0.77
tt3gllb WALR FEE F A4 tt3g34m | TREVES SR RIAVI &7 | 0.97 | 096
tt3gllb WALR TES F A tt3gh0 | FF w2 FAF g% 717k | 1.00 | 1.00
tt3g23k | A /it Sks e} kel O i | tt3g06g2 | bR Sl ok s e | 099 | 1.00
tt3g23k | 74l /Mg S} kel Ok | tt3g22h | Rl /RF s S bUERE ) | 1.00 | 051
tt3g23k | 7l 7 St} kel ok sy | tt3g26] | AR VIR o) S S ) | 1.00 | 051
tt3g23k | A /it s e} kel ot ) | tt3g29c4 | RE) o T AR SR 939 | 0.78 | 0.51
tt3g23k | 7 7R St kel ok ) | t3coles | WA ZF AE-A S £ @™ | 080 | 1.00
tt3g23k | A /M e ke bt ) | t3effpd | E¥H ) AEA AL &% | 072 | 1.00
tt3g23m | 4 7R S 5] R EEEER} ) | tt3g29c4 | R o AR Sel 919 | 1.00 | 0.56
tt3g23m | 2 /N s A REEEESASE) | t3pdiv | TR 1S5S SRR Rkl Ze | 055 | 1.00
tt3g26]1 | #Had 7 S¥so) Sadu Shbll ) | tt3g22h | R /R s R UESH ) | 1.00 | 051
tt3g261 | A 7R eFse) B Shbll 25 | t3effpd | A AEA AT &F | 1.00 | 1.00
tt3g29c4 | IREP oigt | AR sl $3 | tt3g39c | S AR A wskpl Algsk Akt | 0.88 | 1.00
tt3g29c4 | R ol L AR Sheld 919 | t3coles | WAF 3 AEAQ ¢ 9 | 098 | 1.00
tt3g29c4 | TRPPI ok ARl el 2 | t3exch WAR TF wF P 2A 0.63 | 1.00
tt3g35c | e TGS ) | tt3g35d | thdehs delsel #xbE k=) | 1.00 | 0.97
tt3g35c | e TGS M) | tt3g39b | AV ] A AT | 0.89 | 0.98
tt3g35¢c | W FAAGETFUSHE ) | t3dise A7t & 24 058 | 0.89
tt3g35c | Wi TAESISE ) | t3pdiv | ok RS ok AR e e | 092 | 055
tt3g35¢c | WdEE FAGETFUS I ) | ampdacy WG 075 | 087
tt3g35d | t¥delE sl AP} o= SR | t3stbeh A HE AEH A 091 | 0.74
tt3g35d | ohdela ¥l EAPE 9= sRY) | t3disc AZtE & $4 1.00 | 0.74
tt3g35d | bIshE -l A oke 3 | compdacy g 053 | 0.75
tt3g39b | SRS ] 2] FMAEARE | tt3g39c | AR S A aEEkpl AR ARE | 1.00 | 0.99
tt3g39b | SPAKFE R ] FHNAMBIARE | t3satat | Ol SF ARl TR W= | 069 | 0.68
tt3g39b | GHANE EPIRP] 2 PR MBI AL | compdency WG] 7 09 | 0.74
tt3g39c | 5 ARF A aEskel Al8SE ARRG | tt3gllb WALR 2R F A 059 | 0.99
tt3g50 T wA FAF % 7|3 tt3g34m | TREZES S8 RIAV| &5 | 052 | 0.73
tt3g50 g8 w2 FAL % 77 t3pdbar AEA A g 063 | 084
tt3gh2k | Sats SIS 9fet 4% 4 2=l | tt3g06e2 | ThEISHER /KSR nEEEE | 0.79 | 0.72
tt3gh2k | E5ans SRIS SR =9 2=k | tt3gllb WALR FEI F A 1.00 | 0.80
tt3g52k | E5as SRS Sk o) 24 el | tt3gl§j <5 AIZH7TE 091 | 056
tt3gh2k | Sk SRIS 96k 4 24 2l | tt3g35c | s ARG aSTY e | 1.00 | 051
tt3gh2k | E5as SRIS SR =4 2=k | t3stbeh T HE AEH A 1.00 | 0.60
tt3g53i AT Al g vk tt3g06j2 | SRPIER PRI 4= | 0.79 | 0.80
tt3gh3i AF A3t W = tt3g1lb WALR FEE F A 1.00 | 067
tt3gb3i AT Aol oigh v t3disc A7tE & 87 050 | 0.63
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from to SRIE u} g

