NRFZIGE v IR

HIRZ M BHEEF. BARR

=

Bl S PNE =E R R S

‘I would rather discover a single causal relationship

than be king of Persia.’(Democritus, B.C.460-B.C.3707)

[P i ks ABERKRIUH], ARG DB AL
(PR AR, b A I 7 24 )|

‘Problems involving causal inference have dogged at

the heels of statistics since earliest days.” (Holland, 1986)

[P0 K DL AR HE R 1 1) AL a2 AT T e vt2 ) B



1 ERHEW

Fr DK, SRITSHRY R RS H A ARERA. tha R,
B 2255 LTI A BEAWT T w25 H T .

L - 22 18 (Aristotle, 23 JUHI384-1322)
BlEEE0 e O T s R &0
R E A B SR 2 A

RPE(Hume, 1740, Atreatise on Human Nature)
Humeln] @ J5 PR A2 45 REAS & S 56 VA 20 AJ UESE ().
PG AFA R R R

2 (Mill, 1843, A System of Logic)
ML PU A vk
WG VRS AL FIRVE.



PRI 5 AHORAE I AN AL IR B 2 2

TR I AR W n] e R P A S
FH e, A3 DRUROC R ] R DL H R A A9 AT

Freedman (1991) : /NzAM)REeRE 1 580 R~SFH A<, A il
O REE R RS, AR EARATTI B 2 6E T -

WD G B AT 5T ) 3
ARRKRRME, SBPIZRIAARMEL? !

TR W DLt 44, 38 K 34,
H3e, FTRZEM ARG dr ol Ge 2 5 AT KR I NI 3 ar e A 4
25t . NS KBNS AR Z AN, TR BE R AR BT

iy TAEM T AL NR GG K (EEERKD) , IXAGER WA

NG, T n] BE A DB T 2 pkade ok B S AR N
B AT TR 018, a2, XMILRIR N
fi BTN



2 Givh B SR HE WY
Galton(1888, Correlation) H7< 5 [A]1)H

Person, K.(1911, The Grammar of Science, 3Ed.)

S HEENRT A PIRR T, AR R TR 4R 2 R O
1B A AS St

Wright (1921, Path analysis) %87 #r

Lewis(1973, Counterfactuals)
IR AT E SO BL U, B2 IS D siA S BT
AT SRR EFAED ).



Neyman (1923)F1Rubin(1974, Counterfactuals) 5| N £E 4 R AT 5 .
Y(1): BN NER,

Y (0): RBEFEGO NS R

Y U £ R .

ZFEAMERFAVEH: ICE =Y (1) - Y(0)

“You can’t step into the same river twice.” (Heraclitus, 3 %'t &)
[ URAN 0] E P OIS N AH (] ()3T
S F R RAYEH: ACE = E[Y (1) — Y(0)]

Pearl(1995, Causal diagrams)
DR M2t ] AT
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test eps



Simpson {Zi&

HM TR gyl

B2 80 120 200
2K 100 100 200

__ 80 100 _
RD =30 10 _ 10

Gi/acsiaN =
Bk grg e
B LR AR L
By 35 15 45 105

A 90 60 10 40

RDy =0.10 RD,; =0.10

- JEA

0T i

ERNULIRS, ST BRI E: [Y(0), Y (1)LT F,

ACE = E[Y(1)] - E[Y(0)] = E[Y(1)|T = 1] — E[Y(0) = 1|T = 0]

= E(Y=1T=1)—EY =1|T =0) = RD.



THERVE Ay . TRARAR U n] I
B2 [y (0), Y(D)]LT|U.
ACE(T =)
= EY(1)-Y(0)] = E{E[Y(1) = Y(0)|u]}
= E{E[Y(1)|u] — E[Y(0)[u]}
= E{E[Y()|T =1,u] — E[Y(0)|T = 0,u]}
— F{E[Y|T =1,u] — E[Y|T =0,u]}.

AN N 20 A AL ?

Pk AR ) 2
Ga < 40% > 40%
P51 7 5 7 5
A% B A% ok A% kBB AR B
el 5 5 40 50 30 10 5 55
ZRF 60 55 5 5 30 5 5 35

RDyy = —-0.02 RDjs =—-0.06 RDy = —0.11 RDj = —0.04




Holland (1988, JASA),

Greenland, Robins & Pearl (Statist. Sci., 1999),
Geng, Guo & Fung (2002, JRSS B).

