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mRXRE, AEEEAIRERRNATIEREETE, ARTUNMRARRNEIREBNE . SRR
ENARERNM, MPAUEERER.,

MRMBBEEHITNAE, MRRRELDARITUENBERATT, IFHEERITRIFAIMINFG TEE
/M. BEREZEWEAE, FARBEFRFNEARRESRMUEBXMRITL, TR BE. JR=REW
BEARTESES, REESRWEBHESFXIUTL, NEDATEERANERKNAIFELRMEES
AUTTAR .

REBRBHRRKBURS IERERA LSRR RRNS, EBRNEFSH, BRATEERIMNERE
&, HEMMATEERANRBURALEHLEIHAT,

o
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@ £ERE - BEXZEHIE Ruslan Salakhutdino: 145 1iREIA
REF SRR

B EiRtR g8

EE_REFAS "2 &, Ruslan Salakhutdinov #8792 = 7 £ (Incorporating Domain Knowledge
into Deep Learning Models) (BUgEIREINREZ SIERY) (IRE.

Ruslan Salakhutdinov, 2 FAEMEAZHE, MEALITNRFZIRRTER, HMRFENHRERREE,
FEMRTEFNAREZIMEERBMAMKZIMML, WM Geoffrey Hinton, BEIH:, RERBFERIFXITH
FERRNE . thT 2009 FIRFZLZARENELFN, BEXEMSELRZTR T HPMENELEMR.
2016 F, NIRFREBEARE, AERGRBEAALERLERR, HMAERATEEAMRZE. BRI
Ruslan EZITARFEARILN 300 2R, BEREFINFEFRE—NAENZER, EBOMRHEN: BEFIR5.
HENAR., EERL. ESER. MR EMERDI.

Ruslan i\, SRFME Al EEFIURRZ O, EXEHIGRZ[BRMEMNMRE, EEDHRXOARE:

1. BRRESIERSHIE
2. NTE8E: REEEZEIINES]
3 BOUANIREA R REZ SRR G

4. ZIES. FREFEY BREFEY
ARHEER, Ruslan EZRFAVRANDZ T HAOEIAE LIRS SE=T0RkEMEH, FIdTRRRMEFMR.

—. BOEAARAZIRESIEER
B5%, Ruslan AENEIR T —MIEEERBMGF, WTE 1, MRFAVXERIZMTIX N FEHAIFTA,
IEPLE SRR S A AR A ZEIB? B RE =2 MERS-CoV. SARS-CoV UK Covid-19, BE 0% X6,
BATFIMMZ N RETHERNESWENMIREFZRIER, ERNTHELIMNE, X2—TXTLEM
EEmEAENE R, TIeHNEA LRFMZAMiRRERE XM, HIIKEMBBNLAZRSZE
FHER AR ATUEANIR, HalE Ruslan 2R ERAIKHIE

Domain Knowledge,

Which Coronaviruses Question Answer MERS‘COV,
are known to infect —» —_— SARS-CoV,
people? Covid-19

10 PELEIRRE P AR ZE?
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QFARERZEROAZIFEEERN, TEERMNNENTUWHRPMBTENRIXMRENFE, FIANEEN
B, AIWTHEMNBREZNFET, KENAGAIRAZIFEFEN: BNBEMNRGIPRER G, AT
BANMRN—EERRLEE G B, HOETEMEMERES, FIUNEOLER. GPS. IMU FHUTEHIE,
SMEEGNESEL. ER, ME-—ETENENERBEFESNIENMIRTE, RFEIE LAE 1 &
REEE, WFEEZNIUINAIRE, WTE 2, Fit, MOERERXIEE. WKk EIEERNZEX
R, WMIEXFEEX RAMRARE, EEREMSRMTERIIEIFESNSRERIRE, —EEZIUAN
e 778

Key Challenges Text Ontologies  Tables

O =

Domain
Knowledge

© Heterogeneous Data

Which ® \\
; . ey
Coronaviruses are Vo N \'i. ; 'ﬁ:ﬁ-ﬁ:x

- knuupr: o‘;l eu;n’e\:t ‘%i‘.j Covid-19
o Reasoning L4
bl |
O Weak Supervision
Inputs ‘ Outputs

20 JUEFNRARE S HEIR AR N ISRk b

R EXCRIREIN R BRZBAEMNGE, Ruslan AEMNSZETHEP— AR A E—EBEIREN
NAEERNERITRERERS WE 3. &%, HNTNARNTER TEBZONXEIE FTRUISAK
FREE.

o FRUE., AMGERZERZNHS2ARENINEHAK, BEEAFERARE T —SHREANAS. B
VBT 1993 EMAIE T H R A TEEELINEFF AR START R4, FRBAMIEIRIZ RS, BIRBETHINE
FIEEMNMRA, WAFPRLENOIAHTENNBZREZNALS, NRBFARENEMARSNIIRET,
MEZREIEHER, Rz, NRAFRETBHASIRENRR, NWRASESSTRIRNXEE, Hi
RS EHRXABIEXER, WERHTRELEEFSIIRNERNER,

* iR (Knowledge Bases, KBS), FTIBAIRE, EXLMEREKM ENERET TR A TREAMG
B, U=ANFE X E6E T (Subject, Relationship, Object), ®—MIFEEMHLNES, LRMNEZMNE
FreeBase,

AATERXEZH, Z5AN A HRETMRAERTRRAEEEDMMELNHITERN., BTAIRE, 30
LBRE—TEBEMNBE AT U TRRICICHELEE, ZEBMORKET, ATRREERUERESNS
AR, MANRERSEEMANAR, FAUAMEHTRRNEFEBHBELE—TREMNIE, [FN, @
Xf KBS XA BARAIREN ZAARANFAE DB BEFEES AN E.
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Knowledge Base as a Knowledge Source
Question Subgraph

50M Passages 50M Entities 50 Passages 500 Entities
o — o 4
o
o o o i’
1. Entity Linking
+ 2. Graph
Text Retrieval Comprehension
Question Answer

Open-domain QA using fused KBs & Text

Dhingra*, Sun*, Zaheer, Mazaitis, Salakhutdinov, Cohen EMNLP 2018

3: EAIMRENXALEG S ERILITRIERE RS

BAIERXER, AMRERNREEZZRZMAN TR, B, BNIRIMN#ERN QE3): &, i)
FERREPHERANXRIE, HR, BREEHTXAZE &F, SFAXHKEREIIAREE. MREGH
ZMESINAREIEERE, EAREIER(TBE MR EHENE,

EREMRENSRITEREZE ROEREN, BEXAMEERMAREIEER) 2—HiFEHBNER, FR
TR BARE AR, BEMRIRAN, AKIELOHE T ENE REB—Multi-Hop Question, Multi-Hop
Question, ZEkEE, MHEXEMEREF JAFESSHIETRE, 5 Single Face #LE, ZHEBMETER
BEN—XFHR, BTHERARIER, BHNABIARRDE—TE6, WTE 4R, WREANXEILE
BERZEEZE-TRANEZRMEIM: £ Voglibose AT BENREME? B4, EZHANFTUEXDEBAD N

AR E

1. BB A B4 Voglibose ?
2. ZAB)NEENREME?

BERENNHAMERE, FAITHEER, Voglibose XMFZMANET AT NRARIAAS, 1ZAS)EBFRANH
/NS IREYNGIER 2 =R N

BEME, BMEIEENLIEM MR, RAOET —TERGE, SR, SHhEBBEIBI=T
WEZRE L, Ruslen FEENRE, X Tixa@ELHEIRRR. EAN. AERREMN?
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Where is the company which

manufactured Voglibose ~ u/ti-Hop CTexr
headquartered? Question orpus
: Voglibose is a product of Tal

Pharma cal Company, Japan's
largest pharmaceutical company.

