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'ĶĴłĿĲ Ɖ�Ɖ� &YBNQMF EFDJTJPO USFF PS ĘPXDIBSU GPS TFMFDUJOH BO BQQSPQSJ�
BUF TUBUJTUJDBM QSPDFEVSF� #FHJOOJOH BU UIF UPQ UIF VTFS BOTXFST B TFSJFT PG
RVFTUJPOT BCPVU NFBTVSFNFOU BOE JOUFOU BSSJWJOH FWFOUVBMMZ BU UIF OBNF
PG B QSPDFEVSF� .BOZ TVDI EFDJTJPO USFFT BSF QPTTJCMF�

4PNFUJNFT UIFJS VOZJFMEJOH MPHJD SFWFBMT JNQMJDBUJPOT QSFWJPVTMZ IJEEFO UP UIFJS EFTJHO�
FST� ćFTF JNQMJDBUJPOT DBO CF QSJDFMFTT EJTDPWFSJFT� 0S UIFZ NBZ QSPEVDF TJMMZ BOE EBO�
HFSPVT CFIBWJPS� 3BUIFS UIBO JEFBMJ[FE BOHFMT PG SFBTPO TDJFOUJĕD NPEFMT BSF QPXFSGVM DMBZ
SPCPUT XJUIPVU JOUFOU PG UIFJS PXO CVNCMJOH BMPOH BDDPSEJOH UP UIF NZPQJD JOTUSVDUJPOT
UIFZ FNCPEZ� -JLF XJUI 3BCCJ +VEBI�T HPMFN UIF HPMFNT PG TDJFODF BSF XJTFMZ SFHBSEFE XJUI
CPUI BXF BOE BQQSFIFOTJPO� 8F BCTPMVUFMZ IBWF UP VTF UIFN CVU EPJOH TP BMXBZT FOUBJMT
TPNF SJTL�

ćFSF BSF NBOZ LJOET PG TUBUJTUJDBM NPEFMT� 8IFOFWFS TPNFPOF EFQMPZT FWFO B TJNQMF
TUBUJTUJDBM QSPDFEVSF MJLF B DMBTTJDBM U�UFTU TIF JT EFQMPZJOH B TNBMM HPMFN UIBU XJMM PCFEJFOUMZ
DBSSZ PVU BO FYBDU DBMDVMBUJPO QFSGPSNJOH JU UIF TBNF XBZ 	OFBSMZ�
 FWFSZ UJNF XJUIPVU
DPNQMBJOU� /FBSMZ FWFSZ CSBODI PG TDJFODF SFMJFT VQPO UIF TFOTFT PG TUBUJTUJDBM HPMFNT� *O
NBOZ DBTFT JU JT OP MPOHFS QPTTJCMF UP FWFO NFBTVSF QIFOPNFOB PG JOUFSFTU XJUIPVU NBLJOH
VTF PG B NPEFM� 5P NFBTVSF UIF TUSFOHUI PG OBUVSBM TFMFDUJPO PS UIF TQFFE PG B OFVUSJOP PS
UIF OVNCFS PG TQFDJFT JO UIF "NB[PO XF NVTU VTF NPEFMT� ćF HPMFN JT B QSPTUIFTJT EPJOH
UIF NFBTVSJOH GPS VT QFSGPSNJOH JNQSFTTJWF DBMDVMBUJPOT ĕOEJOH QBUUFSOT XIFSF OPOF BSF
PCWJPVT�

)PXFWFS UIFSF JT OP XJTEPN JO UIF HPMFN� *U EPFTO�U EJTDFSO XIFO UIF DPOUFYU JT JOBQ�
QSPQSJBUF GPS JUT BOTXFST� *U KVTU LOPXT JUT PXO QSPDFEVSF OPUIJOH FMTF� *U KVTU EPFT BT JU�T UPME�

Clay robots 

Powerful 

No wisdom or foresight 

Dangerous
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Statistical Models
Incredibly limiting 

Focus on rejecting null 
hypotheses instead of research 
hypotheses 

Relationship between 
hypothesis and test not clear 

Industrial framework

� �� 5)& (0-&. 0' 13"(6&

'ĶĴłĿĲ Ɖ�Ɖ� &YBNQMF EFDJTJPO USFF PS ĘPXDIBSU GPS TFMFDUJOH BO BQQSPQSJ�
BUF TUBUJTUJDBM QSPDFEVSF� #FHJOOJOH BU UIF UPQ UIF VTFS BOTXFST B TFSJFT PG
RVFTUJPOT BCPVU NFBTVSFNFOU BOE JOUFOU BSSJWJOH FWFOUVBMMZ BU UIF OBNF
PG B QSPDFEVSF� .BOZ TVDI EFDJTJPO USFFT BSF QPTTJCMF�

4PNFUJNFT UIFJS VOZJFMEJOH MPHJD SFWFBMT JNQMJDBUJPOT QSFWJPVTMZ IJEEFO UP UIFJS EFTJHO�
FST� ćFTF JNQMJDBUJPOT DBO CF QSJDFMFTT EJTDPWFSJFT� 0S UIFZ NBZ QSPEVDF TJMMZ BOE EBO�
HFSPVT CFIBWJPS� 3BUIFS UIBO JEFBMJ[FE BOHFMT PG SFBTPO TDJFOUJĕD NPEFMT BSF QPXFSGVM DMBZ
SPCPUT XJUIPVU JOUFOU PG UIFJS PXO CVNCMJOH BMPOH BDDPSEJOH UP UIF NZPQJD JOTUSVDUJPOT
UIFZ FNCPEZ� -JLF XJUI 3BCCJ +VEBI�T HPMFN UIF HPMFNT PG TDJFODF BSF XJTFMZ SFHBSEFE XJUI
CPUI BXF BOE BQQSFIFOTJPO� 8F BCTPMVUFMZ IBWF UP VTF UIFN CVU EPJOH TP BMXBZT FOUBJMT
TPNF SJTL�

ćFSF BSF NBOZ LJOET PG TUBUJTUJDBM NPEFMT� 8IFOFWFS TPNFPOF EFQMPZT FWFO B TJNQMF
TUBUJTUJDBM QSPDFEVSF MJLF B DMBTTJDBM U�UFTU TIF JT EFQMPZJOH B TNBMM HPMFN UIBU XJMM PCFEJFOUMZ
DBSSZ PVU BO FYBDU DBMDVMBUJPO QFSGPSNJOH JU UIF TBNF XBZ 	OFBSMZ�
 FWFSZ UJNF XJUIPVU
DPNQMBJOU� /FBSMZ FWFSZ CSBODI PG TDJFODF SFMJFT VQPO UIF TFOTFT PG TUBUJTUJDBM HPMFNT� *O
NBOZ DBTFT JU JT OP MPOHFS QPTTJCMF UP FWFO NFBTVSF QIFOPNFOB PG JOUFSFTU XJUIPVU NBLJOH
VTF PG B NPEFM� 5P NFBTVSF UIF TUSFOHUI PG OBUVSBM TFMFDUJPO PS UIF TQFFE PG B OFVUSJOP PS
UIF OVNCFS PG TQFDJFT JO UIF "NB[PO XF NVTU VTF NPEFMT� ćF HPMFN JT B QSPTUIFTJT EPJOH
UIF NFBTVSJOH GPS VT QFSGPSNJOH JNQSFTTJWF DBMDVMBUJPOT ĕOEJOH QBUUFSOT XIFSF OPOF BSF
PCWJPVT�

)PXFWFS UIFSF JT OP XJTEPN JO UIF HPMFN� *U EPFTO�U EJTDFSO XIFO UIF DPOUFYU JT JOBQ�
QSPQSJBUF GPS JUT BOTXFST� *U KVTU LOPXT JUT PXO QSPDFEVSF OPUIJOH FMTF� *U KVTU EPFT BT JU�T UPME�



H0

H1

“Evolution 
   is neutral”

“Selection 
   matters”

P0A

Neutral, 
non-equilibrium

P0B

Neutral, 
equilibrium

P1B
Fluctuating 

selection

P1A
Constant 
selection

MI

MII

MIII

Hypotheses Process models Statistical models

Figure 1.2



Null Models Rarely Unique

Null phylogeny? 