AR IIBGEY (0), Y (1)]LT|U.

1 ? 1
1 ? 0
1 ? 1
0 1 ?
0 1 ?
0 0 ?

FAN AR (R EE



4 FIEFEE: HIE+R(surrogate, biomarker, intermediate)

| am harmless!

Surrogate

True end point
AR

FEBR AT, FIE RIS R b IR AES 21
197 — CD4 — AIDSH NHIAEAEI TE],  H H CDAE N AR5 -

A aff e AT AR ?
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Bl: (J Am Med Asso, 2002) HIMERCE A SRR 2EA T 48 20 )5 IR Ah 72
V61T (HRT) AR e B AT S Co e X KU, LB et

1. PR T FEAR I 7 H [ .
2. JEL ARG R N P RO o (1 LB AT

AT, Ja R 2 R BRI BN LA TR ]
HRT S Fr 88 I CoJIE 5 e F 0o

B HIVIE G AIDS KT .

H R FHCDAYE W 1697 AIDSZ W I AR -

YT R CDAIE A e T V6 97 X IR 45 S CAIDSI¥ R Je BUAE T
) IEH .

(it Sk QINEE JD N NINL Tl

CEREATLEER DI INE

Kb FRZH L 22 SRR 20 A B e ) 1 AT

Ziie, GACTIRE N R, RS AR, IR BRI e -
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Bl O T I A R AR A 1) ) 7L
REFAFRIA 5 12 i)
HI bt s 5 7 AR Db A O A SR T3 R R AR A

VR H A HI R
ROV T 2 FECO RS . IHO AR R Rl DI R

KT DR HE MR T FT (CAST) VR —Fi 24
Enkaid(Jl|44: encainide),

Tambocor (1t.2%44: flecainide acetate),
Ethmozine(%l|44: moricizine)).

EAH ] LA RO R, SRIFDA#EIE.
FERAFEA202 7 AR 262

AL TT ANET B R T 2

XA ET 5 R Al e LA S i e AR T ) N 4
ye SIESELRTIOF N/ = o X o
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4.1 HHAE R ) LR A e A oA U
a. SRAHSCHEN]: FACEAR X o205 G R Y A AR SR

HE, A SCHE A REARAIE AL BT X B AR b ST IE A A H
U AL BT 55 48 Y52 AT IEA AR

[ WL T B (Baker and Kramer, 2003) .
WAIDSHE A RAEAEI Y, CD4VH4LS.

CDATFELS 5 AEAE I MY 58 A B M AH G o

Y

Group C

Yc

Yt Group t

Sc St

BACRR S 5 LA RY SE e A<
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b. ZAF¥h 7 HEN] (Prentice, 1989):
BRI IR AT, SRS ABAMST(YUT|S),
Mo, SE—NFEIEATERR.

HH(SLLT) fedE (Y LT).

c. ¥4 EZ#EN: (Frangakis and Rubin, 2002)
IR BEE: PR ARSI AT, W 45 1Y e
B, PRI RAE H (the average causal effects - ACE) i A2

ACE(T — §) =0 = ACE(T — Y) = 0.
e v ARTE AR AN 2 R R 2
FARBAEN]: WA s, RS
{Yi(1) : Si(1) = Si(0) = s} & {Yi(0) : Si(1) = Si(0) = s},

FEAEFHAE R, A S J&—/FALH (a principal surrogate), AT
AEFRT = LFIT = 0% 45 Y (145,
BRI, KBTS ACSTCR R, TGk &5 Y e H

14



d. EFAAIEF AN (Lauritzen, 2004):

S AUIRAR SIS AL BT B 45 RY AR B AR B e] AR
U

SRR DRAUEAREET X B CSRHR ST IR RAE I 1
REBETXS SR Y w2 TR AT -

ACE(T — S) =+ ACE(S —=Y)=+
T S Y
ACE(T —-Y)=—

FAT(IRSS B, 2007)FrixX Fhil % 0 B AR Fe #5 1% 18 (a surrogate para-
dox).
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4.2 BHAEEREET

#. SZERIPH]F (Fleming and DeMets, 1996; Moore, 1995).
FE—MET D AYR I 29T 5T DA o R AR T, {H 2

FORER T AU RERE KAy, S 7 AET- =%,
U

T =1k T =0 X8,

S =1 Ml o R

Y =0 H5L;

U =0 LI, sIERmRIE.