Hely Bk W ik =
t3stbeh A B2 ~EY tt3g06e2 | CREFSHER KIS thldBlge | 055 | 0.80
t3stbeh St HE AEY X tt3g39b | IHAVFE R 2 FAIARIATE | 0.93 0.52
t3stbeh St HE AEfA t3satat | oV B Al digk =% | 058 | 0.56
t3coles | MAF IF AEAQA £ HY | tt3g06e2 | EHER KSR BEEEE | 062 | 1.00
t3coles WAL ZF AFAQ £ {38 | tt3g34m | tRE VRS ERtsERpIAr st | 052 | 1.00
t3coles WA ZF AEAHA A EE tt3g35c | deE HREET ST ) | 057 0.94
t3coles | WAF 7+ AEHA £ FY | tt3ghzk | SRS R s | 052 | 098
t3coles | AR 7+ AFAHRL +4 FH t3exch AR ZF AF W A 1.00 | 1.00
t3coles WA ZF AEAH] o EE t3disc A 2+E & 34 0.54 0.99
t3coles WAL ZF AFEAQ 9 @3 | t3seeng st 27 257 077 | 073
t3coles | AR IF AZAR F4 HEY | t3stake ol &) B A A7t FHo 1.00 | 1.00
t3effpd A HAEAd ANE &5 tt3gl1lb AR L5338 F A5 0.61 1.00
t3effpd A A L & t3pdiv | TR S QR A el He. | 0.64 | 0.98
t3effpd FHAA HAEAY ML &5 t3pdped | 1} 2 wiSel] oigh ATy IR Loz 0.92 0.78
t3effpd aHAd HEAd ANE &5 t3stake ol sl #A A7 o] 0.69 0.87
t3effpd HAA HAEAY ML gF anary g 0.59 0.99
t3exch WAF ZF i B 2A t3pdiv | TR WSS ol R kel e | 064 | 068
t3exch WA I wF P A t3seins FAAE 27 a5 0.82 | 0.65
t3exch WAL 7F aF 4 2A t3stake o &l LA A7t F 094 | 0.74
t3exch WAL ZF WF E =4 t3stud WAL-BHAY A 0.95 0.89
t3exch WAR TF AF R 2A crmpdaty WG 1.00 | 0.78
t3disc AZtE & 37 tt3g11b WALR LHEI F A 083 | 0.89
t3disc A 2+E & 3 tt3g39b | IHAVFE R FHIARIAE | 1.00 0.94
t3disc A7t & 3 t3stheh SHA HE 2E# s 1.00 0.80
t3disc A 2+E & 34 t3satat | oV 5 AXE digk 9% | 0.76 0.79
t3disc A 2+E & 3 t3secls A A7 a2 1.00 | 057
t3disc A2 & 374 t3stud WAL-BHAY A 0.91 0.82
t3disc A 2+E & 34 apdary g 0.92 0.89
t3pdiv | TIPd nS-S SR A Vel e | tt3gh2k | S RIS SRl = 2=k | 077 0.52
t3pdiv | TId 352 9RRE A 7o) Fe | t3pdped | bR nkell ok AP e | 1.00 | 095
t3pdiv | TP SS9k g Jide] e | t3stake ol LA A ZE Freq 0.79 | 067
t3pdiv | TP WSS Qlek 2 Vo] e | ey EA 090 | 059
t3pdped | al} B mdel] ohel AR L | tt3gllb WALR TR F A 099 | 0.86
t3pdped | 1} wlo ik AR o | tt3gh0 | FF wF FAL 9 717k | 078 | 0.94
t3pdped | 1 H wksel] et 7R HeAd | t3stbeh A HE 2EdH 0.87 | 0.73
t3pdped | b} 3 uwBel] thel AP RE Hed | anpdacy AT 053 | 052
t3satat | Ol sk AFX|Hol Wdk W= | t3stud A=A BA 0.88 0.84
t3satat | Y g5 AA el Wi WHEE | anpary g 0.75 0.63
t3secls wA#E 27 a5 tt3g06j2 | SheuERlRpe B M 4= | 095 | 0.84
t3secls wAd#e 27 557 tt3gllb WALR 258 = A 061 | 0.86
t3secls wAHY A7) &zt t3stbeh A HE 2EHA 081 | 0.88
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from to SRIE u} g
Hely Bk W ik =
t3secls wA#E A7) 257 t3satat | B sRF &A@l tiEk W= | 097 | 0.85
t3secls A A7) a2 t3seins FAAE A7 2T 1.00 | 0.77
t3secls A A7 258 t3seeng st A7) B 1.00 | 0.85
t3secls wA#E A7) 257 t3stud WAR-8HA A 092 | 091
t3seins FAAE 27 5257 tt3g06e2 | TREFERERVR SRR nEBEs | 051 | 0.98
t3seins TAAE A7) 2 tt3g34m | TRE 7ES-E8stskixRplAp| 857 | 1.00 1.00
t3seins FAAE 27 5257 tt3g53i AT Aol g3t vk 069 | 063
t3seins FAAE A7 5B t3satat | OV sk Aol digk == | 1.00 | 0.81
t3seins FARANE A7) 257 t3seeng sy zte] z17] g3t 1.00 | 0.85
t3seins FAAE A7 257 t3wload A5 ~Edx 061 | 0.69
t3seins FAAE A7) 2T apdary WA 1.00 0.96
t3seeng T A7) 't tt3g06e2 | ThEISREE ISRt | 085 | 0.95
t3seeng st e] A7) B tt3g06g2 | HuppAp L7 vt de | 078 | 0.76
t3seeng st 27] & tt3gllb WALR FEE F A4 1.00 | 092
t3seeng AR A7 a3 tt3g53i AN Aol g v 1.00 | 0.69
t3seeng ste] A7) B t3pdped | 1} = wSel] oigh Al Lo | 081 | 0.73
t3seeng AL A7) ZeF ey W 098 | 0.67
t3socut ALE A Z ol t3 7 tt3gllb WALR 253 = A 0.71 | 1.00
t3socut A3 A g g d3 57 tt3gH3i AF Aol g3t vk 056 | 1.00
t3socut A3 A g g d3 57 3pdiv | Tk weS okl el = | 1.00 | 1.00
t3socut ALE A Z ol T3 F7) t3pdped | 1} 2 wSel] oigh AP IE Lo | 053 | 1.00
t3socut AE) A gl tg F7] t3secls wAd#Y 27 Z57 0.76 | 1.00
t3socut AE A g t3g F7) t3seins TAAE 27 a5 0.89 | 1.00
t3socut A3 A g g "3 57 t3seeng st A7) a7 0.88 | 1.00
t3socut ARSl A g 8o 3k F7] t3wels A% Bx " AEYA 0.73 | 1.00
t3stake ol &l LA AT Ze] tt3g06e2 | ThEISREEE KSR giaEB1: | 059 | 0.69
t3stake ol sl A A7 Fod tt3g35d | ofdehE PdelEl A =Y | 0.61 0.61
t3stake ol 3| A AT 3o tt3gh3i AF Ao disk v 1.00 0.54
t3stake ol s T A A7 Zod t3pdbar AEA N 2 061 | 0.89
t3stake ol sl & A A7t Fe] t3stud WAR-SHA A 1.00 | 098
t3stake ol sl A A7 Fod t3wels A% BA g ~EFx 1.00 0.58
t3wels A B2 9 ~EH~ tt3g50 g5 wH FAL 8| 7|7k 1.00 1.00
t3wels 25X 9 ~Efs tt3gh2k | S RS- Rt =g o=l | 098 0.67
t3wels A B2 @ ~EHA~ tt3g53i A5 Aol gk s 1.00 0.59
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Abstract

