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Endogeneity 
& exogeneity
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Outcome variable Policy/program variable

Does education cause higher earnings?

Education

Earnings
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If we ran this regression, would β1 give 
us the causal effect of education?

Omitted variable bias!
Unclosed backdoors!

Endogeneity!

No!



Education

Earnings

Exogenous variables
Value is not determined by 
anything else in the model

In a DAG, a node that doesn’t 
have arrows coming into it

Exogeneity and endogeneity

Education is 
exogenous 

here



Education

Ability

Earnings

Endogenous variables
Value is determined by 

something else in the model
In a DAG, a node that has 

arrows coming into it

Exogeneity and endogeneity

Education is 
endogenous 

now



Endogeneity
The error term (ϵ) is related to the explanatory variables

Exogeneity and endogeneity

Education is related to some 
part of this this unobserved stuff ϵ

Earningsi = �0 + �1Educationi + ✏i
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What would exogenous variation in 
education look like?

Choices to get more education that are 
essentially random (or at least uncorrelated 

with omitted variables)



Education

Ability

Earnings

We’d like education to be exogenous 
(an outside decision or intervention), but it’s not!

Part of it is exogenous, but part of it is 
caused by ability, which is in the DAG



Close back door and adjust for ability
Filters out the endogenous part of education and leaves us with just the exogenous part

Education

Ability

Earnings

Earningsi = �0 + �1Educationi + �2Ability + ✏i
<latexit sha1_base64="L5L3hnZliv7KHVqvDVDaHuU4+Yc="></latexit>

Fixing endogeneity with DAGs
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Wrong! Right!
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Earningsi = �0 + �1Educationi + �2Ability + ✏i
<latexit sha1_base64="L5L3hnZliv7KHVqvDVDaHuU4+Yc="></latexit>

Unmeasurable!

Ability is in here

But we can’t measure ability!

Education

Ability

Earnings



Earningsi =�0 + �1Educationi + ✏i

�0 + �1(Education
exog.
i + Educationendog.i ) + ✏i

�0 + �1Education
exog.
i + �1Education

endog.
i + ✏i| {z }

wi

�0 + �1Education
exog.
i + wi
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Split exogeneity and endogeneity
What if we could somehow separate education into 

its endogenous and exogenous parts?



Earningsi = �0 + �1Education
exog.
i + wi
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Use an instrument!

Isolate exogeneity with this One Weird Trick™

How do we find only Educationexog.?



Instruments



Exogenous

Something that is correlated 
with the policy variable

Something that is not correlated 
with the omitted variables

Relevance

Something that does not 
directly cause the outcome

Exclusion
(“only through”)

Testable with stats!

Not testable!

What is an instrument?



Instrument

Program/policy

Unmeasured confounders

Outcome



Father's education

Education

Ability

Earnings

This explains/removes 
endogeneity of education

This is now just the exogenous 
part of education

We can’t measure this, 
but that’s fine now



Something that is correlated 
with the policy variable

Something that is not correlated 
with the omitted variables

Relevance

Exogenous

Something that does not 
directly cause the outcome

Exclusion
(“only through”)

Testable with stats!

Not testable!

What is an instrument?



Instrument causes changes in policy

Social security number

3rd grade test scores

Father’s education

Probably not relevant

Potentially relevant

Relevant

Uncorrelated with education

Early grades cause more education

Educated parents cause more education

Relevancy



Instrument only causes outcome through 
the policy/program (“only through” condition)

Social security number

3rd grade test scores

Father’s education

Exclusive

Potentially exclusive

Exclusive

SSN isn’t correlated with hourly wage

Early grades probably don’t cause wages

Parent’s education doesn’t correlate 
with your hourly wage 

Exclusion



Instrument independent of all other 
factors; is randomly assigned

Social security number

3rd grade test scores

Father’s education

Exogenous

Not exogenous

Exogenous

Unrelated to anything related to education

Grades correlated with other education factors

Birth to parents is random

Exogeneity



Father's education

Education

Ability

Earnings

Relevant Exclusive Exogenous



“A necessary but not a sufficient condition 
for having an instrument that can satisfy the 

exclusion restriction is if people are 
confused when you tell them about the 

instrument’s relationship to the outcome.” 
Scott Cunningham, Causal Inference: The Mixtape, p. 213

The huh? factor



Outcome variable Policy variable Omitted variable Instrumental variable

Health Smoking cigarettes Other negative health 
behaviors Tobacco taxes
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Outcome variable Policy variable Omitted variable Instrumental variable

Health Smoking cigarettes Other negative health 
behaviors Tobacco taxes

Labor market success Americanization Ability Scrabble score of 
name

Crime rate Patrol hours # of criminals Election cycles
Income Education Ability Father’s education

Distance to college
Military draft

Crime Incarceration rate Simultaneous 
causality

Overcrowding 
litigations

Election outcomes Federal spending in a 
district Political vulnerability Federal spending in 

the rest of the state

Conflicts Economic growth Simultaneous 
causality Rainfall



The trickiest thing to prove is 
the exclusion restriction

Instruments are hard to find!

Most proposed instruments fail this

Instrument causes the outcome 
only through the policy



A global pandemic is a huge 
exogenous shock to social 

systems everywhere

COVID-19 as an instrument

Maybe we can use it as an instrument!



What effect does closing schools have on 
student performance or lifetime earnings?

COVID-19 as an instrument

COVID-19
School attendance

Unmeasured confounders

Grades (or earnings)



lolnope

Anxiety

Deaths

Health

COVID-19

Social isolation

Job losses

School attendance

Unmeasured confounders

Grades (or earnings)



Falsifying exclusion assumptions
Can you think of some other way that the instrument can 

cause the outcome outside of the policy?

If so, the instrument doesn’t meet exclusion restriction

Instrument

Program/policy

Unmeasured confounders

Outcome

Instrument → ?? → outcome?

Rainfall → ?? → civil war?

Tobacco taxes → ?? → health?

Scrabble score → ?? → 
labor market success?



