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ML IS INVOLVED IN 
LIFE-CHANGING DECISIONS

Policing Parole Sentencing

LendingInsurance Insert your 
favorite 

application 
here!

Advertising
[Ensign et al., 2017] [Larson et al., 2016] [Sweeney, 2013]



WE HAVE PROBLEMS



ML CAN BE RACIST…
[SWEENEY, 2013]



ML CAN BE SEXIST…
[BOLUKBASI ET AL. 2016]



DEFINITIONS OF FAIRNESS

Fairness Through 
Unawareness

Equality of 
Opportunity

[Hardt et al., 2016]

Individual Fairness
[Dwork et al., 2012]

Demographic Parity
[Zemel et al., 2013; Zliobaite, 2015]

Fair Calibration
[Pleiss et al., 2017]

Preference Fairness
[Zafar et al., 2017]

Counterfactual Fairness
[Kusner et al., 2017]

Path-Specific Fairness
[Shpitser et al., 2017; Chiappa et al., 2018]



PROBLEM #1

The Discriminatory 
Prediction Problem
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impact: arrest impact: jail-time

impact: improved health impact: pay off 
home loans



PROBLEM #2

/?

The Discriminatory
 Impact Problem
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RELATED WORK

[Liu et al., ICML 2018]
[Green & Chen, FAT* 2019]

Introduction of discriminatory 
impact problem
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Models for special cases
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[Madras et al., NeurIPS 2018]
[Kannan et al., FAT* 2019]
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[Liu et al., ICML 2018]

[Madras et al., NeurIPS 2018]

[Green & Chen, FAT* 2019]

[Kannan et al., FAT* 2019]

[Hedari et al., ICML 2019]
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Discovery of discriminatory 
impact problem

Models for special cases

Complimentary approaches 
(social dynamics, RL)

our work: a general framework 
for reducing discriminatory impact 

based on causal modeling and MILP
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intervention: fund advanced classes
impact: to increase college applications 

(% SAT/ACT-taking)
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race 
distribution

counselors

race 
distribution

counselors

Y (1)([z(1) = 1,z(2) = 0]) = 1.0
<latexit sha1_base64="iomPliE2rAWhVU/dzjkXnFH8avg=">AAAConicjVFdSyMxFM3Muq5bd7W7PvoSrEIFGZK2MCoIoi/LPilr1WU6WzLpbRvMfJBkhDrMv/FP+Qv8G2amXdC6D3tD4HBOTs7l3iiTQhtCnhz3w8rH1U9rnxvrX75ubDa/fb/Waa449HkqU3UbMQ1SJNA3wki4zRSwOJJwE92dV/rNPSgt0uTKzDIIYzZJxFhwZiw1bD4Wg/qTQE2isCCe37XHPyAeqasC1Pe73fL3n6JN98 t28DAH+ATTgxIv2a2Fkt5re+/I7x3SsnJ1ahcp/zcy3K9CPFIOm62/Kn4P6AK00KIuhs3nwSjleQyJ4ZJpHVCSmbBgygguoWwMcg0Z43dsAoGFCYtBh0XdVYn3LDPC41TZmxhcs68dBYu1nsWRfRkzM9XLWkX+SwtyMz4MC5FkuYGEz4PGucQmxdVq8Ego4EbOLGBcCdsr5lOmGDd2gW9SNGcSFMhqMnR5Du/BdcejXa9z2Wudni1mtIa20Q5qI4p8dIp+oAvUR9xpOMQ5co7dXfene+n+mj91nYVnC70pd/ACoMDADA==</latexit>

Y (2)([z(1) = 1, z(2) = 0]) = 0.1
<latexit sha1_base64="3QUdnQunxHSSj2RJ1IJidagQorU="></latexit>

% SAT/ACT-taking % SAT/ACT-taking

intervention: 
calculus classes

intervention: 
calculus classes

high school 2high school 1



Z (1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Z (2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

A(1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

X (1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Y (1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