<
) Which company ‘
manufactured Voglibose? )

Ans = X Unknown!
Where is Takeda Pharmaceut The Takeda Pharmaceutical Company
: ot o - ... Its headquarters is located in Chuo-
npany |||‘.|f.(]|].x'|0fl‘d ku Osala

Need to answer first question before
Ans = Chuo-ku, Osaka second passage can be retrieved!

Relational Following

Where is the company which

) ) ) . manufactured Voglibose
Differentiable Reasoning over a Virtual KB headquartered?
Dhingra, Zaheer, Balachandran, Newbig, Salakhutdinov, Cohen

ICLR 2020 foval)

X ~{ Voglibose }

R1 ~ “manufacturer’

R2 ~ “headquarter location” | X.follow®D) |

[

Y = X follow(R) = {z' s.t. R(x,z") holds}

Ans =7

- Given a set of entities X
| Z.follow(R2)

+ Follow the relation R
- To arrive at a set of entities ¥

4: Zpkie) LA DT E

Ruslan R EFIPARL RAFEIZGURBEME T —LMR, MNEE, BTZ0E) ETEHRZMERR, %
ZREARIEB] DA F9 PO TR

e Graph Construction
ZEROZOBEMELE, B5EAREREXNBIBEFENBENEIESS, TE6HE 1) RIEXHR
MG REXETE, FHESXBALEESRSHN DEE 2) SHWREBHEIIEMBXREZMN facts and
entities; 3) Jy_£—HHHE XA ESEFSLARING o

e Context Encoding
ZARRZO BinE R TIEM BB RIINEBSE S SLRPHER — TR, 1M 27 Context, EEHAE
[RIARIB)RE Question —EIHHEESSR, #HITHID, BRIBENERBAIBENEHR, BE, FER Bag-
Of-Symbol B9757E3 BSE S SLARHITRID, EANREFMERE—T N #MEE, FHEA Bag-Of-Ngrams 1975
BRI EIRUETHRID, 70 Ny £@=,

e8¢



e Graph Reasoning

ZIERNZOBEREFN AE®ENLE, #HTERPEENER, JIGSTARLLT IR ERONNE, AN
SEEEMEPEEIRENNRABEN, BT MEEXEME,

e Multi-task Prediction

ZEROZOBETEEREYE, BININTRARIMABTIARANFES, ATFERTRAELFTRA,
EUHNFTES— MERAIRERE, WEARBNOATIHTEIE, MMmETZESHOTN,
AENRED, HIVERR, SR Entity) FEATR, X&R ([Relationship) 1ERIB, 1CICEREREHTT
S EE, EE0RBEAERITEMN. TP DREDRILEIEXRICIS, HXNEATMACK, B, FHA)
ZRICICTRIBOFRRYE, ERAEITENIRFPINERERAERREENEERRATERINTE, B
WEGINIR THEIBRE, RO T AR, BENEIREIRICICERERNIEES, Ruslan SIAGEDIENGEAES
[ BMAER D S ERHEFHELEEN R, RELBEER. Ruslan %3, N XPMINEZIFER-RA
B, ARAFENEFTEANLEZRAEERANMREZETEEGRN, FEFEMMRENNE, B
Ruslan FTEIZHVANIRERIEE SARAEN ., BT ICICERFNERAN, NI ENEIREMTMERE, &
T2 NN “PoEE” (2 ENZEXR EE57EE, RNE®REthE R, EFIt, Ruslan FIEIZ—
PREBAMDA EH7 OMIRE, XTHMEEHFORTEERR, DRRRTREAN—LEIRRE, XD
FNRERIAERE R, AR RMNEN 1. &fa, Ruslan AEMNBR T HEAERMBERRE, WITE S5,

Results
Graph Networks Graph Networks & Ours
(1-step retrieval) (Multi-step retrieval)
Sun et al (EMNLP'19)
100
86,0 876
81,0
75
5 50
£
25
0
1-hop 2-hop 3-hop
Speed
Graph Network & Ours
(Multi-Step retrieval)
Sun et al (EMNLP'19)
45
34 33,0
o
&
-§ 23 19,0
S 16,3
[¢] 13,0
1
38
1,7
0
1-hop 2-hop 3-hop

B 5: Ruslan SEEENSEMARTHR (BE / EE) SHEE
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—. RBEAFEI 5

HEERE—#5), Ruslan AFDZT A (BSRNXEFKNE) RtE M hESE—REREFIS
EHNBENMAR. thigh, BOIOPAEBHMBENALIERE, EEREATIEEYY, BMENSEENY
SIBEAELPTIBN “BE”. Ruslan BEABMNIIET — N IEBEUNENIOH—ANBEASM. WTE 6 H,
MRBANTICNBZASMAEIEZSIESN, BNBENSAZTENNBREDE, EHENMEPIHIIALT
ZER, FEMATREMLIIRE X)) BARPRTEL.

Navigation

Agent

qt e

R <t
Action .td (f

Observations

Goal Location “ Environment

End-to-end Reinforcement Learning

ef O &
: “. % _’n O+ Reward
- _.d’ U e = S @_ Reward

Observations Neural Network Actions

E6: SHMRSTIILES

Ruslan 51, SMEWEERAENXREIS, SMESTMASMERARTE, fl, RERMES, BIEISM
IFENLIR EXEM, IERBESSRANRNERE. ENEESEMHA, ERMMEFTHTSMOZ
DEBERER, BNGUERMLERFTEZHNME, XENTRAREY ABETHE, UEERMFERK
FER, AEERRNNEMEASHUIREGI MG, £ 2019 F, ZARN-—LEMTAREETBRRER
IHERAR LS TERBRZ N, HRARIND, ERBEEIDEEESFL: 1) M TEEEAM
=, fHERENMAKRBD NERENEINLIR VAR, meatPIRE T UERMEGTERLEE, &
FHNRROEEBINRIE 2) sBHF SR UERHF MM RAOOERNE 3) REHNISEIBEA, 8
HEIFIMRENETRSMEITEE, REREEHME. A, BN TMAINEHERE, JAEFIEND
BERBRINERE: BEENK, RBNEEZEA,
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Exploration

* How to efficiently explore an unseen environment?