Using instruments
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ࡤ ɢ ऒ ࠀࡲ߿ ࡤࡤ ɢ ऒ ࠄ߿ࡲ߿ ࡤࡤࡤ ɢ ऒ ࠀ߿ࡲ߿

ࠀ



Earningsi =�0 + �1Educationi + ✏i

�0 + �1(Education
exog.
i + Educationendog.i ) + ✏i

�0 + �1Education
exog.
i + �1Education

endog.
i + ✏i| {z }

wi

�0 + �1Education
exog.
i + wi

<latexit sha1_base64="hL+s4WFObzyFUfM5D+8dsiUhF5k=">AAADWnicnVJdS9xAFJ0krR9rW9fWN1+GLoqlsCS2oC8FqQg+WuiqsFnDZHJ3HZxMwsyNuoT8yb4Uwb8iONnNg+tqkV7IcDj3nJyZy41zKQz6/q3jem/eLiwuLbdW3r3/sNpe+3hiskJz6PFMZvosZgakUNBDgRLOcg0sjSWcxpcHdf/0CrQRmfqN4xwGKRspMRScoaWiNScPEW6wPGRaCTUyVSTojy0axoAs8unXBgW0kSXF1F nrbBNyI6T9j6Bh2HrOtj3vO59ScJONulUtfVGhklry5VVBr8gpVAI61oxD+Q9XORNezYRXUXltz/+/g3VH7Y7f9SdF50HQgA5p6jhq/wmTjBcpKOSSGdMP/BwHJdMouISqFRYGcsYv2Qj6FiqWghmUk9Wo6KZlEjrMtP0U0gn72FGy1JhxGltlyvDCPO3V5HO9foHDvUEpVF4gKD4NGhaSYkbrPaOJ0MBRji1gXAt7V8ovmB0+2m1s2SEET588D052usG37s6v7539n804lsgG+Uy2SUB2yT45IsekR7jz17l3F9xF985zvWVvZSp1ncbzicyUt/4AViERPg==</latexit>



Father's education

Education

Ability

Earnings

Relevant Exclusive Exogenous



Program ~ instrument

Relevancy zĪ ȟȶƎơȍɽ

�������ſ���������ƀ
�������ſ�����ƀ

������ɏ��������� ʳŞ ����ɏ���ſ����śś����ſɑ������ɑř ɑ����ɑř ɑ������ɏ���������Ŝ���ɑƀƀ

�����ɏ����� ʳŞ ��ſ���� Ɍ ����������ř ���� ʰ ������ɏ���������ƀ

����ſ�����ɏ�����ƀ

ɤɤ ɤ � ������ś ɩ � ɬ
ɤɤ ���� �������� ���Ŝ����� ��������� �Ŝ�����
ɤɤ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ
ɤɤ ɨ ſ���������ƀ ɫŜɫɥ ɥŜɪɰɰ ɨɨŜɥ ɰŜɩɭ�Ş ɩɮ
ɤɤ ɩ ���������� ɥŜɮɬɮ ɥŜɥɩɫɪ ɪɨŜɩ ɨŜɬɫ�Şɨɫɰ
������ſ�����ɏ�����ƀ

ɤɤ ɤ � ������ś ɨ � ɨɨ
ɤɤ �Ŝ������� ���Ŝ�Ŝ������� ����� ��������� �Ŝ����� �� ������ ��� ���
ɤɤ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ
ɤɤ ɨ ɥŜɫɰɪ ɥŜɫɰɪ ɨŜɭɥ ɰɮɩŜ ɨŜɬɫ�Şɨɫɰ ɩ ŞɨɯɯɬŜ ɪɮɮɮŜ ɪɮɰɨŜ
ɤɤ ɤ ŜŜŜ ���� ɩ ���� ���������ś �������� ʳ���ʴř ��Ŝ�������� ʳ���ʴ

ࠀ

zĪ ȟȶƎơȍɽ

�������ſ���������ƀ
�������ſ�����ƀ

������ɏ��������� ʳŞ ����ɏ���ſ����śś����ſɑ������ɑř ɑ����ɑř ɑ������ɏ���������Ŝ���ɑƀƀ

�����ɏ����� ʳŞ ��ſ���� Ɍ ����������ř ���� ʰ ������ɏ���������ƀ

����ſ�����ɏ�����ƀ

ɤɤ ɤ � ������ś ɩ � ɬ
ɤɤ ���� �������� ���Ŝ����� ��������� �Ŝ�����
ɤɤ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ
ɤɤ ɨ ſ���������ƀ ɫŜɫɥ ɥŜɪɰɰ ɨɨŜɥ ɰŜɩɭ�Ş ɩɮ
ɤɤ ɩ ���������� ɥŜɮɬɮ ɥŜɥɩɫɪ ɪɨŜɩ ɨŜɬɫ�Şɨɫɰ
������ſ�����ɏ�����ƀ

ɤɤ ɤ � ������ś ɨ � ɨɨ
ɤɤ �Ŝ������� ���Ŝ�Ŝ������� ����� ��������� �Ŝ����� �� ������ ��� ���
ɤɤ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ
ɤɤ ɨ ɥŜɫɰɪ ɥŜɫɰɪ ɨŜɭɥ ɰɮɩŜ ɨŜɬɫ�Şɨɫɰ ɩ ŞɨɯɯɬŜ ɪɮɮɮŜ ɪɮɰɨŜ
ɤɤ ɤ ŜŜŜ ���� ɩ ���� ���������ś �������� ʳ���ʴř ��Ŝ�������� ʳ���ʴ

ࠀ

Clear, significant effect = relevant!

F statistic > 10 = strong instrument
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Does it meet exclusion assumption?
Father’s education causes wages only through education?

Exclusion

Father's education

Education

Ability

Earnings

0
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r) Any other plausible node 

between father’s 
education and earnings?



Is assignment to your parents random?
Sure.

Exogeneity

Is your parents’ choice to gain 
education random?

lolz.



Find exogenous part of program/policy variable 
based on instrument; use that to predict outcome 

outcome

\Educationi = �0 + �1Father’s educationi + vi
<latexit sha1_base64="kIX9dQUwR5aUkUfaW6ZwDAl4LTA="></latexit>

Earningsi = �0 + �1
\Educationi + ✏i

<latexit sha1_base64="qWdcVQZC4ahuxLVPjE8awOBoOmk="></latexit>

1st stage

2nd stage

“Education hat”: fitted/predicted values; exogenous part of education

Two-stage least squares (2SLS)



Stage 1: Policy ~ instrument

zĪ ȟȶƎơȍɽ

�������ſ���������ƀ
�������ſ�����ƀ

������ɏ��������� ʳŞ ����ɏ���ſ����śś����ſɑ������ɑř ɑ����ɑř ɑ������ɏ���������Ŝ���ɑƀƀ

�����ɏ����� ʳŞ ��ſ���� Ɍ ����������ř ���� ʰ ������ɏ���������ƀ

����ſ�����ɏ�����ƀ

ɤɤ ɤ � ������ś ɩ � ɬ
ɤɤ ���� �������� ���Ŝ����� ��������� �Ŝ�����
ɤɤ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ
ɤɤ ɨ ſ���������ƀ ɫŜɫɥ ɥŜɪɰɰ ɨɨŜɥ ɰŜɩɭ�Ş ɩɮ
ɤɤ ɩ ���������� ɥŜɮɬɮ ɥŜɥɩɫɪ ɪɨŜɩ ɨŜɬɫ�Şɨɫɰ
������ſ�����ɏ�����ƀ