A(2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

X (2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Y (2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

race 
distribution

counselors

race 
distribution

counselors

Y (1)([z(1) = 1,z(2) = 0]) = 1.0
<latexit sha1_base64="iomPliE2rAWhVU/dzjkXnFH8avg=">AAAConicjVFdSyMxFM3Muq5bd7W7PvoSrEIFGZK2MCoIoi/LPilr1WU6WzLpbRvMfJBkhDrMv/FP+Qv8G2amXdC6D3tD4HBOTs7l3iiTQhtCnhz3w8rH1U9rnxvrX75ubDa/fb/Waa449HkqU3UbMQ1SJNA3wki4zRSwOJJwE92dV/rNPSgt0uTKzDIIYzZJxFhwZiw1bD4Wg/qTQE2isCCe37XHPyAeqasC1Pe73fL3n6JN98 t28DAH+ATTgxIv2a2Fkt5re+/I7x3SsnJ1ahcp/zcy3K9CPFIOm62/Kn4P6AK00KIuhs3nwSjleQyJ4ZJpHVCSmbBgygguoWwMcg0Z43dsAoGFCYtBh0XdVYn3LDPC41TZmxhcs68dBYu1nsWRfRkzM9XLWkX+SwtyMz4MC5FkuYGEz4PGucQmxdVq8Ego4EbOLGBcCdsr5lOmGDd2gW9SNGcSFMhqMnR5Du/BdcejXa9z2Wudni1mtIa20Q5qI4p8dIp+oAvUR9xpOMQ5co7dXfene+n+mj91nYVnC70pd/ACoMDADA==</latexit>

Y (2)([z(1) = 1, z(2) = 0]) = 0.1
<latexit sha1_base64="3QUdnQunxHSSj2RJ1IJidagQorU="></latexit>

% SAT/ACT-taking % SAT/ACT-taking

Y (1)([z(1) = 0,z(2) = 1]) = 0.6
<latexit sha1_base64="PmG730edryCQ9E9Aj2/jtl08F/o=">AAAConicjVFdT9swFHUCbKwM1rFHXiw6pCKhyG6rBSYhIXhBPIFYgSkNlePeFgvnQ7YzqUT5N/tT/AL+xpy0SFB42LUsHZ3j43N1b5RJoQ0hj467tLzy4ePqp8ba5/WNL82vm1c6zRWHPk9lqm4ipkGKBPpGGAk3mQIWRxKuo/uTSr/+A0qLNPllphmEMZskYiw4M5YaNv8Wg/qTQE2isCCe37XH3yMeqasC1Pe73fL3bdGmu2 U7eJgBfIjJXokX7NZCSe+lvXfg9/ZpWbk6tYuW/xsZ7lYh3o9y2Gw9q/gtoHPQQvM6HzafBqOU5zEkhkumdUBJZsKCKSO4hLIxyDVkjN+zCQQWJiwGHRZ1VyXescwIj1Nlb2Jwzb50FCzWehpH9mXMzJ1e1CryPS3IzXg/LESS5QYSPgsa5xKbFFerwSOhgBs5tYBxJWyvmN8xxbixC3yVojmToEBWk6GLc3gLrjoe7Xqdi17r6Hg+o1W0hbZRG1HkoyN0is5RH3Gn4RDnwPnpfnfP3Av3cvbUdeaeb+hVuYN/qIrAEQ==</latexit>

Y (2)([z(1) = 0, z(2) = 1]) = 0.5
<latexit sha1_base64="GXX2SHgFAXEYPtgp6xmJANwd5iU="></latexit>

intervention: 
calculus classes

intervention: 
calculus classes

high school 2high school 1



high school 2high school 1

Z (1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Z (2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

A(1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

X (1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Y (1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

A(2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

X (2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Y (2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

race 
distribution

counselors

race 
distribution

counselors% SAT/ACT-taking % SAT/ACT-taking

decision: 
calculus classes

decision: 
calculus classes

either intervention causes the same 
average overall impact

but it seems unfair to give classes to 
school 1 as they have better impact 

solely due to race

Y (1)([z(1) = 1,z(2) = 0]) = 1.0
<latexit sha1_base64="iomPliE2rAWhVU/dzjkXnFH8avg=">AAAConicjVFdSyMxFM3Muq5bd7W7PvoSrEIFGZK2MCoIoi/LPilr1WU6WzLpbRvMfJBkhDrMv/FP+Qv8G2amXdC6D3tD4HBOTs7l3iiTQhtCnhz3w8rH1U9rnxvrX75ubDa/fb/Waa449HkqU3UbMQ1SJNA3wki4zRSwOJJwE92dV/rNPSgt0uTKzDIIYzZJxFhwZiw1bD4Wg/qTQE2isCCe37XHPyAeqasC1Pe73fL3n6JN98 t28DAH+ATTgxIv2a2Fkt5re+/I7x3SsnJ1ahcp/zcy3K9CPFIOm62/Kn4P6AK00KIuhs3nwSjleQyJ4ZJpHVCSmbBgygguoWwMcg0Z43dsAoGFCYtBh0XdVYn3LDPC41TZmxhcs68dBYu1nsWRfRkzM9XLWkX+SwtyMz4MC5FkuYGEz4PGucQmxdVq8Ego4EbOLGBcCdsr5lOmGDd2gW9SNGcSFMhqMnR5Du/BdcejXa9z2Wudni1mtIa20Q5qI4p8dIp+oAvUR9xpOMQ5co7dXfene+n+mj91nYVnC70pd/ACoMDADA==</latexit>