16



BXP(U =0) =0.3, P(T = 1) = 0.5, HAhfyiTab. 377s.

Table 1: 5B AR 7 Aii
p(S = 1u,t) | p(Y = 1u,s)

T=0T=1/S=0 S=1

U=0] 098 079 | 0.00 0.98
U=1] 0.02 099 | 098 0.99

SOSLITIND Y RECRN &:E eI MY P

P(S=1|T =1)/P(S = 1|T = 0) ~ 3.02;
HA&, AEFERGI 7 46T 3315

P(Y =0T =1)/P(Y =0|T = 0) ~ 2.91;

HMEZE A, LA 2

ACE[T — S|do(T = 1),do(T = 0)] = 0.6220 > 0,

ACE[S — Y|do(S =1),do(S = 0)] = 0.3010 > 0,

H)E, ACE[T — Y|do(T = 1),do(T = 0)] = —0.0491 < 0.

17



KPR AR R

o W SIEMNTRIY R BRAR AR (1 8] AR 5,
ZIF R AN EAE NSRRI

‘ih 1) #1218 (the intermediate variable paradox)’
A LA R B R 2 S
o M ULHARETEN A LHAE.
iR A T HAZ 51218 (the instrumental paradox)’.

o ZE 11 LLF JyYule-Simpson f£i2,
BEAEAE— DN AREIIR IR U, ] IRV R g v 45 18

18



4.3 —BHEBEMRIIE, BB $EFR(Chen, Geng & Jia, 2007, JRSS B)
N TR AR R IT R

IR T UHEMACE(T — Y) IR,

BATVEVEAIEPRS NAZA B 1 14 ot

— B AE — EUE

EX1. —HH 1545 (Consistent surrogate)

AR EAIEARS R IEA SR RY 1) B AR bR 2 L A

1. 5 XSTHHACE(S — Y) > 0,

ACE(T — S)< 0= ACE(T —Y) <0

ACE(T — S8) >0 = ACE(T —Y) >0,

2. ACE(T - S)=0= ACE(T —-Y)=0.

EX2. Pt —H B CI8#5 (Strictly consistent surrogate)
AN RARELS R LR SR PRY IR BURATE AR e S e 5 A

1. MEXSHBACE(S - Y) > 0ff,
ACE(T — S)> 0= ACE(T —Y) >0 Al

ACE(T — S)< 0= ACE(T —Y) <0,

2. ACE(T - S)=0= ACE(T —-Y)=0.

19



JEPEL. S & BURAURIRI A2
L YIS E(Y |5, u) A2 s 5 o 3
BIOE(Y |s,u)/ds > 0 or < 0 Vu, JfH.
2. XS, T ANEKRKEZEBIF(s|t", u) > F(s|t', u), t > t", Vs&u)

AT MR R (BIE (st u) < F(s|t,u), t' > t", Vs&u).

A
o KIAEAMMEIU, w1 H R4 A A5 1.
i 2 AR A L Y AR W 4 A ) 5 A
o FATL, IR M R A B AIRRS 2 MERR R,
fltn, XS TAHET SEm A, il iy Rl SIOR, AR R R B
WA K. Blp(Y =1ju,s") > p(Y = 1|u,s") Vs' > s".
LM E(Y]s,u) = bs + g(u) &, 41 FHSRAOT.

o 512 EMRAT I3 A R BRI,
‘&AM PE ) OC 55, (Imbens and Angrist, 1994).

i, WFFT e AR R oI B4R T i IG 1 D4 AR dE
[ S A F R 7 b A B R A O R A v L
(EANEORAE LA HI G

g LAl A Nt A B G S A A R I

20



5 MSREER, K>

T = {t1,ta, -, ts} — MM E AR
ts — HsPMERII AL TR

X1 . Xy
1
Group 1 X4
ni
1
Group 2 X,
n2
1
Group S Xis1 Xitg2
ns

th - (thla thQ)

Fig. 3. An observed data pattern.