Null ecological community? 

Null social network?



Hypotheses and Models

Research requires more than than tiny null robots 

Also requires: 

Precise process model(s) 

Statistical model (procedure, golem) justified by implications of 
process model(s) and question (estimand)



OWLS



1. Draw some circles

HOW TO DRAW AN OWL



1. Draw some circles 2. Draw the rest of the owl

HOW TO DRAW AN OWL



1. Draw some circles 2. Draw the rest of the owl

HOW TO DRAW AN OWL
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Drawing the Bayesian Owl

Three modes: 

Understand what you are doing 

Document your work, reduce error 

Respectable scientific workflow



Drawing the Bayesian Owl
1. Theoretical estimand 

2. Scientific (causal) model(s) 

3. Use 1 & 2 to build statistical model(s) 

4. Simulate from 2 to validate 3 yields 1 

5. Analyze real data



Saturn, Galileo 1610



Drawing the Bayesian Owl
Bayesian approach is permissive, flexible 

Express uncertainty at all levels 

Direct solutions for measurement error, 
missing data 

Focus on scientific modeling



DAGS







Science Before Statistics
For statistical models to produce scientific insight, they 
require additional scientific (causal) models 

The reasons for a statistical analysis are not found in the data 
themselves, but rather in the causes of the data 

The causes of the data cannot be extracted from the data 
alone. No causes in; no causes out.



Causal Inference

Description Design



Causes Are Not Optional

Even when goal is descriptive, need 
causal model 

The sample differs from the population; 
describing the population requires 
causal thinking



What is Causal Inference?

More than association between 
variables 

Causal inference is prediction of 
intervention 

Causal inference is imputation of 
missing observations



Causal Prediction

Knowing a cause means being able to predict 
the consequences of an intervention.  
What if I do this?



Causal Imputation

Knowing a cause means being able to construct 
unobserved counterfactual outcomes.  
What if I had done something else?



DAGs
Directed Acyclic Graphs 

Heuristic causal models 

Clarify scientific thinking 

Analyze to deduce appropriate statistical models 

Much more as the course develops
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K2�bm`2b i?2 �bbQ+B�iBQM #2ir22M X �M/ Y - bi`�iB}2/ #v C �M/ B UQ` Ac #mi B �HbQ
BM+`2�b2b T`2+BbBQM US2�`H 2i �HX kyReVV rQmH/ K2�bm`2 i?2 +�mb�H 2z2+i Q7 X QM Y X
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i?2Q`2iB+�H 2biBK�M/ r�b i?2 2z2+i Q7 i?2 MQ`K T`BK2- MQ +QM/BiBQMBM; rQmH/ #2 M2+2bb�`v,R88
�b i?2 MQ`K T`BK2 ?�b #22M `�M/QKBx2/- MQ #�+F/QQ` T�i?b +�M 2tBbi UMQ �``Qrb TQBMi
BMiQ i?2 `�M/QKBx2/ p�`B�#H2VX h?2 bBKTH2 K2�M /Bz2`2M+2 #2ir22M 2tT2`BK2Mi�H ;`QmTb
rQmH/ #2 �M 2KTB`B+�H 2biBK�M/ i?�i +Q``2bTQM/b iQ i?2 i?2Q`2iB+�H 2biBK�M/ mM/2` i?2
�bbmKTiBQMb 2K#Q/B2/ BM i?2 .�:X

Pm` .�: Bb Q7 +Qm`b2 BM+QKTH2i2 �M/ TQbbB#Hv r`QM;- BM T�`iB+mH�` r?2M Bi +QK2b iQRey
i?2 MQ/2b i?�i ?�p2 MQi #22M 2tT2`BK2Mi�HHv K�MBTmH�i2/X "mi �M BM+QKTH2i2 KQ/2H Bb
biBHH �M BKT`Qp2K2Mi Qp2` MQ KQ/2H �i �HHX AM i?2 �#b2M+2 Q7 +�mb�H �bbmKTiBQMb- r?2i?2`
BM � .�: Q` Qi?2`rBb2- MQ �M�HvbBb +�M #2 b+B2MiB}+�HHv DmbiB}2/X 1p2M �M mM`2�HBbiB+
.�: +�M ?2HT B/2MiB7v bT2+B}+ T`Q#H2Kb �b r2HH �b BKTHB+Bi �bbmKTiBQMb mM/2`HvBM; KQ`2
+�bm�HHv /`�rM +�mb�H BM72`2M+2bX 6m`i?2`KQ`2- bm+? ;`�T?b K�F2 Bi 2�bB2` iQ +QMi`�biRe8
i?2 BKTHB+�iBQMb Q7 /Bz2`2Mi b2ib Q7 �bbmKTiBQMb r?B+? Q7i2M HB2 �i i?2 ?2�`i Q7 b+B2MiB}+
/Bb�;`22K2MibX h?`Qm;?Qmi i?Bb �`iB+H2- r2 rBHH mb2 .�:b BM i?Bb bTB`Biě�b � T`�;K�iB+
iQQH iQ +QKKmMB+�i2 �bbmKTiBQMb �M/ BKT`Qp2 BM72`2M+2X

"Qt R, 1H2K2Mi�`v *�mb�H ai`m+im`2b
�Mv T�i? +QMM2+iBM; irQ p�`B�#H2b +�M #2 #`QF2M /QrM BMiQ i?`22 7mM/�K2Mi�H +�mb�H
bi`m+im`2b, +?�BMb- 7Q`Fb- �M/ BMp2`i2/ 7Q`Fb U1Hr2`i kyRj- _Q?`2` kyR3VX

*?�BMb, s → J → uX h?2 +?�BM i`�MbKBib � +�mb�H �bbQ+B�iBQM #2ir22M s �M/
uX A7 r2 +QM/BiBQM QM J Ui?2 K2/B�iQ`c 2X;X- i?`Qm;? bi�iBbiB+�H �/DmbiK2Mi- b�KTH2
bi`�iB}+�iBQM- Q` #v /2bB;MV- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

6Q`Fb, s ← * → uX h?2 7Q`F i`�MbKBib � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ uX
A7 r2 +QM/BiBQM QM * Ui?2 +QM7QmM/2`V- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

AMp2`i2/ 7Q`Fb, s → G ← uX h?2 BMp2`i2/ 7Q`F i`�MbKBib MQ �bbQ+B�iBQMX A7 r2 +QM@
/BiBQM QM G Ui?2 +QHHB/2`V- � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ u Bb i`�MbKBii2/X