Y (2)([z(1) = 1, z(2) = 0]) = 0.1
<latexit sha1_base64="3QUdnQunxHSSj2RJ1IJidagQorU="></latexit>

Y (1)([z(1) = 0,z(2) = 1]) = 0.6
<latexit sha1_base64="PmG730edryCQ9E9Aj2/jtl08F/o=">AAAConicjVFdT9swFHUCbKwM1rFHXiw6pCKhyG6rBSYhIXhBPIFYgSkNlePeFgvnQ7YzqUT5N/tT/AL+xpy0SFB42LUsHZ3j43N1b5RJoQ0hj467tLzy4ePqp8ba5/WNL82vm1c6zRWHPk9lqm4ipkGKBPpGGAk3mQIWRxKuo/uTSr/+A0qLNPllphmEMZskYiw4M5YaNv8Wg/qTQE2isCCe37XH3yMeqasC1Pe73fL3bdGmu2 U7eJgBfIjJXokX7NZCSe+lvXfg9/ZpWbk6tYuW/xsZ7lYh3o9y2Gw9q/gtoHPQQvM6HzafBqOU5zEkhkumdUBJZsKCKSO4hLIxyDVkjN+zCQQWJiwGHRZ1VyXescwIj1Nlb2Jwzb50FCzWehpH9mXMzJ1e1CryPS3IzXg/LESS5QYSPgsa5xKbFFerwSOhgBs5tYBxJWyvmN8xxbixC3yVojmToEBWk6GLc3gLrjoe7Xqdi17r6Hg+o1W0hbZRG1HkoyN0is5RH3Gn4RDnwPnpfnfP3Av3cvbUdeaeb+hVuYN/qIrAEQ==</latexit>

Y (2)([z(1) = 0, z(2) = 1]) = 0.5
<latexit sha1_base64="GXX2SHgFAXEYPtgp6xmJANwd5iU="></latexit>



MORE FORMALLY

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

Maximizing overall impact



MORE FORMALLY

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

# of schoolswhether to grant 
advanced classes

government 
budget

Maximizing overall impact

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>



QUANTIFYING PRIVILEGE

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]

�E[Y (i)(a0, z) | A(i)=a(i), X(i)=x(i)] < ⌧,
<latexit sha1_base64="03uVW0xEn6fqH743s7bjCdXFt68="></latexit>



QUANTIFYING PRIVILEGE

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]

�E[Y (i)(a0, z) | A(i)=a(i), X(i)=x(i)] < ⌧,
<latexit sha1_base64="03uVW0xEn6fqH743s7bjCdXFt68="></latexit>

impact school i would 
have gotten for 

interventions z if race 
distribution was a’

a counterfactual:



QUANTIFYING PRIVILEGE

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]

�E[Y (i)(a0, z) | A(i)=a(i), X(i)=x(i)] < ⌧,
<latexit sha1_base64="03uVW0xEn6fqH743s7bjCdXFt68="></latexit>

a counterfactual:
impact school i would 

have gotten for 
interventions z if race 

distribution was a’



QUANTIFYING PRIVILEGE

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]

�E[Y (i)(a0, z) | A(i)=a(i), X(i)=x(i)] < ⌧,
<latexit sha1_base64="03uVW0xEn6fqH743s7bjCdXFt68="></latexit>

constraint on counterfactual privilege

a counterfactual:
impact school i would 

have gotten for 
interventions z if race 

distribution was a’



MORE FORMALLY

Maximizing impact with privilege constraints

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]

s.t.,
nX

i=1

z(i)  b

cia0  ⌧ 8a0 2 A, i 2 {1, . . . , n},
<latexit sha1_base64="dUloMRpr2ZP7zbeQ/3ir2F+2FNI="></latexit>