ɤɤ ɤ � ������ś ɨ � ɨɨ
ɤɤ �Ŝ������� ���Ŝ�Ŝ������� ����� ��������� �Ŝ����� �� ������ ��� ���
ɤɤ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ
ɤɤ ɨ ɥŜɫɰɪ ɥŜɫɰɪ ɨŜɭɥ ɰɮɩŜ ɨŜɬɫ�Şɨɫɰ ɩ ŞɨɯɯɬŜ ɪɮɮɮŜ ɪɮɰɨŜ
ɤɤ ɤ ŜŜŜ ���� ɩ ���� ���������ś �������� ʳ���ʴř ��Ŝ�������� ʳ���ʴ

ࠀ



Use first stage to predict policy

����ɏ����ɏ����������� ʳŞ �������ɏ�������ſ�����ɏ�����ř ���� ʰ ������ɏ���������ƀ ʩʴʩ
������ſ����ɏ��� ʰ Ŝ������ƀ

����ſ����ɏ����ɏ�����������ƀ

ɤɤ ɤ � ������ś ɭ � ɬ
ɤɤ ���� ������� ���������� ���� ����ɏ���
ɤɤ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ
ɤɤ ɨ ɨɫɭŜ ɪɫɯŜ ɨɮŜɩ ɨɯŜɨ ɨɮŜɫ
ɤɤ ɩ ɨɫɯŜ ɨɯɨŜ ɨɫŜɥ ɨɬŜɯ ɨɬŜɥ
ɤɤ ɪ ɨɭɩŜ ɪɪɮŜ ɨɭŜɥ ɨɬŜɨ ɨɭŜɬ
ɤɤ ɫ ɨɥɬŜ ɨɥɭŜ ɩɨŜɫ ɨɭŜɬ ɩɥŜɭ
ɤɤ ɬ ɨɭɯŜ ɪɥɩŜ ɨɭŜɬ ɨɯŜɯ ɨɭŜɰ
ɤɤ ɭ ɨɮɪŜ ɩɯɫŜ ɨɬŜɫ ɨɭŜɥ ɨɭŜɨ

ࠁ

\Educationi = �0 + �1Father’s educationi + vi
<latexit sha1_base64="kIX9dQUwR5aUkUfaW6ZwDAl4LTA="></latexit>

educ_hat = 4.4 + (0.757 × 17.2) = 17.4

educ_hat = 4.4 + (0.757 × 16.5) = 16.9



Stage 2: Outcome ~ predicted policy

������ɏ����� ʳŞ ��ſ���� Ɍ ����ɏ���ř ���� ʰ ����ɏ����ɏ�����������ƀ
����ſ������ɏ�����ƀ

ɤɤ ɤ � ������ś ɩ � ɬ
ɤɤ ���� �������� ���Ŝ����� ��������� �Ŝ�����
ɤɤ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ ʳ���ʴ
ɤɤ ɨ ſ���������ƀ ŞɪŜɨɨ ɨɫŜɫ ŞɥŜɩɨɭ ɯŜɩɰ�Ş ɨ
ɤɤ ɩ ����ɏ��� ɰŜɩɬ ɥŜɯɬɭ ɨɥŜɯ ɮŜɫɰ�Şɩɭ

ࠂ



¶ʠʋƃȶȟơ ए ĭŔǌơ
čȥŔƎǿʠɽʋơƎ ȥŔǫʽơ bȶɭŹǫƎƎơȥ ȟȶƎơȍ ò�òࠁ zĪ

zȥʋơɭƃơɢʋࢎ ࡤࡤࡤࠄࠇ߿ࡲࠂࠄ࢚ ࡤࡤࡤࠂࠅࠁࡲ߿ࠇ࢚ ࠇ߿ࠀࡲࠂ࢚
ࠁࠈࠃࡲࠇࢎ ࠈࠄࠅࡲࠄࢎ ߿ࠆࠂࡲࠃࠀࢎ

ơƎʠƃ ࡤࡤࡤ߿ࠃࠁࡲࠁࠀ ࡤࡤࡤࠁࠃࠁࡲࠈ
ࠂ߿ࠄࡲ߿ࢎ ࠂࠃࠂࡲ߿ࢎ

ŔŹǫȍǫʋˊ ࡤࡤࡤࠇࠄࠁࡲ߿
ࠆ߿߿ࡲ߿ࢎ

ơƎʠƃࡼǠŔʋ ࡤࡤࡤࠁࠄࠁࡲࠈ
ࠅࠄࠇࡲ߿ࢎ

¥ʠȟࡲ¶Źɽࡲ ߿߿߿ࠀ ߿߿߿ࠀ ߿߿߿ࠀ
èࠁ ࠁࠆࠂࡲ߿ ࠅࠁࠆࡲ߿ ࠄ߿ࠀࡲ߿

�Ǝǿࡲèࠁ ࠀࠆࠂࡲ߿ ࠅࠁࠆࡲ߿ ࠃ߿ࠀࡲ߿

ࡤ ɢ ऒ ࠀࡲ߿ ࡤࡤ ɢ ऒ ࠄ߿ࡲ߿ ࡤࡤࡤ ɢ ऒ ࠀ߿ࡲ߿

ࠀ



¶ʠʋƃȶȟơ ए ĭŔǌơ
čȥŔƎǿʠɽʋơƎ ȥŔǫʽơ bȶɭŹǫƎƎơȥ ȟȶƎơȍ ò�òࠁ zĪ

zȥʋơɭƃơɢʋࢎ ࡤࡤࡤࠄࠇ߿ࡲࠂࠄ࢚ ࡤࡤࡤࠂࠅࠁࡲ߿ࠇ࢚ ࠇ߿ࠀࡲࠂ࢚
ࠁࠈࠃࡲࠇࢎ ࠈࠄࠅࡲࠄࢎ ߿ࠆࠂࡲࠃࠀࢎ

ơƎʠƃ ࡤࡤࡤ߿ࠃࠁࡲࠁࠀ ࡤࡤࡤࠁࠃࠁࡲࠈ
ࠂ߿ࠄࡲ߿ࢎ ࠂࠃࠂࡲ߿ࢎ

ŔŹǫȍǫʋˊ ࡤࡤࡤࠇࠄࠁࡲ߿
ࠆ߿߿ࡲ߿ࢎ

ơƎʠƃࡼǠŔʋ ࡤࡤࡤࠁࠄࠁࡲࠈ
ࠅࠄࠇࡲ߿ࢎ

¥ʠȟࡲ¶Źɽࡲ ߿߿߿ࠀ ߿߿߿ࠀ ߿߿߿ࠀ
èࠁ ࠁࠆࠂࡲ߿ ࠅࠁࠆࡲ߿ ࠄ߿ࠀࡲ߿

�Ǝǿࡲèࠁ ࠀࠆࠂࡲ߿ ࠅࠁࠆࡲ߿ ࠃ߿ࠀࡲ߿

ࡤ ɢ ऒ ࠀࡲ߿ ࡤࡤ ɢ ऒ ࠄ߿ࡲ߿ ࡤࡤࡤ ɢ ऒ ࠀ߿ࡲ߿

ࠀ

Wrong! Right, but not 
measurable

Right!