(EISEZYNIE 6/ S
I — ARG, R AR AR

21



Example 1. (Continued)
Observed data pattern is T' = {{1, 2,3}, {1, 2}, {3}}.

X1 Xo Xj
1
Group 1 X4,
n
1
Group 2 X,
n2
1
Group 3 X,
ng

Observed data pattern T = {{1,2,3},{1,2},{3}}.

A graph with hyperedges.

22



A Naive Bayesian Model:

A Hidden Markov Model (HMM):

Training data patterns:

23



A Coupled Hidden Markov Model:

Y1
O
X X3

1
X4 X5
1

Y2 Y3
O
X2
A
X6
O O
Z 72 73
ll

Training data patterns:

24



5.1 PKHEREMERIZE]

9 28 FR L (1K) ) R s DR R T 17D

N
s

Pa;: FEHLAR S XG I SQEE AR
RS AN B -

Xy = fler), Xo= f(Xy,e2),
X3 = f(X1,€3), X4 = f(XQ,X3,€4),
X5 = f(Xy,e5), Xo= f(X5,¢6).

WAL I3 A

P(xq, 29, x3, x4, x5) = P(x1)P(x2|z1) P(23|21) P(24|22, T3) P(15]24).



MY UM £ 4, M1 Bayesian Y %% .

Table 2: s

FHEFE1 EHRF2 ... EFK
MiCI‘O&I‘I‘&y 1 X11 X12 . XlK
Microarray 2 Xo1 Xoo ... Xok
Microarray n =~ Xp1 Xno - XK

Bl A RN AR EAN R AYB, ARErE B2, WA 2R

A B A

llm

it A SR 5 BV BB ARG,
TN ECEAM B AL

A C B

26



DR P 2585 2] .
L AT A E P R TR AT A 2

KT XA EAMB, B HEHES = {g1,.... ¢}> B
fiRE AL BIUAHIC & REAB 2

ICH%, IPHIE:

X TR AR R AMB,
SHITA AR RESS,
FIWr R ALB|S.

27



2. WA AR A 5 ) 2
Bl WRASBHK, 45€C FNAYSBMAL, WA ERE IO

A C B
A C B
A C B

WERAL BAMKR, HEHGEC FAS BMKIE, Wl LAE 7 17 -
A B

R AN, BEAT IR T 1R 22 2
By, O, AR & AR .

1. M 2 A AT I i i A e, S ST 2%,
Spirtes, Glymour & Scheines (1993), Pearl (2000);

2. KRR Tk, A o M4,
3. Bayesian 7%, Heckerman, D. (1997)
4. JEFERR S B 5k
5. HEZL IE A7 [ Lasso V2,
Meinshausen & Buhlmann (Ann. Stat., 2006);

6. FT MarkovZEMN IR K22 >), He, Geng & Liang (ALT 2005).,

28



5.2

BA#HZ

29

AL
X1 Xo X3 X4 X5
BHEL X X2 Xz X X5
B2 Xo Xo2 Xoz  Xos  Xos
R Xy =7
IE&;IQ;"T an Xn2 XnS Xn4 Xn5
e g2
X4 X6 X7 X3 X9
BEn+1 Xpp1 Xot16  Xng1r Xngis Xngi
ES'\%‘TL-Fm Xn-i—m,l Xn-i—m,ﬁ Xn-l—m,? Xn+m,8 Xn+m,9
B 12 T
Xs X,
ES'\%‘]{ Xk,8 Xk,p
BHEN Xns XN,p



5.3 F R RN K5 EFE ] H(Xie, Geng & Zhao, Al, 2006)

a2 4, i A,
378 [FALARM M 2%
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Fig. 10. Three databases.

(a) A subgraph for
the left node of T'

(c) A subgraph for the right node of T

Fig. 12. Undirected independence graphs for nodes of 7.

G—C)

‘E 26
W, 2]
(33

P ® R/
8

IS

NN
S TR

Fig. 13. The global triangulated graph.