� T�i? #2ir22M s �M/ u Bb b�B/ iQ #2 /@b2T�`�i2/ B7 Bi +QMi�BMb � +QM7QmM/2` Q`
K2/B�iQ` i?�i ?�b #22M +QM/BiBQM2/ QM- Q` � +QHHB/2` i?�i ?�b MQi #22M +QM/BiBQM2/
QM US2�`H RN33VX h?Bb BKTHB2b i?�i i?2 T�i? rBHH MQi i`�MbKBi �Mv �bbQ+B�iBQMc Bi
Bb ǳ#HQ+F2/ǴX AM Q`/2` 7Q` � bi�iBbiB+�H T`Q+2/m`2 iQ `2+Qp2` � +�mb�H �bbQ+B�iBQM- Bi
Kmbi #2 /2bB;M2/ iQ #HQ+F �Mv MQM@+�mb�H T�i?bX 6Q` 2t�KTH2- BM i?2 .�: #2HQr
r2 rBb? iQ K2�bm`2 i?2 +�mb�H �bbQ+B�iBQM #2ir22M X �M/ Y X h?2`2 �`2 ?Qr2p2`
irQ MQM@+�mb�H T�i?b i?�i �HbQ +QMM2+i X iQ Y X h?2 }`bi Bb X ← C → Y X h?Bb
Bb � +QM7QmM/2` T�i?- �M/ r2 +HQb2 Bi #v +QM/BiBQMBM; QM CX h?2 b2+QM/ MQM@+�mb�H
T�i? Bb X ← A → C ← B → Y X AM i?Bb T�i? i?2 p�`B�#H2 C Bb MQr MQi � +QM7QmM/
#mi `�i?2` � +QHHB/2`X �b � `2bmHi- i?Bb T�i? rQmH/ MQ`K�HHv #2 +HQb2/X "mi QM+2 r2
+QM/BiBQM QM C iQ +HQb2 i?2 }`bi T�i?- Bi QT2Mb i?2 b2+QM/ T�i?X h?2`27Q`2 r2 Kmbi
�HbQ +QM/BiBQM QM A Q` B iQ +HQb2 i?Bb b2+QM/ T�i?X h?2`27Q`2 � T`Q+2/m`2 r?B+?
K2�bm`2b i?2 �bbQ+B�iBQM #2ir22M X �M/ Y - bi`�iB}2/ #v C �M/ B UQ` Ac #mi B �HbQ
BM+`2�b2b T`2+BbBQM US2�`H 2i �HX kyReVV rQmH/ K2�bm`2 i?2 +�mb�H 2z2+i Q7 X QM Y X
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i?2Q`2iB+�H 2biBK�M/ r�b i?2 2z2+i Q7 i?2 MQ`K T`BK2- MQ +QM/BiBQMBM; rQmH/ #2 M2+2bb�`v,R88
�b i?2 MQ`K T`BK2 ?�b #22M `�M/QKBx2/- MQ #�+F/QQ` T�i?b +�M 2tBbi UMQ �``Qrb TQBMi
BMiQ i?2 `�M/QKBx2/ p�`B�#H2VX h?2 bBKTH2 K2�M /Bz2`2M+2 #2ir22M 2tT2`BK2Mi�H ;`QmTb
rQmH/ #2 �M 2KTB`B+�H 2biBK�M/ i?�i +Q``2bTQM/b iQ i?2 i?2Q`2iB+�H 2biBK�M/ mM/2` i?2
�bbmKTiBQMb 2K#Q/B2/ BM i?2 .�:X

Pm` .�: Bb Q7 +Qm`b2 BM+QKTH2i2 �M/ TQbbB#Hv r`QM;- BM T�`iB+mH�` r?2M Bi +QK2b iQRey
i?2 MQ/2b i?�i ?�p2 MQi #22M 2tT2`BK2Mi�HHv K�MBTmH�i2/X "mi �M BM+QKTH2i2 KQ/2H Bb
biBHH �M BKT`Qp2K2Mi Qp2` MQ KQ/2H �i �HHX AM i?2 �#b2M+2 Q7 +�mb�H �bbmKTiBQMb- r?2i?2`
BM � .�: Q` Qi?2`rBb2- MQ �M�HvbBb +�M #2 b+B2MiB}+�HHv DmbiB}2/X 1p2M �M mM`2�HBbiB+
.�: +�M ?2HT B/2MiB7v bT2+B}+ T`Q#H2Kb �b r2HH �b BKTHB+Bi �bbmKTiBQMb mM/2`HvBM; KQ`2
+�bm�HHv /`�rM +�mb�H BM72`2M+2bX 6m`i?2`KQ`2- bm+? ;`�T?b K�F2 Bi 2�bB2` iQ +QMi`�biRe8
i?2 BKTHB+�iBQMb Q7 /Bz2`2Mi b2ib Q7 �bbmKTiBQMb r?B+? Q7i2M HB2 �i i?2 ?2�`i Q7 b+B2MiB}+
/Bb�;`22K2MibX h?`Qm;?Qmi i?Bb �`iB+H2- r2 rBHH mb2 .�:b BM i?Bb bTB`Biě�b � T`�;K�iB+
iQQH iQ +QKKmMB+�i2 �bbmKTiBQMb �M/ BKT`Qp2 BM72`2M+2X

"Qt R, 1H2K2Mi�`v *�mb�H ai`m+im`2b
�Mv T�i? +QMM2+iBM; irQ p�`B�#H2b +�M #2 #`QF2M /QrM BMiQ i?`22 7mM/�K2Mi�H +�mb�H
bi`m+im`2b, +?�BMb- 7Q`Fb- �M/ BMp2`i2/ 7Q`Fb U1Hr2`i kyRj- _Q?`2` kyR3VX

*?�BMb, s → J → uX h?2 +?�BM i`�MbKBib � +�mb�H �bbQ+B�iBQM #2ir22M s �M/
uX A7 r2 +QM/BiBQM QM J Ui?2 K2/B�iQ`c 2X;X- i?`Qm;? bi�iBbiB+�H �/DmbiK2Mi- b�KTH2
bi`�iB}+�iBQM- Q` #v /2bB;MV- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

6Q`Fb, s ← * → uX h?2 7Q`F i`�MbKBib � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ uX
A7 r2 +QM/BiBQM QM * Ui?2 +QM7QmM/2`V- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

AMp2`i2/ 7Q`Fb, s → G ← uX h?2 BMp2`i2/ 7Q`F i`�MbKBib MQ �bbQ+B�iBQMX A7 r2 +QM@
/BiBQM QM G Ui?2 +QHHB/2`V- � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ u Bb i`�MbKBii2/X