Father's education

Mother's education

Education

Ability

Earnings

Multiple instruments
You can use multiple instruments to 
explain more endogeneity in policy



Multiple instruments

\1/m+�iBQMi = �0 + �16�i?2`Ƕb 2/m+�iBQMi+

�2JQi?2`Ƕb 2/m+�iBQMi + �i

1�`MBM;bi = �0 + �1
\1/m+�iBQMi + ✏i

<latexit sha1_base64="v2W7hEn3ugwwUgz/G3E8zgNS5QY="></latexit>



Other control variables
You can use control variables too!
For mathy reasons, all exogenous 
controls need to go in both stages

\1/m+�iBQMi = �0 + �16�i?2`Ƕb 2/m+�iBQMi + �2JQi?2`Ƕb 2/m+�iBQMi+

�3a1ai + �4ai�i2i + �5u2�`i + �i

1�`MBM;bi = �0 + �1
\1/m+�iBQMi+

�2a1ai + �3ai�i2i + �4u2�`i + ✏i

<latexit sha1_base64="d7kE65qTKH/aufoIl6kSOnZogVw="></latexit>



Faster, more accurate ways to run 2SLS

Running the first stage, getting policy/program hat, 
then running second stage is neat, but time consuming

Your standard errors will be wrong unless 
you adjust them with fancy math by hand

Use R packages that do all that work for you instead!

�����ɏ����� ʳŞ ��ſ���� Ɍ ����������ř ���� ʰ ������ɏ���������ƀ

����ɏ����ɏ����������� ʳŞ �������ɏ�������ſ�����ɏ�����ř ���� ʰ ������ɏ���������ƀ ʩʴʩ
������ſ����ɏ��� ʰ Ŝ������ƀ

������ɏ����� ʳŞ ��ſ���� Ɍ ����ɏ���ř ���� ʰ ����ɏ����ɏ�����������ƀ

����ſ������ɏ�����ƀ

ࠄ



Faster, more accurate ways to run 2SLS

iv_robust() from the estimatr package

Outcome ~ 2nd stage stuff | 1st stage stuff

Also ivreg() in AER and felm() in lfe

�������ſ��������ƀ

�����ɏ�������� ʳŞ ��ɏ������ſ���� Ɍ ���� Ŷ ����������ř
���� ʰ ������ɏ���������ƀ

����ſ�����ɏ��������ƀ

ɤɤ ���� �������� ���Ŝ����� ��������� �Ŝ����� ����Ŝ��� ����Ŝ����
ɤɤ ɨ ſ���������ƀ ŞɪŜɨɥɮɰɬɪ ɨɨŜɯɯɬɥɥɭɯ ŞɥŜɩɭɨɬɥɩ ɮŜɰɪɮɬɰɪ�Şɥɨ ŞɩɭŜɫɪɥɫɩɪ ɩɥŜɩɨɫɬɩ
ɤɤ ɩ ���� ɰŜɩɬɨɯɭɪ ɥŜɮɥɮɯɭɫɭ ɨɪŜɥɮɥɨɥɩ ɪŜɮɭɮɩɮɮ�Şɪɭ ɮŜɯɭɩɮɯɰ ɨɥŜɭɫɥɰɫ
ɤɤ �� �������
ɤɤ ɨ ɰɰɯ ����
ɤɤ ɩ ɰɰɯ ����

ࠃ



¶ʠʋƃȶȟơ ए ĭŔǌơ
čȥŔƎǿʠɽʋơƎ ȥŔǫʽơ bȶɭŹǫƎƎơȥ ȟȶƎơȍ ò�òࠁ zĪ ˊŹࢎ ǠŔȥƎ ò�òࠁ zĪ ɭȶŹʠɽʋࡼǫʽࢎ

zȥʋơɭƃơɢʋࢎ ࡤࡤࡤࠄࠇ߿ࡲࠂࠄ࢚ ࡤࡤࡤࠂࠅࠁࡲ߿ࠇ࢚ ࠇ߿ࠀࡲࠂ࢚ ࠇ߿ࠀࡲࠂ࢚
ࠁࠈࠃࡲࠇࢎ ࠈࠄࠅࡲࠄࢎ ߿ࠆࠂࡲࠃࠀࢎ ࠄࠇࠇࡲࠀࠀࢎ

ơƎʠƃ ࡤࡤࡤ߿ࠃࠁࡲࠁࠀ ࡤࡤࡤࠁࠃࠁࡲࠈ ࡤࡤࡤࠁࠄࠁࡲࠈ
ࠂ߿ࠄࡲ߿ࢎ ࠂࠃࠂࡲ߿ࢎ ࠇ߿ࠆࡲ߿ࢎ

ŔŹǫȍǫʋˊ ࡤࡤࡤࠇࠄࠁࡲ߿
ࠆ߿߿ࡲ߿ࢎ

ơƎʠƃࡼǠŔʋ ࡤࡤࡤࠁࠄࠁࡲࠈ
ࠅࠄࠇࡲ߿ࢎ

¥ʠȟࡲ¶Źɽࡲ ߿߿߿ࠀ ߿߿߿ࠀ ߿߿߿ࠀ ߿߿߿ࠀ
èࠁ ࠁࠆࠂࡲ߿ ࠅࠁࠆࡲ߿ ࠄ߿ࠀࡲ߿ ߿ࠄࠂࡲ߿

�Ǝǿࡲèࠁ ࠀࠆࠂࡲ߿ ࠅࠁࠆࡲ߿ ࠃ߿ࠀࡲ߿ ࠈࠃࠂࡲ߿

ࡤ ɢ ऒ ࠀࡲ߿ ࡤࡤ ɢ ऒ ࠄ߿ࡲ߿ ࡤࡤࡤ ɢ ऒ ࠀ߿ࡲ߿

ࠀ



¶ʠʋƃȶȟơ ए ĭŔǌơ
čȥŔƎǿʠɽʋơƎ ȥŔǫʽơ bȶɭŹǫƎƎơȥ ȟȶƎơȍ ò�òࠁ zĪ ˊŹࢎ ǠŔȥƎ ò�òࠁ zĪ ɭȶŹʠɽʋࡼǫʽࢎ