Analysis of Influencing Factors
on Teaching Competency
of Secondary School Teachers

Using Structural Causal Model

Hye-Won Yang
Department of Education
The Graduate School

Seoul National University

By establishing trust and love in the teaching and learning
environment, teachers are expected to help students. To do so,
conducting research on teaching competency is imperative. However,
there is a limited amount of empirical research focusing on the
factors influencing teaching competency. Or, they are working with
selective variables that do not sufficiently encompass secondary
school teaching and learning landscape. Therefore, comprehensive
research identifying the pathways and causal linkage between a
multitude of factors applicable to the teaching environment and

competency 1is integral. Conventionally, Japan and the United States
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are the two major countries whose teacher policies are frequently
used as references when South Korean policymakers devise teacher
policies. Therefore, in this study using structural causal model,
factors influencing secondary school teachers in those countries have

been incorporated. The primary research questions are as follows.

First, how 1is the causal graph constructed, incorporating the
teaching competency of secondary school teachers in South Korea, the
United States, and Japan, along with the key predictors?

Second, what is the causal relationship between the teaching
competency of secondary school teachers and the influencing factors
shown in the causal graphs of South Korea, the United States, and
Japan?

Third, how can the causal graphs of South Korea, the United
States, and Japan be utilized when estimating the causal effects

between teaching competency and influencing factors?