RN

1@; Aﬁ 5
26, 35 35, 37
A\ NN
Ao 18,19\, /20,23

425 5%6 /\WQET/\O\M@@ 1
AALA A A

Fig. 14. The d-separation tree T".

ii@fgi;\./\

Fig. 15. Skeletons for all nodes of T".
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@?

Fig. 16. The partially directed acyclic graph.
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6 MG ERENIK 4SS (Wang, Geng, Wang, ISNN
2006)

WHE S, R RPN R A K3k,

T ) L1 2%

X, X X3 Xy X5 Xg

(a) R LK

34



AN
X
< ¢
(X)
b) G ]~ Y 4%

A

v = X P
0

(X (X

(c) B I I3 1 P 25 ()88 I 00 5 £ I 25
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AR5, WAL e AR AT 98 7 WL

(a) JRGIR HEAIE S (b) BEVIHEST (c) BRI A AT
Smoker Non-smoker Total | Smoker Non-smoker | Smoker Non-smoker
X=1 X=0 X=1 X=0 X=1 X=0
Cancer Y =1 688 21 709 8 2 0.0067 0.0002
Control Y =0 650 59 709 1992 1998 0.9082 0.0849
Total 2000 2000

7 ZBHE PR R A& ARSI (Jia, Geng & Wang, SSPR. 2006)

AT AR AT S B 2 AR B A, RS AU A
(A (R FEAE A (KB o

B A3 X REATT 7 AL AR A IR A e iE i N

SR AT A A gk e I R R D A

5 (a) & T W 5 it 193 5 RIS o AR 12 0000 15 A 80 M 9 491
AT A EEER, AR R I, N aeR 2t i fh vt

B Ak T W 5 il e B BE DT E 9, 49 21 8 Bl i & 5(b) Py
o AR AN BE DT FE R LA T A U

A~

PY=1X=1) 8/2000
P(Y =1X=0) 2/2000
PR A RO AR D, XA TR AN

R 915 FEAIF T BE VT WIFFEAI 45 15, 15 B XU (190 7

A

PY =1]X = 1) _ 0.0067/(0.0067+0.9082) _ ..
P(Y =1|X =0) 0.0002/(0.0002+0.0849)
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B2 A WAIETT, — AN B AT I 08 B RE s N AN R
A’ %'fﬂj"ﬂ\]%%n&i’ ﬁﬂi@f}(a),

TG T 10000 NHIREARE, ank6(b).

ANCHR 4 9 191 %) BEAIF 5045 A 21 S50 1) 20 A o R 3 26 (b) (1 25 20 4 45
ANF P ) o0 A . R K6 () FI(b) DN B s 256, ] LAAS 2138 6(c) 1) 1k
oAl BT DS R A S5 1970 410.59%

6. WA B A 5 A TN o0 A
(a) 73 1 %} PRI 5
W AR A
FERE A 688 21 709
XN 650 59 709

(b) W JHJH A
W AN BRI
9171 829 10000

(c) BRI At T

WA AN
FESER L 0.0057  0.0002  0.0059
SR 0.9114  0.0827  0.9941
0.9171 0.0829 1.0000

g, AR AARKRAESH, WRTHs. o LUK 2 A Ed
GG AT e b
R WA

971 572
AN ME AR O - AN ME R IR
1 110/70 25 75 - 1 110/70 25 37

2 120/80 40 60 --- 2 120/80 40 38
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NIRRT [Bi|Ad], ..., [Br|Ak], UL [AvU B] = Vo
Je 5 A AR IR 5 43 A 2

L P(V)nl e e (B Au, -, [Br| AT BUN I 78 73 451
NISER R A

o Wittt = 0, [BV|AV)] = [Bel A V k, VO = V.
o 4B EEBYAY) f13BY U ALY = v,
WORBEA XA B 14, WP (V) A AT,
o VD) = AW (B A — BN BW| AN\ By o Ap =41

o EH BB, HEVY =0.

Bl Bl [456]1237], [147]23], [45]6], [2]1347], [3]45].
o VO =1{1,2,34,56,7}.
W) = {1,2,3,7}. FHEALA: [17)23], [2]1137], [3].
® = {2,3}. Bl (23], [3].
B) = {3}. HdiFE: [3].
)
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