zȥʋơɭƃơɢʋࢎ ࡤࡤࡤࠄࠇ߿ࡲࠂࠄ࢚ ࡤࡤࡤࠂࠅࠁࡲ߿ࠇ࢚ ࠇ߿ࠀࡲࠂ࢚ ࠇ߿ࠀࡲࠂ࢚
ࠁࠈࠃࡲࠇࢎ ࠈࠄࠅࡲࠄࢎ ߿ࠆࠂࡲࠃࠀࢎ ࠄࠇࠇࡲࠀࠀࢎ

ơƎʠƃ ࡤࡤࡤ߿ࠃࠁࡲࠁࠀ ࡤࡤࡤࠁࠃࠁࡲࠈ ࡤࡤࡤࠁࠄࠁࡲࠈ
ࠂ߿ࠄࡲ߿ࢎ ࠂࠃࠂࡲ߿ࢎ ࠇ߿ࠆࡲ߿ࢎ

ŔŹǫȍǫʋˊ ࡤࡤࡤࠇࠄࠁࡲ߿
ࠆ߿߿ࡲ߿ࢎ

ơƎʠƃࡼǠŔʋ ࡤࡤࡤࠁࠄࠁࡲࠈ
ࠅࠄࠇࡲ߿ࢎ

¥ʠȟࡲ¶Źɽࡲ ߿߿߿ࠀ ߿߿߿ࠀ ߿߿߿ࠀ ߿߿߿ࠀ
èࠁ ࠁࠆࠂࡲ߿ ࠅࠁࠆࡲ߿ ࠄ߿ࠀࡲ߿ ߿ࠄࠂࡲ߿

�Ǝǿࡲèࠁ ࠀࠆࠂࡲ߿ ࠅࠁࠆࡲ߿ ࠃ߿ࠀࡲ߿ ࠈࠃࠂࡲ߿

ࡤ ɢ ऒ ࠀࡲ߿ ࡤࡤ ɢ ऒ ࠄ߿ࡲ߿ ࡤࡤࡤ ɢ ऒ ࠀ߿ࡲ߿

ࠀ

Wrong! Right!



IV with R



1: Is the instrument relevant? 
Instrument correlated with policy/program; F-statistic in 1st stage is > 10.

2: Does the instrument meet exclusion assumption? 
Instrument causes outcome only through the policy/program. Good luck.

3: Is the instrument exogenous? 
No arrows going into instrument node in DAG.

4: Run 1st stage
Policy/program ~ instrument

5: Find predicted policy/program values
“Program hat”; plug your data into the first stage model.

6: Run 2nd stage
Outcome ~ program hat



R time!



Treatment effects 
& compliance



� = (Y |P = 1)� (Y |P = 0)
<latexit sha1_base64="JUQ4gSUkkm/21R82gxzmR/Xkjyc=">AAACC3icbZDLSgMxFIbP1Futt1GXbkKL0C4sM1XQjVB047KCvUg7lEwmbUMzF5KMUMbu3fgqblwo4tYXcOfbmLYDausPgS//OYfk/G7EmVSW9WVklpZXVtey67mNza3tHXN3ryHDWBBaJyEPRcvFknIW0LpiitNWJCj2XU6b7vByUm/eUSFZGNyoUUQdH/cD1mMEK211zXzHo1xhdI6Kt+ge1TTYJXT0c7NKXbNgla2p0CLYKRQgVa1rfna8kMQ+DRThWMq2bUXKSbBQjHA6znViSSNMhrhP2xoD7FPpJNNdxuhQOx7qhUKfQKGp+3siwb6UI9/VnT5WAzlfm5j/1dqx6p05CQuiWNGAzB7qxRypEE2CQR4TlCg+0oCJYPqviAywwETp+HI6BHt+5UVoVMr2cblyfVKoXqRxZOEA8lAEG06hCldQgzoQeIAneIFX49F4Nt6M91lrxkhn9uGPjI9vS3WWGg==</latexit>

δ = Causal impact of program
P = Program
Y = Outcome

� = Y1 � Y0
<latexit sha1_base64="Y3246V1lNJpRUthV/7KKaxLrH0s=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgxpJUQTdC0Y3LCvYhbQiTybQdOpmEmRuxhP6KGxeKuPVH3Pk3TtsstPXAvRzOuZe5c4JEcA2O820VVlbX1jeKm6Wt7Z3dPXu/3NJxqihr0ljEqhMQzQSXrAkcBOskipEoEKwdjG6mfvuRKc1jeQ/jhHkRGUje55SAkXy73AuZAIKv8IPv4lPTHd+uOFVnBrxM3JxUUI6Gb3/1wpimEZNABdG66zoJeBlRwKlgk1Iv1SwhdEQGrGuoJBHTXja7fYKPjRLifqxMScAz9fdGRiKtx1FgJiMCQ73oTcX/vG4K/Usv4zJJgUk6f6ifCgwxngaBQ64YBTE2hFDFza2YDokiFExcJROCu/jlZdKqVd2zau3uvFK/zuMookN0hE6Qiy5QHd2iBmoiip7QM3pFb9bEerHerY/5aMHKdw7QH1ifPxVjkoQ=</latexit>

Potential outcomes



�i = Y 1
i � Y 0

i
<latexit sha1_base64="6honxTkUB64g6L3bUQhexACzE10=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR3FiSKuhGKLpxWcE+pI1hMrlph04ezEyEEurGX3HjQhG3/oU7/8Zpm4W2Hhju4Zx7uXOPl3AmlWV9G4WFxaXlleJqaW19Y3PL3N5pyjgVFBo05rFoe0QCZxE0FFMc2okAEnocWt7gauy3HkBIFke3apiAE5JexAJGidKSa+51feCKuAxf4Lt7W9djXS2XuWbZqlgT4Hli56SMctRd86vrxzQNIVKUEyk7tpUoJyNCMcphVOqmEhJCB6QHHU0jEoJ0sskFI3yoFR8HsdAvUnii/p7ISCjlMPR0Z0hUX856Y/E/r5Oq4NzJWJSkCiI6XRSkHKsYj+PAPhNAFR9qQqhg+q+Y9okgVOnQSjoEe/bkedKsVuyTSvXmtFy7zOMoon10gI6Qjc5QDV2jOmogih7RM3pFb8aT8WK8Gx/T1oKRz+yiPzA+fwCpaJUW</latexit>