� T�i? #2ir22M s �M/ u Bb b�B/ iQ #2 /@b2T�`�i2/ B7 Bi +QMi�BMb � +QM7QmM/2` Q`
K2/B�iQ` i?�i ?�b #22M +QM/BiBQM2/ QM- Q` � +QHHB/2` i?�i ?�b MQi #22M +QM/BiBQM2/
QM US2�`H RN33VX h?Bb BKTHB2b i?�i i?2 T�i? rBHH MQi i`�MbKBi �Mv �bbQ+B�iBQMc Bi
Bb ǳ#HQ+F2/ǴX AM Q`/2` 7Q` � bi�iBbiB+�H T`Q+2/m`2 iQ `2+Qp2` � +�mb�H �bbQ+B�iBQM- Bi
Kmbi #2 /2bB;M2/ iQ #HQ+F �Mv MQM@+�mb�H T�i?bX 6Q` 2t�KTH2- BM i?2 .�: #2HQr
r2 rBb? iQ K2�bm`2 i?2 +�mb�H �bbQ+B�iBQM #2ir22M X �M/ Y X h?2`2 �`2 ?Qr2p2`
irQ MQM@+�mb�H T�i?b i?�i �HbQ +QMM2+i X iQ Y X h?2 }`bi Bb X ← C → Y X h?Bb
Bb � +QM7QmM/2` T�i?- �M/ r2 +HQb2 Bi #v +QM/BiBQMBM; QM CX h?2 b2+QM/ MQM@+�mb�H
T�i? Bb X ← A → C ← B → Y X AM i?Bb T�i? i?2 p�`B�#H2 C Bb MQr MQi � +QM7QmM/
#mi `�i?2` � +QHHB/2`X �b � `2bmHi- i?Bb T�i? rQmH/ MQ`K�HHv #2 +HQb2/X "mi QM+2 r2
+QM/BiBQM QM C iQ +HQb2 i?2 }`bi T�i?- Bi QT2Mb i?2 b2+QM/ T�i?X h?2`27Q`2 r2 Kmbi
�HbQ +QM/BiBQM QM A Q` B iQ +HQb2 i?Bb b2+QM/ T�i?X h?2`27Q`2 � T`Q+2/m`2 r?B+?
K2�bm`2b i?2 �bbQ+B�iBQM #2ir22M X �M/ Y - bi`�iB}2/ #v C �M/ B UQ` Ac #mi B �HbQ
BM+`2�b2b T`2+BbBQM US2�`H 2i �HX kyReVV rQmH/ K2�bm`2 i?2 +�mb�H 2z2+i Q7 X QM Y X
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i?2Q`2iB+�H 2biBK�M/ r�b i?2 2z2+i Q7 i?2 MQ`K T`BK2- MQ +QM/BiBQMBM; rQmH/ #2 M2+2bb�`v,R88
�b i?2 MQ`K T`BK2 ?�b #22M `�M/QKBx2/- MQ #�+F/QQ` T�i?b +�M 2tBbi UMQ �``Qrb TQBMi
BMiQ i?2 `�M/QKBx2/ p�`B�#H2VX h?2 bBKTH2 K2�M /Bz2`2M+2 #2ir22M 2tT2`BK2Mi�H ;`QmTb
rQmH/ #2 �M 2KTB`B+�H 2biBK�M/ i?�i +Q``2bTQM/b iQ i?2 i?2Q`2iB+�H 2biBK�M/ mM/2` i?2
�bbmKTiBQMb 2K#Q/B2/ BM i?2 .�:X

Pm` .�: Bb Q7 +Qm`b2 BM+QKTH2i2 �M/ TQbbB#Hv r`QM;- BM T�`iB+mH�` r?2M Bi +QK2b iQRey
i?2 MQ/2b i?�i ?�p2 MQi #22M 2tT2`BK2Mi�HHv K�MBTmH�i2/X "mi �M BM+QKTH2i2 KQ/2H Bb
biBHH �M BKT`Qp2K2Mi Qp2` MQ KQ/2H �i �HHX AM i?2 �#b2M+2 Q7 +�mb�H �bbmKTiBQMb- r?2i?2`
BM � .�: Q` Qi?2`rBb2- MQ �M�HvbBb +�M #2 b+B2MiB}+�HHv DmbiB}2/X 1p2M �M mM`2�HBbiB+
.�: +�M ?2HT B/2MiB7v bT2+B}+ T`Q#H2Kb �b r2HH �b BKTHB+Bi �bbmKTiBQMb mM/2`HvBM; KQ`2
+�bm�HHv /`�rM +�mb�H BM72`2M+2bX 6m`i?2`KQ`2- bm+? ;`�T?b K�F2 Bi 2�bB2` iQ +QMi`�biRe8
i?2 BKTHB+�iBQMb Q7 /Bz2`2Mi b2ib Q7 �bbmKTiBQMb r?B+? Q7i2M HB2 �i i?2 ?2�`i Q7 b+B2MiB}+
/Bb�;`22K2MibX h?`Qm;?Qmi i?Bb �`iB+H2- r2 rBHH mb2 .�:b BM i?Bb bTB`Biě�b � T`�;K�iB+
iQQH iQ +QKKmMB+�i2 �bbmKTiBQMb �M/ BKT`Qp2 BM72`2M+2X

"Qt R, 1H2K2Mi�`v *�mb�H ai`m+im`2b
�Mv T�i? +QMM2+iBM; irQ p�`B�#H2b +�M #2 #`QF2M /QrM BMiQ i?`22 7mM/�K2Mi�H +�mb�H
bi`m+im`2b, +?�BMb- 7Q`Fb- �M/ BMp2`i2/ 7Q`Fb U1Hr2`i kyRj- _Q?`2` kyR3VX

*?�BMb, s → J → uX h?2 +?�BM i`�MbKBib � +�mb�H �bbQ+B�iBQM #2ir22M s �M/
uX A7 r2 +QM/BiBQM QM J Ui?2 K2/B�iQ`c 2X;X- i?`Qm;? bi�iBbiB+�H �/DmbiK2Mi- b�KTH2
bi`�iB}+�iBQM- Q` #v /2bB;MV- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

6Q`Fb, s ← * → uX h?2 7Q`F i`�MbKBib � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ uX
A7 r2 +QM/BiBQM QM * Ui?2 +QM7QmM/2`V- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

AMp2`i2/ 7Q`Fb, s → G ← uX h?2 BMp2`i2/ 7Q`F i`�MbKBib MQ �bbQ+B�iBQMX A7 r2 +QM@
/BiBQM QM G Ui?2 +QHHB/2`V- � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ u Bb i`�MbKBii2/X