* Limitations of end-to-end reinforcement learning:

* Learning about mapping, pose-estimation
and path-planning in expensive

* Sample inefficiency
* Poor generalization
* Our solution:
* Incorporating the strengths of learning

* Modular and hierarchical system
7 SMEENE RRRIR G E

LT, Ruslan 24 T —HMEGHRETEE—Active Neural SLAM (ANS) , IXIR T2 T —MERMGTE R
LEI AR S = HRIB P RIRES, RN “EEME RS, Ruslan WAEFIBTSHA S ENETFEINGEN
h25, BIERTFS SLAM BRI HITERZMEIE, UREBMAUKE, BAZINEREEDAERE
BBEREM (f SLAMRIRAF), EERNSHARTFE TYIEERNEMNE, ERENSAHURKHRHIGN
TIPS EEN, ZEEESMERFEARCFEIAR, HRETENNS, BN, ElGdEiH
TOBRDBAIERIIG, WE 8 MZEANBMRIERE: A SLAM EHIRIEZE A RCB MUNMEMZREIE
I E AN S BE AR RIS AT,

ERSMERBEMLMRFNEB ML KB, HEROMBEAMZKEZRRNEHET. BEHSMRE
WRTIHEMER, EREMNEFTNFIRTSHEANERE. REAER US54 E PointGoal
E%H, F7E CVPR 2019 Habitation PointGoal Sk EHREGIERIFHME.

Active Neural SLAM: Overview

= . .
Global Policy Long-term — L
L] .
: : : ) ' —@
Local Policy -

8: Active Neural SLAM E3EZ(RIEZLE
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WE 8, ARNEFEERTHMNED, EXREBONBEEBN=177E, 23NEHRE. BBRBEREZ
SLAM, TEHHEMNBEANE-—TX="1 @ EERR:

« FERREE, FIB/ERBOORZIFE—TEB/MLIE B LT LINREERE. ZRBEEENMRET P
NEEIR, BIE: HLE SLAM EIRB R SRR PN ZIESY . EXMIBER T, BeREER TSI
¥, BE, UREPEMBLHE, H2 SLAM RRDATIVE 1, BLABEAREAZREZRFZER, B
PRI (E RIERINE A ZESE, AFRRRE.

« ERERE, I T2FREEMERPETRNS —EERER—THRAETORNKRR FBE) NEHRE
% (Yamauchi, 1997), MWHRHEEXNBRRNWEAZERRRNZEZ EOBR, BETARNREERR L
RER LR LB SIEARRZ BB, EMRA Ruslan K, EH&EIIEEMIESININER DHTEHE
RIFEBFRER, B, RuslaniAh, ETENANRELR T RENBRRX LY @AEENEZI/N
K., BtE2 T, WHFBEENERERRE 7TRNN=E, EF 7T ETNKBER, MRS TEER.

o #42 SLAM, ANS SEZLIIXRIET ANS ERFIMOR B RIIZRES[EITEE, BT THRMEERESKET
XAPERSMYEE, Ruslan M ANS FIEERR T (1251188, REMMAEREIZLENTANNEBMET, ERER
R, BMERBRSMITEE, ANSIDAMTEL, BN, Ruslan BMERE, EREESMITROBERT, M5
STHMEENTERY 1%, MEAREGEPNTELY 10%., XRERZFHN, BAEANIGSEEE KON
BMAER, AEEBBRCZHENENEBRMRR, MMSEEE, BEXEZTEARANEBLEELMAZE
EREEHFHRBRB ENMEEE.

/3, Ruslan R45%], ANS 4T —MERUHNSAER, SR TERASMENETZINSMENMN
R, ZEEERRNREMES LR TN A, FEASE. BRNESZERILLRENZHED. K
F, EAERA T REIERMEXES, MEXEFRSMANERNEZE, EREXHE SLAM EREIZ— 1
RAEPHRIEXEENZEEME, ZERT USRI AMA TIFRES, MEESTAISIZETE
WMEA, UEEEESHTESRSM.

=. &E
ARHES, Ruslan HINDZTMABSER: 1) WEKGIFFIRVBTREFZIRE, MMRSTHIA
BERFERIBE; 2) MAMRERNES), EEEANSMAHE RESMAKNBERZHED. AT
Ruslan &7, EEDZHNIEHR, MEBABRT I THEALRRIN, ZEE, ARNDZTH

SREANEP, (EEITRMIERIEBINENEE.
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@ ST RFHRBANE: BUERFHNERSKA
B WA B

AAREFRAS “©fAR" B, SHOLLIAZREMERISM T EFN: “Data for Good: Ensuring the Responsible
Use of Data to Benefit Society” BIEW. TEEWHT, BUEER T HIBRHRNER, HNA7T SR
AR BRI — LR FAR

FEME (Jeannette M. Wing), SHELETKZFiTENBZZRAIE, WIBERZMAMAK, CERREIKE
REISH. EEERBAESRITESEERZ TR K, ARAQEE AEATERE. FIEITE.
fRfA. T2, MEMTEMIIE. 2AXMHRRR. BRIES. BEHE. RELRE., RRFARILX 300+,
Google Scholar 15| 27000+ /%, EF1i$X {Computational Thinking) B#&35|H 6000+, MANEETENZFE
2= (ACM) flIEPrBESBF IS (IEEE) 54, TAEI: http://www.cs.cmu.edu/~wing/, SL=EETT:

https://www.datascience.columbia.edu/columbia—data—science

—. BURRIPHES

B, TARMIENE? X8, AMESE T —THEESEHTER (TE), HEa THEEM. &
EWESE. BIEALIE. BURDHT. BIEFMAAE IR, MEELESEABPESARXKE, hEAEATERE.
FIPREERFANERIESITTRE. MBENAFEAMBIETREME. BEEBEAFAIRNMSE, Eh
MXBEMENE. MERRTRIRB/OBE YTHEZEER, NMEMSRIFAR NFRIFRER,
MEE=NNEMEN T RIAFMTE, NTRUWSFKER, MEMSANE. ZBIPMRIIALSERE. ¥,
REZIFHEZEMENTER,

B

=5

' —» generation— collection—» processing—» storage —»management-—» analysis—» visualization —» interpretation —
- /'
)ﬁf?i': privacy and ethical concerns throughout

[.,

1 BiEEAREEE

EZTIR, BURENBENNAT SHELLLAZHREMNEZMRMNERER. SHELLAZBERN MRS TS
IWT—REERZR, AARIFTEARSTHR. MRS 17 MRETATEME, 5 350 2T HEFH,
WREBIMZREN, BATRBLHEANEGE, NEENBERAEABRRATZERNZBRM, ZMTME
S5WREREE, BEINENEEHERTI,

SELE W RFEIEMNZM A AELIEN ZTINMR, TE2HMERINAZTERGR L. REZEHO. &
&, WSRO, MSNUWSorho. BUERFEEMPO. @EOMHO. B, WENBEESRLD
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MEERHRO/NMARBLD, SHEASHRE. MRERIST. HE=TTHENEMK, ST ARFEIE
MEZRE—1TZER. STURXREGENZR, EMRABEEESREON. R0, EEWHNTE
HENEE, WENZNMREAEUENMNE, ATEHeES, FELEITAREIRZRERENTES
ERFRARENZEZEN, HREEPR /. ALEE, BfERRE, £VEF. XRS5k, AMNMRE
ERZIHARN, BOTESIFNTE 2 Ffimn:

Collaboratory
(Columbia Entrepreneurship + DSI)

6 G A ey

ENVIRONMENTAL
TUDIES

MUMANITIES ~ DATA SCIENCE ~ [JPUBLICHEALTH  DATASCIEWCE = DATASCIENCE DENTAL SuRGERY DATA SCIENCE HisTORY COMPUTER SCIENCE "E°" a scrence

Data: Past, Present, and
Future

| Co-taught by Applied Math and

Harmessing Big Data for Data Science for Dental Interpreting Urban What Is A Book for the Z1st Meaning in Big Data:
Population Health Surgery Environmental Data Century? Patterns and Empathy

History professors
' NEwS
¢ P -
o _ Qe =) Vg -
BUBLIC POLICY  COMPUTER SCIENCE  DATA SCIENCE JOURNALI BUBMESS ANALYTICS DATA SCHENCE e e o e DATA SCHNCE COMPUTER ECHMCE
Gomputational Literacy for Oata Literacy in Urban \ The Gollabaratory Heads for The Collaboratory Creates a
Public Policy Plannina and Journalism Columbia Business School In Vivo MRS: From Data to Collaboratory Opens New Platform for Pedagogical

50% of all Galumbia Business students nefit Data Science Clinic Innovation Across Columbia
graduate with some data science (

| e = o L=

SOCIAL WORK  DATA SCIENCE COMPARATIVE
EHEMICAL LIT 8 SOCIETY  COMPUTER SCIENCE
ENGINEERING

NEURGSCIENCE

Data Science for Social

Neurogenamics Good Tech and Language Diversity

2: SELETAZHENAMRMZR GEINE RS E

e W RFHIEMRAEIEN AR ROEN, BEETNAARZM, ETWNBAIESRHE, T
£ EMERZTE, HSHEEE, BE. MKk BMERXRZERIMAGEE, USHELET RZEHIER FH
RETS IBM BETERG, 3 REGGUHA TE 3 Pz,

IBM academic mulﬁ-Dis:iplinary Schools &
tools/software/platform R
Innovation Hub New curriculum development

HACKATHONS, EVENTS, CONTESTS  Trustworthines: Valuation Required talent/skills mix

Post-grad Research

Internships Multidisciplinary Research

Research Projects Governanci Ethics Influence the direction of
research

Faculty Awards

(competitive-basis)

Start-ups Accelerator
Joint Funding Projects

Access to IBM

Technologies T Privacy

Ecosystem Influence

ACCELERATOR RESEARCH EDUCATION

INNOVATION

3: MBI -IBM XIRGEF OHETEIEIRE E
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—. NEERBEREEARME

EZTIkR, BUNEETEISOLETAZHENZMARNES —UAERBERERARER, MAT KK
MAIANEER: (1) RSEERZNARKTE (2) BINBHRENZNEMETE. TR (3)
RUAAENAEREEERELR, LUBRATERNTEENERES.

21 REEHIERPOMRKTE

BFIMENE, BEMFMARE—TRETHRITE. HENNZNEENZNEMIE—RERERE, X9t
BRE, MIERNETIAATEESAREBNEN, BIVEBRRNDTHMZERHEE " Multiple Causal
Inference) . ERMERMIZREGH, —NRAFRK-—TER, MERXBRNXINZZS TERNER, 6]
$gt, RIRSEREBBY, AREEARRSIN— TR MNERETFERZ DN, BES —THERE,
BEBEFER. BAMAEFFHE, HMNBBISTNARMESNERARRENSZIRE. XTIENER
T, XEEETDERRTF, BRME, XEWR. ik, BENENME—DEREF, BRSO
RIMEAMIEZARREES:, TEBXZNREANENEEERM, XLERAEFRHEMEE,

FriBARMSEXMTE, AXMENRURKMUWUET —PEEXNOH, MEHHTES—PEEY
D MmAE, BARBXAMY BEEXMEN, MERENEE, WRBINVRETEDNEZEX, MXMIERE
(Manipulate) 5127 Y Z2REHRIIE, BARK(IZTEERA X Z Y B Cause, MY =& X B Effect, X2EHER
FINERHER, BINEXNEXFNRARXR, MAZRERENEXXR., B 4AR, BRT—TEHEN
R REIE IR LA,

THINK MERSURE ESTIMATE

ABouT CoNFOUNDERS CAUSAL

CONFOUNDE RS { EFFECTS
= Tl "“'»\5

E[Y()]= E[E[Y()|AcaW]]

- Confounders affect both the causes and the outcomes.

- We should correct for all confounders in causal inference, which requires in theory
to measure all confounders.

- But, whether we have measured all confounders is (famously) untestable.

Bl 4: ZEE R

RIAEN A5, EANSENERCSIIHMENENEF, HE-THE4ER, BRESEENE TERNER
HF 2NN, TEAMERRL T XA—TMRE—ZXRERETF (Deconfounder) , X2—MLES
TR ENRZIMIUREDNNE S, BINEEZEREFNARNEIEREFHOEN, REAXTER
SRHATE R MR, Bt “BLEX” WRSRMA, Deconfounder B=5m: EEHMARMEMTEIZNMRIS X
RAREFRBENRRE R MDA TolmIERT.

e25e.



[ERIBRIE ARG T, BEMERAIET Deconfounder MIEMIET 007 RIIBEFERANZEEIN, LI
I ERRERAFE, &R Sean Connery (James Bond) FIMMELLR B EBRRZEFRIIRS 7 AD, mRIINA
ERA Bernard Lee (M) 1 Desmond Llewelyn Q) BIMEBEI T T, XL, ZRREMAETLEFZHER
ZNA, LEERDT. EEHATEFRENSE, BETHRARZUL M, WNE 5 A

MODEL ESTIMATE ESTIMATE
ASSIGNED SUBSTITUTE CAUSAL
CAUSES CONFOUNDERS EFFECTS
3,5,
> - 2 3 H-:[\;(ﬂ}-‘@[ﬁ{‘ﬂ“ﬁlﬂfn.lm
; 0 ]3 ifE[ZI\Af%q

1. Fit a “local latent-variable model” of the assigned causes (e.g., Factor Analysis).
2, Infer the latent variable for each data point; it is a substitute confounder.

3: Correct for the substitute confounder in a causal inference.

5 MEAR—m@RAERE

2.2 BENARERFREMRAENGE. Tl RERT]
ENFHNE_MERMEI UEENARZTEY, RAENMRIE, BUERT. EMERFE. RXX
RE FEEMZEEEN, EMNSTEUVNEESER, BTk, BUNENAT/LTEMNABIEF.

LLANEFRR RIS T ES R ARERRAO MBS E EA 7, bR IR0 A MBS TN T8 T RE Rt rT
HMR . BRMIE—FPLRIMNRMREGIRIFNER, BAXBEIHMEEMETERIER, MMELTER.