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]

�E[Y (i)(a0, z) | A(i)=a(i), X(i)=x(i)] < ⌧,
<latexit sha1_base64="03uVW0xEn6fqH743s7bjCdXFt68="></latexit>



Y (1)([z(1) = 1,z(2) = 0]) = 1.0
<latexit sha1_base64="iomPliE2rAWhVU/dzjkXnFH8avg=">AAAConicjVFdSyMxFM3Muq5bd7W7PvoSrEIFGZK2MCoIoi/LPilr1WU6WzLpbRvMfJBkhDrMv/FP+Qv8G2amXdC6D3tD4HBOTs7l3iiTQhtCnhz3w8rH1U9rnxvrX75ubDa/fb/Waa449HkqU3UbMQ1SJNA3wki4zRSwOJJwE92dV/rNPSgt0uTKzDIIYzZJxFhwZiw1bD4Wg/qTQE2isCCe37XHPyAeqasC1Pe73fL3n6JN98 t28DAH+ATTgxIv2a2Fkt5re+/I7x3SsnJ1ahcp/zcy3K9CPFIOm62/Kn4P6AK00KIuhs3nwSjleQyJ4ZJpHVCSmbBgygguoWwMcg0Z43dsAoGFCYtBh0XdVYn3LDPC41TZmxhcs68dBYu1nsWRfRkzM9XLWkX+SwtyMz4MC5FkuYGEz4PGucQmxdVq8Ego4EbOLGBcCdsr5lOmGDd2gW9SNGcSFMhqMnR5Du/BdcejXa9z2Wudni1mtIa20Q5qI4p8dIp+oAvUR9xpOMQ5co7dXfene+n+mj91nYVnC70pd/ACoMDADA==</latexit>

Y (2)([z(1) = 1, z(2) = 0]) = 0.1
<latexit sha1_base64="3QUdnQunxHSSj2RJ1IJidagQorU="></latexit>

Y (1)([z(1) = 0,z(2) = 1]) = 0.6
<latexit sha1_base64="PmG730edryCQ9E9Aj2/jtl08F/o=">AAAConicjVFdT9swFHUCbKwM1rFHXiw6pCKhyG6rBSYhIXhBPIFYgSkNlePeFgvnQ7YzqUT5N/tT/AL+xpy0SFB42LUsHZ3j43N1b5RJoQ0hj467tLzy4ePqp8ba5/WNL82vm1c6zRWHPk9lqm4ipkGKBPpGGAk3mQIWRxKuo/uTSr/+A0qLNPllphmEMZskYiw4M5YaNv8Wg/qTQE2isCCe37XH3yMeqasC1Pe73fL3bdGmu2 U7eJgBfIjJXokX7NZCSe+lvXfg9/ZpWbk6tYuW/xsZ7lYh3o9y2Gw9q/gtoHPQQvM6HzafBqOU5zEkhkumdUBJZsKCKSO4hLIxyDVkjN+zCQQWJiwGHRZ1VyXescwIj1Nlb2Jwzb50FCzWehpH9mXMzJ1e1CryPS3IzXg/LESS5QYSPgsa5xKbFFerwSOhgBs5tYBxJWyvmN8xxbixC3yVojmToEBWk6GLc3gLrjoe7Xqdi17r6Hg+o1W0hbZRG1HkoyN0is5RH3Gn4RDnwPnpfnfP3Av3cvbUdeaeb+hVuYN/qIrAEQ==</latexit>

Y (2)([z(1) = 0, z(2) = 1]) = 0.5
<latexit sha1_base64="GXX2SHgFAXEYPtgp6xmJANwd5iU="></latexit>

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]

�E[Y (i)(a0, z) | A(i)=a(i), X(i)=x(i)] < ⌧,
<latexit sha1_base64="03uVW0xEn6fqH743s7bjCdXFt68="></latexit>