� T�i? #2ir22M s �M/ u Bb b�B/ iQ #2 /@b2T�`�i2/ B7 Bi +QMi�BMb � +QM7QmM/2` Q`
K2/B�iQ` i?�i ?�b #22M +QM/BiBQM2/ QM- Q` � +QHHB/2` i?�i ?�b MQi #22M +QM/BiBQM2/
QM US2�`H RN33VX h?Bb BKTHB2b i?�i i?2 T�i? rBHH MQi i`�MbKBi �Mv �bbQ+B�iBQMc Bi
Bb ǳ#HQ+F2/ǴX AM Q`/2` 7Q` � bi�iBbiB+�H T`Q+2/m`2 iQ `2+Qp2` � +�mb�H �bbQ+B�iBQM- Bi
Kmbi #2 /2bB;M2/ iQ #HQ+F �Mv MQM@+�mb�H T�i?bX 6Q` 2t�KTH2- BM i?2 .�: #2HQr
r2 rBb? iQ K2�bm`2 i?2 +�mb�H �bbQ+B�iBQM #2ir22M X �M/ Y X h?2`2 �`2 ?Qr2p2`
irQ MQM@+�mb�H T�i?b i?�i �HbQ +QMM2+i X iQ Y X h?2 }`bi Bb X ← C → Y X h?Bb
Bb � +QM7QmM/2` T�i?- �M/ r2 +HQb2 Bi #v +QM/BiBQMBM; QM CX h?2 b2+QM/ MQM@+�mb�H
T�i? Bb X ← A → C ← B → Y X AM i?Bb T�i? i?2 p�`B�#H2 C Bb MQr MQi � +QM7QmM/
#mi `�i?2` � +QHHB/2`X �b � `2bmHi- i?Bb T�i? rQmH/ MQ`K�HHv #2 +HQb2/X "mi QM+2 r2
+QM/BiBQM QM C iQ +HQb2 i?2 }`bi T�i?- Bi QT2Mb i?2 b2+QM/ T�i?X h?2`27Q`2 r2 Kmbi
�HbQ +QM/BiBQM QM A Q` B iQ +HQb2 i?Bb b2+QM/ T�i?X h?2`27Q`2 � T`Q+2/m`2 r?B+?
K2�bm`2b i?2 �bbQ+B�iBQM #2ir22M X �M/ Y - bi`�iB}2/ #v C �M/ B UQ` Ac #mi B �HbQ
BM+`2�b2b T`2+BbBQM US2�`H 2i �HX kyReVV rQmH/ K2�bm`2 i?2 +�mb�H 2z2+i Q7 X QM Y X
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i?2Q`2iB+�H 2biBK�M/ r�b i?2 2z2+i Q7 i?2 MQ`K T`BK2- MQ +QM/BiBQMBM; rQmH/ #2 M2+2bb�`v,R88
�b i?2 MQ`K T`BK2 ?�b #22M `�M/QKBx2/- MQ #�+F/QQ` T�i?b +�M 2tBbi UMQ �``Qrb TQBMi
BMiQ i?2 `�M/QKBx2/ p�`B�#H2VX h?2 bBKTH2 K2�M /Bz2`2M+2 #2ir22M 2tT2`BK2Mi�H ;`QmTb
rQmH/ #2 �M 2KTB`B+�H 2biBK�M/ i?�i +Q``2bTQM/b iQ i?2 i?2Q`2iB+�H 2biBK�M/ mM/2` i?2
�bbmKTiBQMb 2K#Q/B2/ BM i?2 .�:X

Pm` .�: Bb Q7 +Qm`b2 BM+QKTH2i2 �M/ TQbbB#Hv r`QM;- BM T�`iB+mH�` r?2M Bi +QK2b iQRey
i?2 MQ/2b i?�i ?�p2 MQi #22M 2tT2`BK2Mi�HHv K�MBTmH�i2/X "mi �M BM+QKTH2i2 KQ/2H Bb
biBHH �M BKT`Qp2K2Mi Qp2` MQ KQ/2H �i �HHX AM i?2 �#b2M+2 Q7 +�mb�H �bbmKTiBQMb- r?2i?2`
BM � .�: Q` Qi?2`rBb2- MQ �M�HvbBb +�M #2 b+B2MiB}+�HHv DmbiB}2/X 1p2M �M mM`2�HBbiB+
.�: +�M ?2HT B/2MiB7v bT2+B}+ T`Q#H2Kb �b r2HH �b BKTHB+Bi �bbmKTiBQMb mM/2`HvBM; KQ`2
+�bm�HHv /`�rM +�mb�H BM72`2M+2bX 6m`i?2`KQ`2- bm+? ;`�T?b K�F2 Bi 2�bB2` iQ +QMi`�biRe8
i?2 BKTHB+�iBQMb Q7 /Bz2`2Mi b2ib Q7 �bbmKTiBQMb r?B+? Q7i2M HB2 �i i?2 ?2�`i Q7 b+B2MiB}+
/Bb�;`22K2MibX h?`Qm;?Qmi i?Bb �`iB+H2- r2 rBHH mb2 .�:b BM i?Bb bTB`Biě�b � T`�;K�iB+
iQQH iQ +QKKmMB+�i2 �bbmKTiBQMb �M/ BKT`Qp2 BM72`2M+2X

"Qt R, 1H2K2Mi�`v *�mb�H ai`m+im`2b
�Mv T�i? +QMM2+iBM; irQ p�`B�#H2b +�M #2 #`QF2M /QrM BMiQ i?`22 7mM/�K2Mi�H +�mb�H
bi`m+im`2b, +?�BMb- 7Q`Fb- �M/ BMp2`i2/ 7Q`Fb U1Hr2`i kyRj- _Q?`2` kyR3VX

*?�BMb, s → J → uX h?2 +?�BM i`�MbKBib � +�mb�H �bbQ+B�iBQM #2ir22M s �M/
uX A7 r2 +QM/BiBQM QM J Ui?2 K2/B�iQ`c 2X;X- i?`Qm;? bi�iBbiB+�H �/DmbiK2Mi- b�KTH2
bi`�iB}+�iBQM- Q` #v /2bB;MV- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

6Q`Fb, s ← * → uX h?2 7Q`F i`�MbKBib � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ uX
A7 r2 +QM/BiBQM QM * Ui?2 +QM7QmM/2`V- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

AMp2`i2/ 7Q`Fb, s → G ← uX h?2 BMp2`i2/ 7Q`F i`�MbKBib MQ �bbQ+B�iBQMX A7 r2 +QM@
/BiBQM QM G Ui?2 +QHHB/2`V- � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ u Bb i`�MbKBii2/X

� T�i? #2ir22M s �M/ u Bb b�B/ iQ #2 /@b2T�`�i2/ B7 Bi +QMi�BMb � +QM7QmM/2` Q`
K2/B�iQ` i?�i ?�b #22M +QM/BiBQM2/ QM- Q` � +QHHB/2` i?�i ?�b MQi #22M +QM/BiBQM2/
QM US2�`H RN33VX h?Bb BKTHB2b i?�i i?2 T�i? rBHH MQi i`�MbKBi �Mv �bbQ+B�iBQMc Bi
Bb ǳ#HQ+F2/ǴX AM Q`/2` 7Q` � bi�iBbiB+�H T`Q+2/m`2 iQ `2+Qp2` � +�mb�H �bbQ+B�iBQM- Bi
Kmbi #2 /2bB;M2/ iQ #HQ+F �Mv MQM@+�mb�H T�i?bX 6Q` 2t�KTH2- BM i?2 .�: #2HQr
r2 rBb? iQ K2�bm`2 i?2 +�mb�H �bbQ+B�iBQM #2ir22M X �M/ Y X h?2`2 �`2 ?Qr2p2`
irQ MQM@+�mb�H T�i?b i?�i �HbQ +QMM2+i X iQ Y X h?2 }`bi Bb X ← C → Y X h?Bb
Bb � +QM7QmM/2` T�i?- �M/ r2 +HQb2 Bi #v +QM/BiBQMBM; QM CX h?2 b2+QM/ MQM@+�mb�H
T�i? Bb X ← A → C ← B → Y X AM i?Bb T�i? i?2 p�`B�#H2 C Bb MQr MQi � +QM7QmM/
#mi `�i?2` � +QHHB/2`X �b � `2bmHi- i?Bb T�i? rQmH/ MQ`K�HHv #2 +HQb2/X "mi QM+2 r2
+QM/BiBQM QM C iQ +HQb2 i?2 }`bi T�i?- Bi QT2Mb i?2 b2+QM/ T�i?X h?2`27Q`2 r2 Kmbi
�HbQ +QM/BiBQM QM A Q` B iQ +HQb2 i?Bb b2+QM/ T�i?X h?2`27Q`2 � T`Q+2/m`2 r?B+?
K2�bm`2b i?2 �bbQ+B�iBQM #2ir22M X �M/ Y - bi`�iB}2/ #v C �M/ B UQ` Ac #mi B �HbQ
BM+`2�b2b T`2+BbBQM US2�`H 2i �HX kyReVV rQmH/ K2�bm`2 i?2 +�mb�H 2z2+i Q7 X QM Y X
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i?2Q`2iB+�H 2biBK�M/ r�b i?2 2z2+i Q7 i?2 MQ`K T`BK2- MQ +QM/BiBQMBM; rQmH/ #2 M2+2bb�`v,R88
�b i?2 MQ`K T`BK2 ?�b #22M `�M/QKBx2/- MQ #�+F/QQ` T�i?b +�M 2tBbi UMQ �``Qrb TQBMi
BMiQ i?2 `�M/QKBx2/ p�`B�#H2VX h?2 bBKTH2 K2�M /Bz2`2M+2 #2ir22M 2tT2`BK2Mi�H ;`QmTb
rQmH/ #2 �M 2KTB`B+�H 2biBK�M/ i?�i +Q``2bTQM/b iQ i?2 i?2Q`2iB+�H 2biBK�M/ mM/2` i?2
�bbmKTiBQMb 2K#Q/B2/ BM i?2 .�:X