EEANR SR SR AR E A & S AR AR A LIRDE . t1IM5E3 DB ERESHEGRE
&, ERAENEENERMEITRBEFEENAR, CRBNKHLERRES.

SELE W R FEHIEN Z MR AN —IEEN R, NERBIENSRZIEESLFTFHRITES, MRAL
HEEMEF A Amazon Mechanical Turk NS ATE Y, EEE—MIAHZE AIRE—PLAHMAES
MR, BREZHEBZEEYE, FJUTHERRONE), BEE—TA2FNSNNTIEE.
EE—TRAIZEEtEINAIEMIERES. A35HSH, BRERRZHATERNEZARERE, 7
FRsa % S A LAE RGBSR 2 S BB XL Ry, MERESHSARNZRBEGSHERBAME. 2
FEBEXY E, EECERRAIE, MUNEEXY, MSEIATRSHOTABIBNSE. 2FFE. kM
EAN SR I B ENES WO EEERNXM NN AR,

BrEbZSh, AMERNRBTHEXCHENMRNA. SHELLTAZHERDEF BN B RESIEE, BHIF
ATEFTEEDMHEXARS, HIM, B—FFAHLARABBHEEZEBTR AN RIEER, thE
& EHE 70 FHNNRERERNINZER, BI DTN MARLES M, RTHE 70 FRARENH LS,
90 6 P
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2.3 Data for Good : fasR{Eit{E AR
BBAFANZAEI A AR ENARNEREIE, FUBIEN A RN TS HE?

MHRERIRBENHWALEREAKREREN, BUEELIERAS, MR T —1THES “FATES”, DRIRAF
(Faimess), A= 1F (Accountability), iBBE (Transparency), iE1& (Ethics), & %. RE 52 %, (Safety,

Security, and Privacy) ,
FRCT 2N, BNERT T XFRANSENE, WE 7R, X2—MIERES S RS RS DeepXplore'”,

NS HOREF I R AL RAEIR,

Input

Input (x=0)

No Yes

ki.. iJ /* buggy code ¥/

7: DeepXplore BiEIEE]
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BRPMARZE 2MRETIERANE R, —FMIUMHMETEE Neuron Coverage), 5 —fEZEFMK
(Differential Testing) . T ARHETEE? ERHLRED, NHREFAINRBES, MRGES—TEROIE
— N, METEENBES ZEMN, MR- LHANBHIFEBESEE—HET, ABRRINIHMSLR
MRZEIR. ZASGERARZAMBAEN —FMEZE, EAXRFLERMMARN DNN, HERUNEEXNMEAN, MM
X3 DNN BRC#HITHE, BIEHER. E 8 Fix, MRMEZDNNER, XEEBIAF FHHERIEIR,
BERKRRBIERNSIS, M7 BURMFHEAHEERZREZE, B4 DNNBREMELEIRNDE, HEIRA
FOATR—E&RSNFIFE. BIREMRARMGT. FINERRASEEEI LS DNN HESHNTH
WA, BIXDMRS, WI1ERT 156 MEAIRENREZIRENHT I RENT ERORIKIER. XL
{E3R18 T SOSP RIEIWLE,

DeepXplore

https://github.com/peikexin9/deepxplore

Seed, Darker,
No accident Accident

8: DeepXplore BiEMEE

BANRENBHNS—PEE PixelDP®, SESMAEERSHAMIBRE DNN HBESSHE, EIER ERIRIE
=83 DNN M0 RER, MEEMBRIFURIAG TZEMIR, ARESHIFERETENGR., JIMRTIER
A TEDRH Differential Privacy) HER, ZEXRE TEBY, MAERKEGER THSEFIP, HERE DNN
EINEAR, UNSEGPSREEFSR, FIZUEARF, DNN #3807 —NRER, A UBARHARISRN
FIEHE—TECEA, iLDEBEATINE.
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Problem

@2 & 0.1
: & 0.2 yield
e
& 0.3 sign
@ 0.4

9: PixelDP B3EEE]

MNFREWNLHZEE, JERRELTELSHER, BEENARNSER BT HIER R AMNRY
XEH . AUENE, BRISHELIAZEERZRIEEMRFRNLT R E:

() MEAFAABERNESEIAR, REFNEHREIMEZZESEMOREY ©, KBELBTFSBHR"H
FENRE? LLMMRENR, UREENFEDEFREOTERER, ZENRRMEN, FJREESZRIHE
ERRm T2, BER . BIER QUNENSR) N80, PJMRSHERRE RESREZHLNEE
1, HHREARTEESSEATERSNM . AEZNRIBXSTIRIEMEBH S A BB ERRL
SRTA WTFR. BER), REBIMANNENENIMES THAH T L2, ERTIREHSURTELHR
FIFZM,

2 FATRAERENRE . FUENE, FOLTAZELRRY T —MBRBHEE"Y, 82 10 ZMEANR
BIE, & 600 B MEAILE, 500 A MBIFHMAILR, ENIXRE 25 MAENER, EARLZEM 80 T ARE
LUEEDIRE, FEBEREHFOBNIEIEAT T WEEE., ANEINARELIRS AR, BIMER(TR
ANTHBNERK T BEARNETIER.

Goal: 1 billion patient records “' tortn ~a ” "N N H , 4

for observational research

25 countries . )
200 researchers oo, SeEvaleiy e ,M _________
80 databases oo Bl T
600 million patient - B \4 s M e G !
records e ‘ovein . _’

Google N ]

Columbia University is the coordinating center

100 EHMELEMARZRATHRENEEN A
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¥R, B MEFIEME =M B A ERANE 11 PR,

Type 2 Diabetes Hypertension cumc Depression MDCcD
Mellitus
Hydrosirathazde [l Cialopram [l
- usincor! [l Bupropion [l
wettorrmin [l warcgoiol [l serraine [l
p::.:: : ,::::: : lNPf: Escitalopram [l GE
wagipin [l Losartan [ Fiuoxetine [l
aiesprde [l ateroicl [l Trazodore [l
Gipizeie [l wiisartan [l _ venlataxine [l
ienigitazene [l carvediol [l duloxetive [l
Giturida [l Triamierene [l Paronetine [l
Insudin, Glargine, Suman [l pitiazem [l P
wnenatice [ P— :
wagiutize [l o s wirtazapine [l
Insulia, Aspart, Human [l JMDC —— MDCR Desvenlataxine [l OPTUM
n ; Epirorciscions [l ortriptyline [l
cionidre [l pexepin [l

11 R ERE

AMEEH, YBAE—MRANEIBER, ROTUMTERRER., RNRIITUESRWES FRE”RR
BN T EREATEHRORX MIEREENRA, HERLERNE 12 ik,

'
",4*mmmu“o{%‘ﬂfﬂ:?ﬂ !

"] K
Yi~n MY Bidy + 3wl o?)