The research data utilized in this study was the latest cycle of the
Teaching and Learning International Survey, organized by the OECD,
known as TALIS 2018. This study focused on the responses from
secondary school teachers and principals in South Korea, the United
States, and Japan. Considering the multilevel structure of teachers
within each school in the TALIS 2018 data, a mixed—effects random
forest model was applied to extract the top 20 predictors for teaching
competency in each country based on their importance scores.
Subsequently, a causal discovery algorithm was applied to construct
causal graphs representing the relationships between teaching
competency and the predictors of each country. Using the

country—specific causal graphs, the causal relationships between
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teaching competency and the influencing factors were analyzed.
Furthermore, details of causal inference were provided, utilizing the
causal mechanisms observed in the causal graphs. The main findings
of this study are as follows.

First, through the mixed-effects random forest analysis, a total of
35 predictors for the teaching competency of secondary school
teachers in South Korea, the United States, and Japan were extracted.
The same set of 35 predictors was then used for causal discovery
analysis in each country, employing three algorithms (PC, Tabu
Search, MMHC). The analysis results showed variations in the
average graph structures produced by each algorithm. Among the
algorithms applied, the Tabu Search algorithm was found to be the
most suitable for the TALIS 2018 data used in this study. Based on
these results, the causal graphs for the three countries (South Korea,
the United States, and Japan) were generated using the Tabu Search
algorithm, comprising a total of 36 nodes, including teaching
competency, which was the outcome variable. The directed arcs in
the graphs were as follows: 96 arcs for South Korea, 99 arcs for the
United States, and 124 arcs for Japan. Furthermore, the average
Markov blanket size and average branching factor differed by
country, with the largest average Markov blanket size and average
branching factor in the graph for Japan and the smallest in the graph
for South Korea.

Second, based on the country-specific causal graphs, an analysis
was conducted to examine the causal paths and covariate adjustment
sets for identifying the relationship between teaching competency and
influencing factors. Under the theme of 'Teachers Self-Efficacy’ three
factors (Self-efficacy in instruction, Self-efficacy in student

engagement, Self-efficacy in classroom management) were found to
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have a causal impact on teaching competency across all three
countries. For the theme of 'Teacher Job Satisfaction and
Motivation,” five factors (Social utility value, Workplace well-being
and stress, Student behaviour stress, Workload stress, Stress for
modifying lessons for students with special needs) were identified as
common causal factors influencing teaching competency in the three
countries. Regarding the theme of 'Teacher Feedback and
Development,” two factors (Participation in professional development
activities focusing on Teaching cross—curricular skills, Teacher—parent
(guardian) cooperation) were found to be causally linked to teaching
competency across all three countries. Under the theme of ’'School
Climate,” one factor (Teachers perceived disciplinary climate) was
identified as a common causal factor influencing teaching competency
in all three countries. However, even though there were common
influencing factors across the countries, the covariate adjustment sets
that needed to be controlled when estimating the causal effects
between these influencing factors and teaching competency varied
depending on the country—specific causal mechanisms. Additionally,
four factors were specific to South Korea, eight factors to the United
States, and twelve factors to Japan, indicating additional influencing
factors unique to each country’s context.

Third, as an example of the causal effect analysis between teaching
competency and influencing factors based on the causal graph, the
average treatment effect (ATE) of “participation in professional
development activities focusing on teacher - parent(guardian) cooperation”
on “teaching competency” of secondary school teachers were examined.
The results showed that in all three countries, participating in
professional development activities focusing on teacher -

parent(guardian) cooperation had a positive effect on teaching competency.
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Furthermore, to investigate the differences in covariate control
approaches in the causal effect estimation process, the South Korean
data was used to compare the covariate adjustment sets selected
based on (Dthe structural causal model and @the traditional statistical
significance test. The analysis revealed that the covariate sets based
on the structural causal model consisted of one variable, while the
covariate set based on the traditional statistical significance test was
comprised of 14 variables. Considering the causal mechanisms
observed in the causal graph, utilizing the structural causal model for
estimating causal effects was found to be more efficient.

The results explicitly demonstrated that there are national
differences in the causal mechanisms between the teaching
competency of secondary school teachers and the influencing factors
in the three respective countries. It also confirmed the usefulness of
causal analysis based on a structural causal model in educational
research and highlighted the significance of effectively estimating
causal relationships using this model. The structural causal model
employed in this study can be applied to a wide range of causal
inference problems in educational research, thus calling for further
research in the future. Additionally, in—depth follow-up research is
necessary, including longitudinal studies on teaching competency
based on a structural causal model and analyzing the policy effects to

enhance teaching competency.
Keywords : Structural Causal Model, Influencing Factor,
Teaching Competency, Mixed-Effects Random Forest,

Causal Discovery, Causal Inference
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