Pm` .�: Bb Q7 +Qm`b2 BM+QKTH2i2 �M/ TQbbB#Hv r`QM;- BM T�`iB+mH�` r?2M Bi +QK2b iQRey
i?2 MQ/2b i?�i ?�p2 MQi #22M 2tT2`BK2Mi�HHv K�MBTmH�i2/X "mi �M BM+QKTH2i2 KQ/2H Bb
biBHH �M BKT`Qp2K2Mi Qp2` MQ KQ/2H �i �HHX AM i?2 �#b2M+2 Q7 +�mb�H �bbmKTiBQMb- r?2i?2`
BM � .�: Q` Qi?2`rBb2- MQ �M�HvbBb +�M #2 b+B2MiB}+�HHv DmbiB}2/X 1p2M �M mM`2�HBbiB+
.�: +�M ?2HT B/2MiB7v bT2+B}+ T`Q#H2Kb �b r2HH �b BKTHB+Bi �bbmKTiBQMb mM/2`HvBM; KQ`2
+�bm�HHv /`�rM +�mb�H BM72`2M+2bX 6m`i?2`KQ`2- bm+? ;`�T?b K�F2 Bi 2�bB2` iQ +QMi`�biRe8
i?2 BKTHB+�iBQMb Q7 /Bz2`2Mi b2ib Q7 �bbmKTiBQMb r?B+? Q7i2M HB2 �i i?2 ?2�`i Q7 b+B2MiB}+
/Bb�;`22K2MibX h?`Qm;?Qmi i?Bb �`iB+H2- r2 rBHH mb2 .�:b BM i?Bb bTB`Biě�b � T`�;K�iB+
iQQH iQ +QKKmMB+�i2 �bbmKTiBQMb �M/ BKT`Qp2 BM72`2M+2X

"Qt R, 1H2K2Mi�`v *�mb�H ai`m+im`2b
�Mv T�i? +QMM2+iBM; irQ p�`B�#H2b +�M #2 #`QF2M /QrM BMiQ i?`22 7mM/�K2Mi�H +�mb�H
bi`m+im`2b, +?�BMb- 7Q`Fb- �M/ BMp2`i2/ 7Q`Fb U1Hr2`i kyRj- _Q?`2` kyR3VX

*?�BMb, s → J → uX h?2 +?�BM i`�MbKBib � +�mb�H �bbQ+B�iBQM #2ir22M s �M/
uX A7 r2 +QM/BiBQM QM J Ui?2 K2/B�iQ`c 2X;X- i?`Qm;? bi�iBbiB+�H �/DmbiK2Mi- b�KTH2
bi`�iB}+�iBQM- Q` #v /2bB;MV- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

6Q`Fb, s ← * → uX h?2 7Q`F i`�MbKBib � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ uX
A7 r2 +QM/BiBQM QM * Ui?2 +QM7QmM/2`V- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

AMp2`i2/ 7Q`Fb, s → G ← uX h?2 BMp2`i2/ 7Q`F i`�MbKBib MQ �bbQ+B�iBQMX A7 r2 +QM@
/BiBQM QM G Ui?2 +QHHB/2`V- � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ u Bb i`�MbKBii2/X

� T�i? #2ir22M s �M/ u Bb b�B/ iQ #2 /@b2T�`�i2/ B7 Bi +QMi�BMb � +QM7QmM/2` Q`
K2/B�iQ` i?�i ?�b #22M +QM/BiBQM2/ QM- Q` � +QHHB/2` i?�i ?�b MQi #22M +QM/BiBQM2/
QM US2�`H RN33VX h?Bb BKTHB2b i?�i i?2 T�i? rBHH MQi i`�MbKBi �Mv �bbQ+B�iBQMc Bi
Bb ǳ#HQ+F2/ǴX AM Q`/2` 7Q` � bi�iBbiB+�H T`Q+2/m`2 iQ `2+Qp2` � +�mb�H �bbQ+B�iBQM- Bi
Kmbi #2 /2bB;M2/ iQ #HQ+F �Mv MQM@+�mb�H T�i?bX 6Q` 2t�KTH2- BM i?2 .�: #2HQr
r2 rBb? iQ K2�bm`2 i?2 +�mb�H �bbQ+B�iBQM #2ir22M X �M/ Y X h?2`2 �`2 ?Qr2p2`
irQ MQM@+�mb�H T�i?b i?�i �HbQ +QMM2+i X iQ Y X h?2 }`bi Bb X ← C → Y X h?Bb
Bb � +QM7QmM/2` T�i?- �M/ r2 +HQb2 Bi #v +QM/BiBQMBM; QM CX h?2 b2+QM/ MQM@+�mb�H
T�i? Bb X ← A → C ← B → Y X AM i?Bb T�i? i?2 p�`B�#H2 C Bb MQr MQi � +QM7QmM/
#mi `�i?2` � +QHHB/2`X �b � `2bmHi- i?Bb T�i? rQmH/ MQ`K�HHv #2 +HQb2/X "mi QM+2 r2
+QM/BiBQM QM C iQ +HQb2 i?2 }`bi T�i?- Bi QT2Mb i?2 b2+QM/ T�i?X h?2`27Q`2 r2 Kmbi
�HbQ +QM/BiBQM QM A Q` B iQ +HQb2 i?Bb b2+QM/ T�i?X h?2`27Q`2 � T`Q+2/m`2 r?B+?
K2�bm`2b i?2 �bbQ+B�iBQM #2ir22M X �M/ Y - bi`�iB}2/ #v C �M/ B UQ` Ac #mi B �HbQ
BM+`2�b2b T`2+BbBQM US2�`H 2i �HX kyReVV rQmH/ K2�bm`2 i?2 +�mb�H 2z2+i Q7 X QM Y X
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i?2Q`2iB+�H 2biBK�M/ r�b i?2 2z2+i Q7 i?2 MQ`K T`BK2- MQ +QM/BiBQMBM; rQmH/ #2 M2+2bb�`v,R88
�b i?2 MQ`K T`BK2 ?�b #22M `�M/QKBx2/- MQ #�+F/QQ` T�i?b +�M 2tBbi UMQ �``Qrb TQBMi
BMiQ i?2 `�M/QKBx2/ p�`B�#H2VX h?2 bBKTH2 K2�M /Bz2`2M+2 #2ir22M 2tT2`BK2Mi�H ;`QmTb
rQmH/ #2 �M 2KTB`B+�H 2biBK�M/ i?�i +Q``2bTQM/b iQ i?2 i?2Q`2iB+�H 2biBK�M/ mM/2` i?2
�bbmKTiBQMb 2K#Q/B2/ BM i?2 .�:X