=L k=1

el T

Extract EHRs from Fit the medical Analyze the causal Evaluate the results by
the OHDSI database deconfounder effects of medical literature review
medications

12 RRBIBEEEEIEIRE

BEZERETRE, BNIMEL, BIRREFZISEZREE, SRERREFRE T RAERMERBIER,
MERXAFIFFERRK RO, BEHE T BRI ELPATT MRITE, EXHE T BEFEEFXHMPRI
KB,
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@ BERRBE Judea Pearl: HEARBFZSHIERNZ. ATEENE
B2 WRHE 205 S

ERREBEAEST, BREET Judea Pearl 7 E5A (The New Science of Cause and Effect with reflections

on data science and artificial intelligence) A93EIH,

Judea Pearl (5RiBF - IA/R), MNMAZEERZIN D (UCLA) ##8, BERHE (Turing Award) 5F, fib7r 20
& 80 FRALHEST Al ESE, BMANHIANE 2R, RMATRBATEENES, Pearl BIEE
A AR, RET —ERRWRFESHIRE, IO 7T EEEEETERN ‘BRES”, MEC&SIMU
R TIER “The fundamental law of counterfactuals,” ™

Judea Pearl ™A Slogan: To Build Truly Intelligent Machines, Teach Them Cause and Effect,

OB, Judea Pearl AR DHIERIFZNMA, FROM T EEN “REEES”, BHIERZEEMS
BIAEE IR ORSEX @ URIE AR ORSER RS, MEEERE—ESS IMARIEN “EREG", Pearl
R T A RRARBZURBXRINEEMMIES ZHNBRKE, BENBTHERZA “Double-Helix” HIF
ARMIBHERTE, HUEFARAREELRREEIIESR, REMATIZIERTAREENEATE,
o, AT EENEENTEINB IR Pearl WEREIZEMR, FIEE Judea Pearl ITFRANILI. THIRA
RE, MREZSA Elias Bareinbion., ZEERERT Bernhard Scholkopf BIRASEHIERIFR TIE, NAIREHT
T —ERFN IR,

—. EREm: NEHRERNFNFESD

EiRER, Pearl BENA T — 15 AT BRI ZNMES ‘BARED, AREGHINEIENPONE
—RBENEES, DMEABEEZS (PRNSFEY, REZINENA, F20 Apha-Go. EEFIRA. 23
#x. BBERES) NARZLET, EMRENPRLO, PRMEIERIBER. PIRRL. MSszt, 53—
LEHENZRNEMBSER. RENATYE, EEEZPNLIEENERERE. LR, EREMHRSNET
MERMIEE RS,

B Data science is a two-body problem,
connecting data and reality, including the
forces behind the data.

B Data science is the art of interpreting
reality in the light of data, not a mirror
through which data sees itself from
different angles.

B The ladder of causation is the double
helix of causal thinking, defining what can
and cannot be learned about actions and
about worlds that could have been.

1: Pearl XFEIERZARMEL, TR
032



RAEEDF, HERLNISHEFORT =% U, WRAMRBLITN . xFEEANEARES 2R,

ETS N

» Bernhard Scholkopf g&3|AREAIIEX Z— {Causality for Machine Learning), B TEEEHIAT

ERANBZ IO SNERRIBIFZBE

e {Causal Inference and Data—Fusion in Econometrics) 2 Elias Eareinboim(Pearl %4 ) x FRRESRF

SR RIS 7

« ARtEMTHANE BT RERS  HENMNAITESE, nan "o,

IEHAZHEIR Gary King (2014) BB T XZEREH, BiEE "TEX=TEXTRRBICHOEREBE T AZEH
BERRMSH,” Pearl HEERN, MBEEFIEXINNRATERANGRR, NAERNETEENHEMAITE

MEZRR, ENAT "‘ARED Z/F, Pearl HEENR T RNIREHIARN:

s FARERME, NTACFEMEENMRTSIE

o MEIEHERIRG R RIEIENEEN ( ARMIESENLE )
s ARBEIENMTERER

s AREBENETIR

~. ta=ERME?

LETHEMENNBEZINRERZINETEANRY, NMTATERRERY? Pearl EEEES

Fridman 5% “ BH2%I “Everything starts with the question: What is the research question? ”,

Lex

i Pearl ZEXRIBRER, WAT/ITRAUEFNZHEL 7, E—1TEEAR: “BESEESENTEE? LT

B, x#W&xTEsiE, viimRRBEEKE.

WHY DATA ARE INSUFFICIENT

Cholesterol Cholesterol 5995 O §oo o

Exercise Exercise

Exercise is helpful in every age group but harmful
for a typical person. IS EXERCISE HELPFUL OR NOT?

2: BIEESENTER?

e33e



—hHE, #E 2 (k) B, AINEASMFERATHLINT B THESE, RFEErRIEENHAEREAKREREEK
FHMER »—HE, £E2 () 7, EFNEREAMUMEFERNEIEATOE, BABINMEER—1 0
SO LS, XRAEHEES, ARBEEKFHMES, BMFPEERTZRRANFERIFIE. Pearl 1
BB IOIF, —TEXT "B . "MH7. FECER NARER: “BYWERRID? B —TEXT
YEET. RET. FEEET WAREE: REERRIG?”

RV FHEREE T EUED e R LA DA RIS . MREBRET —LEN, FSRINEEMAIEEN
—H0, EMERIRR, XM F AR EERERERRER, (NEHIEREEMRA LA RXRES A
1%, FMATERLESXIMANEREEFENER. OEERDBFEERES.

Pearl FEXXIREFIEE, ARMZRTERDE, RARBMEARUETRIZRER ),
A RERERE? fhin T LT ERAHF:

- FRTERVATT AR RR D EAR A G?

. BAREMRBER SBHEM L THE? ERHANEREN?
EHEIENFEEETREFAZESD?

- BRCE A AIEREEIE T AR ARNS?

. HEMEEER, HEEI88?

a A 0 N =

bR E EEXATAROE, ANXLEDRLESEANMES, AU ERIEENMEIES, U2
BENHRMNEFAIRER, BXNT =" RENRER, AKX - RAIENMRER, L TE:

* Unarticulatable in the standard grammar
of science.

Y=aX vs. Y «<aX

AL AN 30 F, Pearl MthAEFHETIEIRMENTRETR, MINAERRMZZLOZRROBNZHEN T
B, UHEHRESIE., BEREZEE=THA, EFEENEMEFA. HNBLMEH AN BHE, MURFE
NEEAMERERENESR: a) WEEMINEZEMHLAER? b) TERTERSEHARENER?

RRIEREANL BRI R ROARI, FOZNEGHTRAMMNE AR, ATHALKFA2E5E .

Pearl AT — T ERBEN=REGH, BEREDIREEBOZMRBRITIE, ZOEENT —1T=ENE
REEry, XENEE, RAEERRMITZEERN, TREBREE.
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a) = TERELR

3-LEVEL HIERARCHY

3. COUNTERFACTUALS
ACTIVITY: Imagining, Retrospection, Understanding
QUESTIONS: What if | had done . . . ? Why?
(Was it X that caused Y? What if X had not
occurred? What if | had acted differently?)
EXAMPLES: Was it the aspirin that stopped my headache?
Would Kennedy be alive if Oswald had not
killed him? What if | had not smoked the last 2 years?