⌧ = 0
<latexit sha1_base64="Q/+/QLU1loBe3kDs8zlrC2Lw5J8=">AAACBHicbVDLSgNBEJyNrxhfUY9eBoPgKexGQS9CwIsHDxHMA5Il9E56kyGzs8vMrBBCrn6AV/0Eb+LV//AL/A0nyR5MYkFDUdVNd1eQCK6N6347ubX1jc2t/HZhZ3dv/6B4eNTQcaoY1lksYtUKQKPgEuuGG4GtRCFEgcBmMLyd+s0nVJrH8tGMEvQj6EsecgbGSq2OgZTeULdbLLlldwa6SryMlEiGWrf40+nFLI1QGiZA67bnJsYfgzKcCZwUOqnGBNgQ+ti2VEKE2h/P7p3QM6v0aBgrW9LQmfp3YgyR1qMosJ0RmIFe9qbif147NeG1P+YySQ1KNl8UpoKamE6fpz2ukBkxsgSY4vZWygaggBkb0cIWzUCgQjGxyXjLOaySRqXsXZQrD5el6n2WUZ6ckFNyTjxyRarkjtRInTAiyAt5JW/Os/PufDif89ack80ckwU4X7/u+Jhh</latexit>

high school 2high school 1



max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]

�E[Y (i)(a0, z) | A(i)=a(i), X(i)=x(i)] < ⌧,
<latexit sha1_base64="03uVW0xEn6fqH743s7bjCdXFt68="></latexit>

essentially counterfactuals!

⌧ = 0
<latexit sha1_base64="Q/+/QLU1loBe3kDs8zlrC2Lw5J8=">AAACBHicbVDLSgNBEJyNrxhfUY9eBoPgKexGQS9CwIsHDxHMA5Il9E56kyGzs8vMrBBCrn6AV/0Eb+LV//AL/A0nyR5MYkFDUdVNd1eQCK6N6347ubX1jc2t/HZhZ3dv/6B4eNTQcaoY1lksYtUKQKPgEuuGG4GtRCFEgcBmMLyd+s0nVJrH8tGMEvQj6EsecgbGSq2OgZTeULdbLLlldwa6SryMlEiGWrf40+nFLI1QGiZA67bnJsYfgzKcCZwUOqnGBNgQ+ti2VEKE2h/P7p3QM6v0aBgrW9LQmfp3YgyR1qMosJ0RmIFe9qbif147NeG1P+YySQ1KNl8UpoKamE6fpz2ukBkxsgSY4vZWygaggBkb0cIWzUCgQjGxyXjLOaySRqXsXZQrD5el6n2WUZ6ckFNyTjxyRarkjtRInTAiyAt5JW/Os/PufDif89ack80ckwU4X7/u+Jhh</latexit>

Y (1)([z(1) = 1,z(2) = 0]) = 1.0
<latexit sha1_base64="iomPliE2rAWhVU/dzjkXnFH8avg=">AAAConicjVFdSyMxFM3Muq5bd7W7PvoSrEIFGZK2MCoIoi/LPilr1WU6WzLpbRvMfJBkhDrMv/FP+Qv8G2amXdC6D3tD4HBOTs7l3iiTQhtCnhz3w8rH1U9rnxvrX75ubDa/fb/Waa449HkqU3UbMQ1SJNA3wki4zRSwOJJwE92dV/rNPSgt0uTKzDIIYzZJxFhwZiw1bD4Wg/qTQE2isCCe37XHPyAeqasC1Pe73fL3n6JN98 t28DAH+ATTgxIv2a2Fkt5re+/I7x3SsnJ1ahcp/zcy3K9CPFIOm62/Kn4P6AK00KIuhs3nwSjleQyJ4ZJpHVCSmbBgygguoWwMcg0Z43dsAoGFCYtBh0XdVYn3LDPC41TZmxhcs68dBYu1nsWRfRkzM9XLWkX+SwtyMz4MC5FkuYGEz4PGucQmxdVq8Ego4EbOLGBcCdsr5lOmGDd2gW9SNGcSFMhqMnR5Du/BdcejXa9z2Wudni1mtIa20Q5qI4p8dIp+oAvUR9xpOMQ5co7dXfene+n+mj91nYVnC70pd/ACoMDADA==</latexit>

Y (2)([z(1) = 1, z(2) = 0]) = 0.1
<latexit sha1_base64="3QUdnQunxHSSj2RJ1IJidagQorU="></latexit>