Pm` .�: Bb Q7 +Qm`b2 BM+QKTH2i2 �M/ TQbbB#Hv r`QM;- BM T�`iB+mH�` r?2M Bi +QK2b iQRey
i?2 MQ/2b i?�i ?�p2 MQi #22M 2tT2`BK2Mi�HHv K�MBTmH�i2/X "mi �M BM+QKTH2i2 KQ/2H Bb
biBHH �M BKT`Qp2K2Mi Qp2` MQ KQ/2H �i �HHX AM i?2 �#b2M+2 Q7 +�mb�H �bbmKTiBQMb- r?2i?2`
BM � .�: Q` Qi?2`rBb2- MQ �M�HvbBb +�M #2 b+B2MiB}+�HHv DmbiB}2/X 1p2M �M mM`2�HBbiB+
.�: +�M ?2HT B/2MiB7v bT2+B}+ T`Q#H2Kb �b r2HH �b BKTHB+Bi �bbmKTiBQMb mM/2`HvBM; KQ`2
+�bm�HHv /`�rM +�mb�H BM72`2M+2bX 6m`i?2`KQ`2- bm+? ;`�T?b K�F2 Bi 2�bB2` iQ +QMi`�biRe8
i?2 BKTHB+�iBQMb Q7 /Bz2`2Mi b2ib Q7 �bbmKTiBQMb r?B+? Q7i2M HB2 �i i?2 ?2�`i Q7 b+B2MiB}+
/Bb�;`22K2MibX h?`Qm;?Qmi i?Bb �`iB+H2- r2 rBHH mb2 .�:b BM i?Bb bTB`Biě�b � T`�;K�iB+
iQQH iQ +QKKmMB+�i2 �bbmKTiBQMb �M/ BKT`Qp2 BM72`2M+2X

"Qt R, 1H2K2Mi�`v *�mb�H ai`m+im`2b
�Mv T�i? +QMM2+iBM; irQ p�`B�#H2b +�M #2 #`QF2M /QrM BMiQ i?`22 7mM/�K2Mi�H +�mb�H
bi`m+im`2b, +?�BMb- 7Q`Fb- �M/ BMp2`i2/ 7Q`Fb U1Hr2`i kyRj- _Q?`2` kyR3VX

*?�BMb, s → J → uX h?2 +?�BM i`�MbKBib � +�mb�H �bbQ+B�iBQM #2ir22M s �M/
uX A7 r2 +QM/BiBQM QM J Ui?2 K2/B�iQ`c 2X;X- i?`Qm;? bi�iBbiB+�H �/DmbiK2Mi- b�KTH2
bi`�iB}+�iBQM- Q` #v /2bB;MV- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

6Q`Fb, s ← * → uX h?2 7Q`F i`�MbKBib � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ uX
A7 r2 +QM/BiBQM QM * Ui?2 +QM7QmM/2`V- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

AMp2`i2/ 7Q`Fb, s → G ← uX h?2 BMp2`i2/ 7Q`F i`�MbKBib MQ �bbQ+B�iBQMX A7 r2 +QM@
/BiBQM QM G Ui?2 +QHHB/2`V- � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ u Bb i`�MbKBii2/X

� T�i? #2ir22M s �M/ u Bb b�B/ iQ #2 /@b2T�`�i2/ B7 Bi +QMi�BMb � +QM7QmM/2` Q`
K2/B�iQ` i?�i ?�b #22M +QM/BiBQM2/ QM- Q` � +QHHB/2` i?�i ?�b MQi #22M +QM/BiBQM2/
QM US2�`H RN33VX h?Bb BKTHB2b i?�i i?2 T�i? rBHH MQi i`�MbKBi �Mv �bbQ+B�iBQMc Bi
Bb ǳ#HQ+F2/ǴX AM Q`/2` 7Q` � bi�iBbiB+�H T`Q+2/m`2 iQ `2+Qp2` � +�mb�H �bbQ+B�iBQM- Bi
Kmbi #2 /2bB;M2/ iQ #HQ+F �Mv MQM@+�mb�H T�i?bX 6Q` 2t�KTH2- BM i?2 .�: #2HQr
r2 rBb? iQ K2�bm`2 i?2 +�mb�H �bbQ+B�iBQM #2ir22M X �M/ Y X h?2`2 �`2 ?Qr2p2`
irQ MQM@+�mb�H T�i?b i?�i �HbQ +QMM2+i X iQ Y X h?2 }`bi Bb X ← C → Y X h?Bb
Bb � +QM7QmM/2` T�i?- �M/ r2 +HQb2 Bi #v +QM/BiBQMBM; QM CX h?2 b2+QM/ MQM@+�mb�H
T�i? Bb X ← A → C ← B → Y X AM i?Bb T�i? i?2 p�`B�#H2 C Bb MQr MQi � +QM7QmM/
#mi `�i?2` � +QHHB/2`X �b � `2bmHi- i?Bb T�i? rQmH/ MQ`K�HHv #2 +HQb2/X "mi QM+2 r2
+QM/BiBQM QM C iQ +HQb2 i?2 }`bi T�i?- Bi QT2Mb i?2 b2+QM/ T�i?X h?2`27Q`2 r2 Kmbi
�HbQ +QM/BiBQM QM A Q` B iQ +HQb2 i?Bb b2+QM/ T�i?X h?2`27Q`2 � T`Q+2/m`2 r?B+?
K2�bm`2b i?2 �bbQ+B�iBQM #2ir22M X �M/ Y - bi`�iB}2/ #v C �M/ B UQ` Ac #mi B �HbQ
BM+`2�b2b T`2+BbBQM US2�`H 2i �HX kyReVV rQmH/ K2�bm`2 i?2 +�mb�H 2z2+i Q7 X QM Y X
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i?2Q`2iB+�H 2biBK�M/ r�b i?2 2z2+i Q7 i?2 MQ`K T`BK2- MQ +QM/BiBQMBM; rQmH/ #2 M2+2bb�`v,R88
�b i?2 MQ`K T`BK2 ?�b #22M `�M/QKBx2/- MQ #�+F/QQ` T�i?b +�M 2tBbi UMQ �``Qrb TQBMi
BMiQ i?2 `�M/QKBx2/ p�`B�#H2VX h?2 bBKTH2 K2�M /Bz2`2M+2 #2ir22M 2tT2`BK2Mi�H ;`QmTb
rQmH/ #2 �M 2KTB`B+�H 2biBK�M/ i?�i +Q``2bTQM/b iQ i?2 i?2Q`2iB+�H 2biBK�M/ mM/2` i?2
�bbmKTiBQMb 2K#Q/B2/ BM i?2 .�:X