]

2. INTERVENTION

ACTIVITY: Doing, Intervening

QUESTIONS: Whatifldo... ? How?
(What would Y be if | do X7?)

EXAMPLES: If | take aspirin, will my headache be cured?
What if we ban cigarettes?

1. ASSOCIATION
ACTIVITY: Seeing, Observing
QUESTIONS: Whatiflsee...?
(How would seeing X change my belief in Y?)
EXAMPLES: What does a symptom tell me about a disease?
What does a survey tell us about the election results?

B4: =NERRE, hPE?

E—REXEX (Association), EWMHBEIEEXNSITAXME. ASENFFIRRBITEX—EL,
FE_RETFM (ntervention), NMUFKREIEER A, EFR—PFRITHRESBTLER. FAHAF,
Pearl 12 7 — el “WNRBAVEMREE, BRREMFLY

E=FEKRBXL (Counterfactual), BXMUBILENBBENREMNPE, BRNE “WRIEFEA—HFHTT
N, MENERZEEATE?" MER-,

ENMERBLERINEREANER, WRBNNE—TIUNEERBZEOMAVEL, AR NEZ
BRTIAINERRIE, B2, TERE: What will happen if we double the price? AJLAiRIS R FE5E (BRI
B2 What would happen had the price been twice its current value? @, —BI(1EZE 7 T JH,
AIAEIZXEEE, BNRERET TN, MBILMUERAT . BEAERNAEE, TG EE
EMMER riEgitiExt) BE, FhkREBNMHERRSELE) DALY B0 RIRGHT
FERREE,

REIZRZBHEURHEIBEEHENEM ., 2T, EEEHERERTMZIAEERTNINE, HE
BEM—MKIER — “BIF ®ENTRH, REMEBAETRS AL (For example, in civil court, a defendant

is considered responsible for an injury if, but for the defendant>s action, it is more likely than not the

¢35



injury would not have occurred). “EdE” B A N ERBILI R SWEFREESITHRETHRHTL
7, AIEBAOATRY, CANEIE —AABTHET", NUN— T REIME “NRILAREL
%, RIEMERS D

Pearl TEIREHIEH, EREARBEFTEMNE—TB], BMEES seeing M doing HIARRE, —MEREIFH
REMEMES “WNRIEBRONEEE" 1 EEEFIIESRNEIE" FEXH. Pearl KRBT do B
FREFARTTINEAITH, BT ERNERMF AKX seeing M doing:

P(ylx)#P(y|do(x))
XPRINGFSHE Y MR, FEIEERRLLONE, Mo TELR e

&1 MEUHERZIARRE, BRYIERE ™

Table 1: A simple taxonomy of models. The most detailed model (top) is a mechanistic or physical one, usually in
terms of differential equations. At the other end of the spectrum (bottom), we have a purely statistical model; this can
be learned from data, but it often provides little insight beyond modeling associations between epiphenomena. Causal
models can be seen as descriptions that lie in between, abstracting away from physical realism while retaining the power
to answer certain interventional or counterfactual questions. See also[Mooij et al] (2013)) for a formal link between
physical models and structural causal models.

Model Predict in IID | Predict under distr. | Answer counter- Obtain Learn from
‘ setting shift/intervention | factual questions | physical insight data
Mechamstic/physical yes yes yes yes 1
Structural causal yes yes yes ? ?
Causal graphical ves yes no 1 ?
Statistical yes no no no yes

PINBRISHHRE R EXRKENER, FAUREEZEXMEEA, mMAEEETFMa@ENREXEA, EFE
MERNMHITMNERRRIBETHENER, FINRERETFMAXBEEND®, MAELDERBXOHE, &5
ETEAMNEREE, BHENSIELYIEER, M RANOEPEEBLEE, BLE, fMaxE ' H#RE
MIER/aE Pearl 12 T EAREBENTEA O, MiRthENEREKENBIE “From data to science”, M_EEM
FIEFPITUBEERERZ MGITHER EEYIZERITE,

b) ERES|ZE

Pearl 12 T —EETEMPNX TARNWIFESTIEL, FHERRMF ZEEARCIMAVEIES|E, Z51FN
12 “Knowledge in, Knowledge out, Data in between”, MEA L AR ERARHEBIAAERER:
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THE TWO FUNDAMENTAL LAWS
OF CAUSAL INFERENCE

1. The Law of Counterfactuals (and Interventions)
Y. (u) =Y, ()

(Y, is equal to Y in a mutilated model M,.)
2. The Law of Conditional Independence (d-separation)
(Xsep Y1 Z)gpp= XL Y12) =

(Separalfc)m)in the model = independence in the distribution.)

fiEEE—TERRXTRELNER, JMEELFECRRECKZBREZBHNERXR, ME_TER
ZlE 7 ARELEH, ARELSMESFRANDBERETLERLEES FOFMHRIIME, THEHRENLR,
ZMEINARCDENFSER. BAXMAEAERALRR, KRETHRMAEHERIER (SCM) AUEE
HEZR, ZAEREBEE=TERNARCA, EU TN FP, REBRBXAKRT, MERE LRI
CW Hl SR HEWELER LT E 2 THFRMHIRITE.

Graph (G) C (Climate) Model (M)

C= fc(Ug)

S= fg(C,Ug)
R= f(C,UR)
W (Wetness) W= fin(SRUp)

S R
(Sprinkler) (Rain)

Every missing arrow advertises an independency, conditional
on a separating set.

eg., C1L W|(SR SiL RIC
Applications:
1. Model testing
2. Structure learning
3. Reducing scientific questions to symbolic calculus

NAERZETENLKRENMEMEREENE MERASNFNRITHS) FETERENRM, EPRA
REEMNENNETIES. AXEFND, HREEREDHZIRMILNEERRBERXR, HE0THE
HIARARETENIFIE,
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HAVRIE Pearl MO ™ 1 EIRBER RN FMHES|Z, CHEIBOEM: EIRE, SHHREURRELM
TIZiE., BRMEE—IMES, BTHRT Agent MR THE, RELFEBMINIERMIVBIENSE. 514
HREEME UL LRNE KR E—#E., ZIEES I EREHIR (UNERENEZR) . BIEN Query fEREIN.

Inputs Outputs
Estimand
Query (Recipe for = Eg

answering the query)

;

-
<

Assumptions Estimate E
(Graphical model) (Answer to query) €
Data Fit Indices ==l

7: SCM #EES U LS BIENERER O ZE RO, WER

SCM #3235 | £ E="THit:

o {130 (Estimand) 2XEREW (Query) NEMRRFREN, RRESERERE MHE Query I—F75A;
* Estimate EBEMFITHEMNDEEIEX Estimand BRRIANAMEIT;
o —AMSIER (Fit Indices) BT EEHESRIRNFTEE.