Y (1)([z(1) = 0,z(2) = 1]) = 0.6
<latexit sha1_base64="PmG730edryCQ9E9Aj2/jtl08F/o=">AAAConicjVFdT9swFHUCbKwM1rFHXiw6pCKhyG6rBSYhIXhBPIFYgSkNlePeFgvnQ7YzqUT5N/tT/AL+xpy0SFB42LUsHZ3j43N1b5RJoQ0hj467tLzy4ePqp8ba5/WNL82vm1c6zRWHPk9lqm4ipkGKBPpGGAk3mQIWRxKuo/uTSr/+A0qLNPllphmEMZskYiw4M5YaNv8Wg/qTQE2isCCe37XH3yMeqasC1Pe73fL3bdGmu2 U7eJgBfIjJXokX7NZCSe+lvXfg9/ZpWbk6tYuW/xsZ7lYh3o9y2Gw9q/gtoHPQQvM6HzafBqOU5zEkhkumdUBJZsKCKSO4hLIxyDVkjN+zCQQWJiwGHRZ1VyXescwIj1Nlb2Jwzb50FCzWehpH9mXMzJ1e1CryPS3IzXg/LESS5QYSPgsa5xKbFFerwSOhgBs5tYBxJWyvmN8xxbixC3yVojmToEBWk6GLc3gLrjoe7Xqdi17r6Hg+o1W0hbZRG1HkoyN0is5RH3Gn4RDnwPnpfnfP3Av3cvbUdeaeb+hVuYN/qIrAEQ==</latexit>

Y (2)([z(1) = 0, z(2) = 1]) = 0.5
<latexit sha1_base64="GXX2SHgFAXEYPtgp6xmJANwd5iU="></latexit>

high school 2high school 1



max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]

�E[Y (i)(a0, z) | A(i)=a(i), X(i)=x(i)] < ⌧,
<latexit sha1_base64="03uVW0xEn6fqH743s7bjCdXFt68="></latexit>

⌧ = 0
<latexit sha1_base64="Q/+/QLU1loBe3kDs8zlrC2Lw5J8=">AAACBHicbVDLSgNBEJyNrxhfUY9eBoPgKexGQS9CwIsHDxHMA5Il9E56kyGzs8vMrBBCrn6AV/0Eb+LV//AL/A0nyR5MYkFDUdVNd1eQCK6N6347ubX1jc2t/HZhZ3dv/6B4eNTQcaoY1lksYtUKQKPgEuuGG4GtRCFEgcBmMLyd+s0nVJrH8tGMEvQj6EsecgbGSq2OgZTeULdbLLlldwa6SryMlEiGWrf40+nFLI1QGiZA67bnJsYfgzKcCZwUOqnGBNgQ+ti2VEKE2h/P7p3QM6v0aBgrW9LQmfp3YgyR1qMosJ0RmIFe9qbif147NeG1P+YySQ1KNl8UpoKamE6fpz2ukBkxsgSY4vZWygaggBkb0cIWzUCgQjGxyXjLOaySRqXsXZQrD5el6n2WUZ6ckFNyTjxyRarkjtRInTAiyAt5JW/Os/PufDif89ack80ckwU4X7/u+Jhh</latexit>

Y (1)([z(1) = 1,z(2) = 0]) = 1.0
<latexit sha1_base64="iomPliE2rAWhVU/dzjkXnFH8avg="></latexit>

Y (2)([z(1) = 1, z(2) = 0]) = 0.1
<latexit sha1_base64="3QUdnQunxHSSj2RJ1IJidagQorU="></latexit>

�<latexit sha1_base64="feH5oiYXlVs9r7ojOXPbCa/KAOw=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBC8GHajoMeAFw8eEjAPSJYwO+lNhszOLjOzQgjBD/Cqn+BNvPotfoG/4STZg0ksaCiquunuChLBtXHdb2dtfWNzazu3k9/d2z84LBwdN3ScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvJv6zSdUmsfy0YwS9CPalzzkjBor1S67haJbcmcgq8TLSBEyVLuFn04vZmmE0jBBtW57bmL8MVWGM4GTfCfVmFA2pH1sWypphNofzw6dkHOr9EgYK1vSkJn6d2JMI61HUWA7I2oGetmbiv957dSEt/6YyyQ1KNl8UZgKYmIy/Zr0uEJmxMgSyhS3txI2oIoyY7NZ2KIZFahQTGwy3nIOq6RRLnlXpXLtulh5yDLKwSmcwQV4cAMVuIcq1IEBwgu8wpvz7Lw7H87nvHXNyWZOYAHO1y9zHpX1</latexit> = 0.9
<latexit sha1_base64="MuL7f0+YygXQCBkNc5IV9dhWoFM=">AAACAXicbVDLSgNBEOz1GeMr6tHLYBA8LbtRUA9CwIsHDxHcJJAsYXbSmwyZfTAzK4SQkx/gVT/Bm3j1S/wCf8NJsgeTWNBQVHXT3RWkgivtON/Wyura+sZmYau4vbO7t186OKyrJJMMPZaIRDYDqlDwGD3NtcBmKpFGgcBGMLid+I0nlIon8aMepuhHtBfzkDOqjeTdEMe+7pTKju1MQZaJm5My5Kh1Sj/tbsKyCGPNBFWq5Tqp9kdUas4EjovtTGFK2YD2sGVoTCNU/mh67JicGqVLwkSaijWZqn8nRjRSahgFpjOiuq8WvYn4n9fKdHjlj3icZhpjNlsUZoLohEw+J10ukWkxNIQyyc2thPWppEybfOa2KEYFShRjk4y7mMMyqVds99yuPFyUq/d5RgU4hhM4AxcuoQp3UAMPGHB4gVd4s56td+vD+py1rlj5zBHMwfr6BUb9luQ=</latexit>