Individual-level effects are 
impossible to observe

Fundamental problem of causal inference



ATE = E(Y1 � Y0) = E(Y1)� E(Y0)
<latexit sha1_base64="pN7mJOGZdI4pMNJmbJ2I7RQyEFU=">AAACDXicbVDLSgMxFM3UV62vUZduglVoF5aZKuhGqErBZYU+aYchk2ba0MyDJCOUoT/gxl9x40IRt+7d+Tdm2hG09UDg3HPu5eYeJ2RUSMP40jJLyyura9n13Mbm1vaOvrvXFEHEMWnggAW87SBBGPVJQ1LJSDvkBHkOIy1ndJP4rXvCBQ38uhyHxPLQwKcuxUgqydaPrupVeAmrhY5twhPYsY3iT1lUdUKMoq3njZIxBVwkZkryIEXN1j97/QBHHvElZkiIrmmE0ooRlxQzMsn1IkFChEdoQLqK+sgjwoqn10zgsVL60A24er6EU/X3RIw8Icaeozo9JIdi3kvE/7xuJN0LK6Z+GEni49kiN2JQBjCJBvYpJ1iysSIIc6r+CvEQcYSlCjCnQjDnT14kzXLJPC2V787yles0jiw4AIegAExwDirgFtRAA2DwAJ7AC3jVHrVn7U17n7VmtHRmH/yB9vENh0KWKQ==</latexit>

Difference between expected value when program 
is on vs. expected value when program is off

Can be found for a whole population, on average

� = (Ȳ |P = 1)� (Ȳ |P = 0)
<latexit sha1_base64="togvVy7XxoWsr9z5bpvtjw7BhDE=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoF4akCroRim5cVrAPaUKZTCbt0MkkzEyEEvsXbvwVNy4Ucas7/8Zpm4W2Hrhw5px7mXuPnzAqlW1/G4Wl5ZXVteJ6aWNza3vH3N1ryTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsfXk389j0Rksb8Vo0S4kWoz2lIMVJa6pmWGxCmELyAFddHIrsbwwfY0E+nCo/nNbvaM8u2ZU8BF4mTkzLI0eiZX24Q4zQiXGGGpOw6dqK8DAlFMSPjkptKkiA8RH3S1ZSjiEgvm941hkdaCWAYC11cwan6eyJDkZSjyNedEVIDOe9NxP+8bqrCcy+jPEkV4Xj2UZgyqGI4CQkGVBCs2EgThAXVu0I8QAJhpaMs6RCc+ZMXSatmOSdW7ea0XL/M4yiCA3AIKsABZ6AOrkEDNAEGj+AZvII348l4Md6Nj1lrwchn9sEfGJ8/YUmbpA==</latexit>

Average treatment effect



Every individual has a 
treatment/causal effect

ATE = average of all 
unit-level causal effects

ATE = average effect 
for the whole population



Average treatment on the treated
ATT / TOT

Conditional average treatment effect
CATE

Other versions of causal effects



Local effects
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Local average treatment effect (LATE) = 
weighted ATE

Narrower effect; only includes some of the population

Can’t make population-level 
claims with LATE

(But that can be okay)

LATE



In RDD, LATE = people in the bandwidth

In RCTs, IVs, etc., LATE = compliers

LATE



Complier

Always taker

Never taker

Defier

Treatment follows assignment

Gets treatment regardless 
of assignment

Rejects treatment regardless 
of assignment

Does opposite treatment from assignment

Compliance



Y N
Y N
Y N
Y N

N N
N N
N N
N N

Y Y
Y Y
Y Y
Y Y

CompliersNever takersAlways takers

Choice if assigned to treatment Choice if assigned to control



We can generally assume
defiers don’t exist 

In drug trials this makes sense; can’t get access 
to medicine without being in treatment

In development, it can make sense; in a bed net 
RCT, a defier assigned to treatment would have to 

tear down all existing bed nets out of spite

Ignoring defiers



Monotonicity assumption
Assignment to treatment only 
has an effect in one direction

Assignment to treatment can only increase—
not decrease—your actual chance of treatment

Ignoring defiers



Y N

Y N

N N

N N

N N

Y Y

Y Y

Y Y
Assigned to treatment

Population

Always takers Never takers Compliers

Assigned to control

N N
Y YAlways 

takers & 
compliers

Never
takers

Always
takers

Never 
takers & 
compliers



Intent to treat (ITT)
Effect of assignment (not actual treatment!)

N N
Y Y

Assigned to treatment Assigned to control

N N
Y YAlways 

takers & 
compliers

Never
takers

Always
takers

Never 
takers & 
compliers

More causal effects



Complier Average Causal Effect (CACE)
LATE for the compliers

More causal effects

N N
Y Y

Assigned to treatment Assigned to control

N N
Y YAlways 

takers & 
compliers

Never
takers

Always
takers

Never 
takers & 
compliers



N N
Y Y

Assigned to treatment Assigned to control

N N
Y YAlways 

takers & 
compliers

Never
takers

Always
takers

Never 
takers & 
compliers

Ahh = ⇡+QKTHB2`b ⇥ (h � *)+QKTHB2`b+

⇡�Hr�vb i�F2`b ⇥ (h � *)�Hr�vb i�F2`b+

⇡M2p2` i�F2`b ⇥ (h � *)M2p2` i�F2`b

Ahh = ⇡**�*1 + ⇡��h�*1 + ⇡LLh�*1

<latexit sha1_base64="frzQKSNBRk7BFARDXDxTMfdg2vE="></latexit>

Ahh = ⇡+QKTHB2`b ⇥ (h � *)+QKTHB2`b+

⇡�Hr�vb i�F2`b ⇥ (h � *)�Hr�vb i�F2`b+

⇡M2p2` i�F2`b ⇥ (h � *)M2p2` i�F2`b

Ahh = ⇡**�*1 + ⇡��h�*1 + ⇡LLh�*1

<latexit sha1_base64="frzQKSNBRk7BFARDXDxTMfdg2vE="></latexit>



ITT = ⇡CCACE+ ⇡A0 + ⇡N0
<latexit sha1_base64="INlDdo3FMxTGIQH8prfeDl71vlk=">AAACMHicbZDLSgMxFIYz9VbrrerSTbAIglBmqqAbobWIupEKvUFbSiZN29DMheSMWIZ5JDc+im4UFHHrU5i2s+jFA4Gf7z+Hk/PbvuAKTPPDSCwtr6yuJddTG5tb2zvp3b2q8gJJWYV6wpN1mygmuMsqwEGwui8ZcWzBavagOPJrj0wq7rllGPqs5ZCey7ucEtConb5pAnuC8K5cjvAlbvq8PQHFCMeiULyO8MmUVYiwOQPuNWinM2bWHBdeFFYsMiiuUjv92ux4NHCYC1QQpRqW6UMrJBI4FSxKNQPFfEIHpMcaWrrEYaoVjg+O8JEmHdz1pH4u4DGdngiJo9TQsXWnQ6Cv5r0R/M9rBNC9aIXc9QNgLp0s6gYCg4dH6eEOl4yCGGpBqOT6r5j2iSQUdMYpHYI1f/KiqOay1mk293CWyV/FcSTRATpEx8hC5yiPblEJVRBFz+gNfaIv48V4N76Nn0lrwohn9tFMGb9/a0uokA==</latexit>