F— T HEEREERN, NREEEERBRETE Query TELOE, MR BNNA Estimand, NFRiZ
Query A “AANREI", Pearl B9 do-calculus F2FIET Query BEFIRBIN— N ZEEHE TR, Pearl XA
HMROA AR T XDEIES |, X T Z5 I ZMAREERRCZR, NEBAMERZRRERREE, EERERE
TR S 5B T B AS2E Elia Bareinboim #ig 7,

=. ER#EEITTH
#E Pearl iR 7 BIEARMAEIES I ERMEMESUEREMESHERNIR, FIRTETILAXNE
SIEIERAREIRIS I, TEERREZNtRIA:

Tool 1. Encoding causal assumptions in transparent and testable way.

Tool 2. Predicting the effects of actions and policies.

Tool 3. Computing counterfactuals and finding causes of effects (attribution, explanation, susceptibility).
Tool 4. Computing direct and indirect effects (Mediation) (discrimination, inequities, fairness)

Tool 5. Integrating data from diverse sources (external validity and selection bias).

Tool 6. Recovering from missing data.

Tool 7. Discovering causal relations from data.
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F—NIEMZERRREBERNRE TERMIR, EH d- 2 BEEN TROFMAMRIIM RN E REMTINER
iR, Pearl 817 Shrier 1 Platt F= 2008 FRHMGHEFZIENE L6 F AEN T Esibielm), 7+

R FHRESEZBEENEREERZMEERNRR Tk, TEZERRXANBETNUETSENSL,
ERER d- 2 BEDVEN TRFRMAIRIIMERNK

Genz::cs
Fitness Conmctiws Tissue
i Pl'l!-iame/ L"""l il
Team motivation, Proprioception Neummusou]zu'
ageression fatigue

1
Contact Sport Tissue ZE
Previous / Weakness
Injury Z
y

Warm-up Exercises (X) —— Inire-game propricception ——= [njury (Oulcome)

B 8: — 1 ERERESH

FE_TTEARMZER Do-Calculus EXMEIEFHENERER, RXLERMEIFITEEMTH, FHIRE
ERRERIAN, ili@%**“%ﬂﬂ:iﬁmﬂ’ﬁﬁ@I%%U\‘WJ% HNBEZEEMEZSENZFEER? BAEE
FILEMZHEIFE? Pearl WEIER, —TEAEEFITE Z3 (BHZ2 Previous Injury) DN FERERZSWEK
B, BRRRRE, T\ﬁufhﬁ%ﬁﬁ@%ﬁl%’;&ME’\JI@@, ERRMMIERRTIZE 21, Z2 . B{f Do-Calculus
RIRRRERNBE .

Coach /cneti\
/ Fitness Connective Tissue
B Disorder
Pre-game & Level .
Team motivation,  Proprioception *. [ Neuromuscular
aggression

fatigue Z
1

NO , nol Previous

Warm-up Exercises (X) ——\Intra-game proprioception Injury (Outcome)

& 9: Do-Calculus HEERH|ZT 2

FE=ANTARUERSEL, HEETERNRE, BNEBEERIIBHERORE, HNEHTAA, HTERE.
REBEEMZ BHESEZMERMEIENOEM, fIal, REZREM “—PARTHRT, MREAREIZES, &
SRR EZ 7" NBERBHFERTHERNERIE,
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ATTRIBUTION

* Your Honor! My client (Mr. A) died BECAUSE
he used this drug.

® Court to decide if itis
that Mr. A would be alive the drug!

* PN=FH | cbad, drug) = 0.50

FEOPTTREZHNON. B (81 BRINEE—TEEN S —ZENRELMESKEE LZ2EEN (8
EH), ZREWSAEFRBREIN—LEZRR O, ENIFA Pearl FUHESIZRR, X—TANEHBEKA
THIBT TR TARRENMBIE. TAAFIRSR), HBNEITEATEEMNSE I N PQFEERE, K
MILRERHPNMNL, Pearl 81T —TREZSHEMEANEMAOGF, BMERENAREEAITEEZESAM
AIREFAR TS BRI,

LEGAL DEFINITION OF
DISCRIMINATION

Can data prove an employer guilty of hiring discrimination?

(Gender) X —————p M (Qualifications)

Y
(Hiring)

The Legal Definition:

Find the probability that “the employer would have
acted differently had the employee been of different
sex and qualification had been the same.”
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FATTERZHAERS.
%4 Elias Bareinboim 12— MRRI{ESHIHELS
NP EHEERENMNRERE, Pearl FIREFHA—1FFEHEMNHRT —TERBE

ERNEREEX T UGS D ARASER RN IR
o Pearl 7E3TH " P, R T RRBETHAES

, Pearl RE
FENRRIR Al
, BRERIERNEIESE

B (U /RCT) MEAMS RAER (L) FUdsR, RERAMYNAERE (TF), HDPEEP S T RIFIC T EUE

REY S EEEE

1% 00 Sk

THE PROBLEM IN REAL LIFE

(a) Arkansas

Survey data
available

(d) Boston
Age not recorded

Mostly successful
lawyers

(b) New York
Survey data
Resembling target

(e) San Francisco

High post-treatment
blood pressure

(¢) Los Angeles
Survey data

Younger population

(f) Texas

Mostly Spanish
subjects

High attrition

(g) Toronto
Randomized trial

College students

(h) Utah

RCT, paid
volunteers,
unemployed

(i) Wyoming
RCT, young athletes

THE PROBLEM IN MATHEMATICS
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TOOL 6:
MISSING DATA (Mohan, 2017)

Problem: Given data corrupted by missing
values and a model of what causes
missingness. Determine when relations of
interest can be estimated consistently “as if no
data were missing.”

Results: Graphical criteria unveil when
estimability is possible, when it is not, and how.

Missing Data is a causal problem.

FETTERARERN. ARRIMBEEIH—RINEREANEESGH, EBSHERARTN, FRNEEBEH
TRIEMNRT. HARIMNBIEPSIRAREMNERRENES), MEFIRAREN, CEFIMNMETERES
HLTE PRRTENRRERES, XBEMN T Yai—MASHRIER, Pearl EXH “ FIRETH Al
R/ E R

How can machines represent causal knowledge in a way that would enable them to access the

necessary information swiftly, answer questions correctly, and do it with ease, as a human can?

EUERERRZIR—NTHERRE, OESTRIEXATRUSERN 25,

M. 45ie

&/a, Pearl 8, AREGMUNEE T ZF ARG, TEFMHEMLIRNA, SEIERZE MBI
FEAFOASENERZRROSENEE ., XTEMNSHELEER, BRIIBEZER—TIFEFEERN
i, THEMTZERNABERNE. BIEESSTSERETEBNZRNES, TieAr 2, HE
BEERI—THRAEBLNRSRY, XEATEENIRRKN+EPMERE. BT, BS5REFHEX
8, BIEELD, RANBEZRERRMNEARSE. BBLONURCEER. AN, BMNE—TABNESHX
EERBE,

For me,consciousness is having a blueprint of your software. ———Pearl, 2019 Dec!
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