Pm` .�: Bb Q7 +Qm`b2 BM+QKTH2i2 �M/ TQbbB#Hv r`QM;- BM T�`iB+mH�` r?2M Bi +QK2b iQRey
i?2 MQ/2b i?�i ?�p2 MQi #22M 2tT2`BK2Mi�HHv K�MBTmH�i2/X "mi �M BM+QKTH2i2 KQ/2H Bb
biBHH �M BKT`Qp2K2Mi Qp2` MQ KQ/2H �i �HHX AM i?2 �#b2M+2 Q7 +�mb�H �bbmKTiBQMb- r?2i?2`
BM � .�: Q` Qi?2`rBb2- MQ �M�HvbBb +�M #2 b+B2MiB}+�HHv DmbiB}2/X 1p2M �M mM`2�HBbiB+
.�: +�M ?2HT B/2MiB7v bT2+B}+ T`Q#H2Kb �b r2HH �b BKTHB+Bi �bbmKTiBQMb mM/2`HvBM; KQ`2
+�bm�HHv /`�rM +�mb�H BM72`2M+2bX 6m`i?2`KQ`2- bm+? ;`�T?b K�F2 Bi 2�bB2` iQ +QMi`�biRe8
i?2 BKTHB+�iBQMb Q7 /Bz2`2Mi b2ib Q7 �bbmKTiBQMb r?B+? Q7i2M HB2 �i i?2 ?2�`i Q7 b+B2MiB}+
/Bb�;`22K2MibX h?`Qm;?Qmi i?Bb �`iB+H2- r2 rBHH mb2 .�:b BM i?Bb bTB`Biě�b � T`�;K�iB+
iQQH iQ +QKKmMB+�i2 �bbmKTiBQMb �M/ BKT`Qp2 BM72`2M+2X

"Qt R, 1H2K2Mi�`v *�mb�H ai`m+im`2b
�Mv T�i? +QMM2+iBM; irQ p�`B�#H2b +�M #2 #`QF2M /QrM BMiQ i?`22 7mM/�K2Mi�H +�mb�H
bi`m+im`2b, +?�BMb- 7Q`Fb- �M/ BMp2`i2/ 7Q`Fb U1Hr2`i kyRj- _Q?`2` kyR3VX

*?�BMb, s → J → uX h?2 +?�BM i`�MbKBib � +�mb�H �bbQ+B�iBQM #2ir22M s �M/
uX A7 r2 +QM/BiBQM QM J Ui?2 K2/B�iQ`c 2X;X- i?`Qm;? bi�iBbiB+�H �/DmbiK2Mi- b�KTH2
bi`�iB}+�iBQM- Q` #v /2bB;MV- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

6Q`Fb, s ← * → uX h?2 7Q`F i`�MbKBib � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ uX
A7 r2 +QM/BiBQM QM * Ui?2 +QM7QmM/2`V- i?2 i`�MbKBbbBQM Q7 i?2 �bbQ+B�iBQM Bb #HQ+F2/X

AMp2`i2/ 7Q`Fb, s → G ← uX h?2 BMp2`i2/ 7Q`F i`�MbKBib MQ �bbQ+B�iBQMX A7 r2 +QM@
/BiBQM QM G Ui?2 +QHHB/2`V- � MQM@+�mb�H �bbQ+B�iBQM #2ir22M s �M/ u Bb i`�MbKBii2/X

� T�i? #2ir22M s �M/ u Bb b�B/ iQ #2 /@b2T�`�i2/ B7 Bi +QMi�BMb � +QM7QmM/2` Q`
K2/B�iQ` i?�i ?�b #22M +QM/BiBQM2/ QM- Q` � +QHHB/2` i?�i ?�b MQi #22M +QM/BiBQM2/
QM US2�`H RN33VX h?Bb BKTHB2b i?�i i?2 T�i? rBHH MQi i`�MbKBi �Mv �bbQ+B�iBQMc Bi
Bb ǳ#HQ+F2/ǴX AM Q`/2` 7Q` � bi�iBbiB+�H T`Q+2/m`2 iQ `2+Qp2` � +�mb�H �bbQ+B�iBQM- Bi
Kmbi #2 /2bB;M2/ iQ #HQ+F �Mv MQM@+�mb�H T�i?bX 6Q` 2t�KTH2- BM i?2 .�: #2HQr
r2 rBb? iQ K2�bm`2 i?2 +�mb�H �bbQ+B�iBQM #2ir22M X �M/ Y X h?2`2 �`2 ?Qr2p2`
irQ MQM@+�mb�H T�i?b i?�i �HbQ +QMM2+i X iQ Y X h?2 }`bi Bb X ← C → Y X h?Bb
Bb � +QM7QmM/2` T�i?- �M/ r2 +HQb2 Bi #v +QM/BiBQMBM; QM CX h?2 b2+QM/ MQM@+�mb�H
T�i? Bb X ← A → C ← B → Y X AM i?Bb T�i? i?2 p�`B�#H2 C Bb MQr MQi � +QM7QmM/
#mi `�i?2` � +QHHB/2`X �b � `2bmHi- i?Bb T�i? rQmH/ MQ`K�HHv #2 +HQb2/X "mi QM+2 r2
+QM/BiBQM QM C iQ +HQb2 i?2 }`bi T�i?- Bi QT2Mb i?2 b2+QM/ T�i?X h?2`27Q`2 r2 Kmbi
�HbQ +QM/BiBQM QM A Q` B iQ +HQb2 i?Bb b2+QM/ T�i?X h?2`27Q`2 � T`Q+2/m`2 r?B+?
K2�bm`2b i?2 �bbQ+B�iBQM #2ir22M X �M/ Y - bi`�iB}2/ #v C �M/ B UQ` Ac #mi B �HbQ
BM+`2�b2b T`2+BbBQM US2�`H 2i �HX kyReVV rQmH/ K2�bm`2 i?2 +�mb�H 2z2+i Q7 X QM Y X
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DAGs
Different queries, different models 

Which control variables? 

Absolute not safe to add everything — bad controls 

How to test the causal model? 

With more scientific knowledge, can do more



Golems, Owls, DAGs
Golems: Brainless, powerful statistical models 

Owls: Documented, objective procedures 

DAGs: Transparent scientific assumptions to  
             justify scientific effort 
             expose it to useful critique 
             connect theories to golems



Course Schedule
Week 1 Bayesian inference Chapters 1, 2, 3
Week 2 Linear models & Causal Inference Chapter 4
Week 3 Causes, Confounds & Colliders Chapters 5 & 6
Week 4 Overfitting / Interactions Chapters 7 & 8
Week 5 MCMC & Generalized Linear Models Chapters 9, 10, 11
Week 6 Integers & Other Monsters Chapters 11 & 12
Week 7 Multilevel models I Chapter 13
Week 8 Multilevel models II Chapter 14
Week 9 Measurement & Missingness Chapter 15
Week 10 Generalized Linear Madness Chapter 16

https://github.com/rmcelreath/statrethinking_2022