Exclusion restriction; 
treatment received is same 
regardless of assignment

ITT = ⇡CCACE
<latexit sha1_base64="anJrzGqENytuYb+HwzqI+pIXLxw=">AAACDnicbZC7SgNBFIZnvcZ4W7W0GQwBq7AbBW2EaBC0i5AbJGGZncwmQ2YvzJwVw7JPYOOr2FgoYmtt59s4SbbQxB8GPv5zDmfO70aCK7Csb2NpeWV1bT23kd/c2t7ZNff2myqMJWUNGopQtl2imOABawAHwdqRZMR3BWu5o+qk3rpnUvEwqMM4Yj2fDALucUpAW45Z7AJ7gOS2Xk/xBe5G3JkZ1RRncFm9Th2zYJWsqfAi2BkUUKaaY351+yGNfRYAFUSpjm1F0EuIBE4FS/PdWLGI0BEZsI7GgPhM9ZLpOSkuaqePvVDqFwCeur8nEuIrNfZd3ekTGKr52sT8r9aJwTvvJTyIYmABnS3yYoEhxJNscJ9LRkGMNRAquf4rpkMiCQWdYF6HYM+fvAjNcsk+KZXvTguVqyyOHDpER+gY2egMVdANqqEGougRPaNX9GY8GS/Gu/Exa10yspkD9EfG5w+sXJvd</latexit>

CACE =
ITT

⇡C
<latexit sha1_base64="d3CGsdkPd70VLz6D1mCyeO2saZU=">AAACD3icbVDJSgNBEO2JW4xb1KOXxqB4CjNR0IsQDYLeImQRMsPQ0+lJmvQsdNeIYZg/8OKvePGgiFev3vwbO8tBEx8UPN6roqqeFwuuwDS/jdzC4tLySn61sLa+sblV3N5pqSiRlDVpJCJ55xHFBA9ZEzgIdhdLRgJPsLY3qI389j2TikdhA4YxcwLSC7nPKQEtucVDG9gDpLWL2lWGz7HtS0LTiXbTaGRZasfcrWVusWSWzTHwPLGmpISmqLvFL7sb0SRgIVBBlOpYZgxOSiRwKlhWsBPFYkIHpMc6moYkYMpJx/9k+EArXexHUlcIeKz+nkhJoNQw8HRnQKCvZr2R+J/XScA/c1IexgmwkE4W+YnAEOFROLjLJaMghpoQKrm+FdM+0ZGAjrCgQ7BmX54nrUrZOi5Xbk9K1ctpHHm0h/bREbLQKaqia1RHTUTRI3pGr+jNeDJejHfjY9KaM6Yzu+gPjM8f5N6clg==</latexit>

Ahh = ⇡**�*1 + ⇡��h�*1 + ⇡LLh�*1

<latexit sha1_base64="Kv3o5JF+otEy79PGNDN7RfiZqJA=">AAACSHicbZDNSwJBGMZn7cvsy+rYZUiCIJDdMOoSaBLURQz8Aldkdhx1cPaDmXcjWfbP69KxW39Dlw5FdGtdVzDtgYGH5/e+zMxjeYIr0PU3LbWyura+kd7MbG3v7O5l9w8ayvUlZXXqCle2LKKY4A6rAwfBWp5kxLYEa1qj8oQ3H5lU3HVqMPZYxyYDh/c5JRBF3WzXBPYEwX2tFuJrbHo8CcohTkypfBviszlUmqFSbYlVZqwSs0ymm83peT0WXjZGYnIoUbWbfTV7LvVt5gAVRKm2oXvQCYgETgULM6avmEfoiAxYO7IOsZnqBHERIT6Jkh7uuzI6DuA4nd8IiK3U2LaiSZvAUC2ySfgfa/vQv+oE3PF8YA6dXtT3BQYXT1rFPS4ZBTGODKGSR2/FdEgkoRB1PynBWPzysmmc541C/uKhkCveJHWk0RE6RqfIQJeoiO5QFdURRc/oHX2iL+1F+9C+tZ/paEpLdg7RH6VSv/JPsTQ=</latexit>



CACE =
ITT

⇡C
<latexit sha1_base64="d3CGsdkPd70VLz6D1mCyeO2saZU=">AAACD3icbVDJSgNBEO2JW4xb1KOXxqB4CjNR0IsQDYLeImQRMsPQ0+lJmvQsdNeIYZg/8OKvePGgiFev3vwbO8tBEx8UPN6roqqeFwuuwDS/jdzC4tLySn61sLa+sblV3N5pqSiRlDVpJCJ55xHFBA9ZEzgIdhdLRgJPsLY3qI389j2TikdhA4YxcwLSC7nPKQEtucVDG9gDpLWL2lWGz7HtS0LTiXbTaGRZasfcrWVusWSWzTHwPLGmpISmqLvFL7sb0SRgIVBBlOpYZgxOSiRwKlhWsBPFYkIHpMc6moYkYMpJx/9k+EArXexHUlcIeKz+nkhJoNQw8HRnQKCvZr2R+J/XScA/c1IexgmwkE4W+YnAEOFROLjLJaMghpoQKrm+FdM+0ZGAjrCgQ7BmX54nrUrZOi5Xbk9K1ctpHHm0h/bREbLQKaqia1RHTUTRI3pGr+jNeDJejHfjY9KaM6Yzu+gPjM8f5N6clg==</latexit>

πA + 
πC

πN

πA

πN + 
πC

⇡A + ⇡C = % in treatment and yes
<latexit sha1_base64="aMtxJ64AAQKXtYkvtQehXuT5nL8=">AAACJXicbVDLSgMxFM34rPVVdekmWARBKDNV0IVCtRuXClaFTimZ9LYNzWSG5I5YhvkZN/6KGxeKCK78FdN2wOeBwLnnPnLvCWIpDLruuzM1PTM7N19YKC4uLa+sltbWr0yUaA4NHslI3wTMgBQKGihQwk2sgYWBhOtgUB/lr29BGxGpSxzG0ApZT4mu4Ayt1C4d+bFo+wh3mJ5kdJd+hfWMHtMJ9bepUBTtXAxBIWWqQ4dgsnap7FbcMehf4uWkTHKct0svfifiyWgIl8yYpufG2EqZRsElZEU/MRAzPmA9aFqqWAimlY6vzOi2VTq0G2n77BJj9XtHykJjhmFgK0OGffM7NxL/yzUT7B62UqHiBEHxyUfdRFKM6Mgy2hEaOMqhJYxrYXelvM8042iNLVoTvN8n/yVX1Yq3V6le7Jdrp7kdBbJJtsgO8cgBqZEzck4ahJN78kieyYvz4Dw5r87bpHTKyXs2yA84H58366UW</latexit>

⇡C = % in treatment and yes� ⇡A
<latexit sha1_base64="xz9XcBx9IlC2ZrU/EE+dKfOIHMU=">AAACJXicbVBNSwMxEM36WetX1aOXYBG8WHaroAeFai8eFawK3VKy6bQNzWaXZFYsy/4ZL/4VLx4UETz5V0zbBT8fBB7vzUxmXhBLYdB1352p6ZnZufnCQnFxaXlltbS2fmWiRHNo8EhG+iZgBqRQ0ECBEm5iDSwMJFwHg/rIv74FbUSkLnEYQytkPSW6gjO0Urt05Mei7SPcYVrP6DGdUH+bCkXRDsIQFFKmOnQIJqO79Kv+JGuXym7FHYP+JV5OyiTHebv04ncinoxmcsmMaXpujK2UaRRcQlb0EwMx4wPWg6alioVgWun4yoxuW6VDu5G2z+40Vr93pCw0ZhgGtjJk2De/vZH4n9dMsHvYSoWKEwTFJx91E0kxoqPIaEdo4CiHljCuhd2V8j7TjKMNtmhD8H6f/JdcVSveXqV6sV+uneZxFMgm2SI7xCMHpEbOyDlpEE7uySN5Ji/Og/PkvDpvk9IpJ+/ZID/gfHwCO0ylGA==</latexit>

ITT = (ȳ|Treatment)� (ȳ|Control)
<latexit sha1_base64="dWjr7Ki/+OpijpVQ9YLA8wZGu+g=">AAACL3icbVDLSgMxFM34rPVVdekmWIR2YZlRQTdCsSC6q9AXtKVk0rQGM8mQ3BHLOH/kxl/pRkQRt/6F6WOhrQcCh3PuI/f4oeAGXPfNWVhcWl5ZTa2l1zc2t7YzO7s1oyJNWZUqoXTDJ4YJLlkVOAjWCDUjgS9Y3b8vjfz6A9OGK1mBQcjaAelL3uOUgJU6masWsEeIbyqVBF/gXMsnOh4k+AlP9IqdBQGTkOTx0bxdUhK0Ekm+k8m6BXcMPE+8KcmiKcqdzLDVVTQajaaCGNP03BDaMdHAqWBJuhUZFhJ6T/qsaakkATPteHxvgg+t0sU9pe2TgMfq746YBMYMAt9WBgTuzKw3Ev/zmhH0ztsxl2EETNLJol4kMCg8Cg93uWYUxMASQjW3f8X0jmhCwUactiF4syfPk9pxwTspHN+eZouX0zhSaB8doBzy0BkqomtURlVE0TMaonf04bw4r86n8zUpXXCmPXvoD5zvH1SXqUQ=</latexit>

N N
Y Y

Assigned to treatment Assigned to control

N N
Y Y



CACE =
ITT

⇡C
<latexit sha1_base64="d3CGsdkPd70VLz6D1mCyeO2saZU=">AAACD3icbVDJSgNBEO2JW4xb1KOXxqB4CjNR0IsQDYLeImQRMsPQ0+lJmvQsdNeIYZg/8OKvePGgiFev3vwbO8tBEx8UPN6roqqeFwuuwDS/jdzC4tLySn61sLa+sblV3N5pqSiRlDVpJCJ55xHFBA9ZEzgIdhdLRgJPsLY3qI389j2TikdhA4YxcwLSC7nPKQEtucVDG9gDpLWL2lWGz7HtS0LTiXbTaGRZasfcrWVusWSWzTHwPLGmpISmqLvFL7sb0SRgIVBBlOpYZgxOSiRwKlhWsBPFYkIHpMc6moYkYMpJx/9k+EArXexHUlcIeKz+nkhJoNQw8HRnQKCvZr2R+J/XScA/c1IexgmwkE4W+YnAEOFROLjLJaMghpoQKrm+FdM+0ZGAjrCgQ7BmX54nrUrZOi5Xbk9K1ctpHHm0h/bREbLQKaqia1RHTUTRI3pGr+jNeDJejHfjY9KaM6Yzu+gPjM8f5N6clg==</latexit>

ITT = (ȳ|Treatment)� (ȳ|Control)
<latexit sha1_base64="dWjr7Ki/+OpijpVQ9YLA8wZGu+g=">AAACL3icbVDLSgMxFM34rPVVdekmWIR2YZlRQTdCsSC6q9AXtKVk0rQGM8mQ3BHLOH/kxl/pRkQRt/6F6WOhrQcCh3PuI/f4oeAGXPfNWVhcWl5ZTa2l1zc2t7YzO7s1oyJNWZUqoXTDJ4YJLlkVOAjWCDUjgS9Y3b8vjfz6A9OGK1mBQcjaAelL3uOUgJU6masWsEeIbyqVBF/gXMsnOh4k+AlP9IqdBQGTkOTx0bxdUhK0Ekm+k8m6BXcMPE+8KcmiKcqdzLDVVTQajaaCGNP03BDaMdHAqWBJuhUZFhJ6T/qsaakkATPteHxvgg+t0sU9pe2TgMfq746YBMYMAt9WBgTuzKw3Ev/zmhH0ztsxl2EETNLJol4kMCg8Cg93uWYUxMASQjW3f8X0jmhCwUactiF4syfPk9pxwTspHN+eZouX0zhSaB8doBzy0BkqomtURlVE0TMaonf04bw4r86n8zUpXXCmPXvoD5zvH1SXqUQ=</latexit>

⇡* = W v2b BM i`2�iK2Mi�
W v2b BM +QMi`QH

<latexit sha1_base64="5EBvaVakyJG3IVucoj1So2m/P+4="></latexit>



If you use assignment to treatment as an instrument, 
you can find the effect for just compliers 

A faster way with 2SLS

Instrumental variables in general give you the CACE

LATE for the compliers



Example with R