school 1 
gets classes

Y (1)([z(1) = 1,z(2) = 0]) = 1.0
<latexit sha1_base64="iomPliE2rAWhVU/dzjkXnFH8avg=">AAAConicjVFdSyMxFM3Muq5bd7W7PvoSrEIFGZK2MCoIoi/LPilr1WU6WzLpbRvMfJBkhDrMv/FP+Qv8G2amXdC6D3tD4HBOTs7l3iiTQhtCnhz3w8rH1U9rnxvrX75ubDa/fb/Waa449HkqU3UbMQ1SJNA3wki4zRSwOJJwE92dV/rNPSgt0uTKzDIIYzZJxFhwZiw1bD4Wg/qTQE2isCCe37XHPyAeqasC1Pe73fL3n6JN98 t28DAH+ATTgxIv2a2Fkt5re+/I7x3SsnJ1ahcp/zcy3K9CPFIOm62/Kn4P6AK00KIuhs3nwSjleQyJ4ZJpHVCSmbBgygguoWwMcg0Z43dsAoGFCYtBh0XdVYn3LDPC41TZmxhcs68dBYu1nsWRfRkzM9XLWkX+SwtyMz4MC5FkuYGEz4PGucQmxdVq8Ego4EbOLGBcCdsr5lOmGDd2gW9SNGcSFMhqMnR5Du/BdcejXa9z2Wudni1mtIa20Q5qI4p8dIp+oAvUR9xpOMQ5co7dXfene+n+mj91nYVnC70pd/ACoMDADA==</latexit>

Y (2)([z(1) = 1, z(2) = 0]) = 0.1
<latexit sha1_base64="3QUdnQunxHSSj2RJ1IJidagQorU="></latexit>

Y (1)([z(1) = 0,z(2) = 1]) = 0.6
<latexit sha1_base64="PmG730edryCQ9E9Aj2/jtl08F/o=">AAAConicjVFdT9swFHUCbKwM1rFHXiw6pCKhyG6rBSYhIXhBPIFYgSkNlePeFgvnQ7YzqUT5N/tT/AL+xpy0SFB42LUsHZ3j43N1b5RJoQ0hj467tLzy4ePqp8ba5/WNL82vm1c6zRWHPk9lqm4ipkGKBPpGGAk3mQIWRxKuo/uTSr/+A0qLNPllphmEMZskYiw4M5YaNv8Wg/qTQE2isCCe37XH3yMeqasC1Pe73fL3bdGmu2 U7eJgBfIjJXokX7NZCSe+lvXfg9/ZpWbk6tYuW/xsZ7lYh3o9y2Gw9q/gtoHPQQvM6HzafBqOU5zEkhkumdUBJZsKCKSO4hLIxyDVkjN+zCQQWJiwGHRZ1VyXescwIj1Nlb2Jwzb50FCzWehpH9mXMzJ1e1CryPS3IzXg/LESS5QYSPgsa5xKbFFerwSOhgBs5tYBxJWyvmN8xxbixC3yVojmToEBWk6GLc3gLrjoe7Xqdi17r6Hg+o1W0hbZRG1HkoyN0is5RH3Gn4RDnwPnpfnfP3Av3cvbUdeaeb+hVuYN/qIrAEQ==</latexit>

Y (2)([z(1) = 0, z(2) = 1]) = 0.5
<latexit sha1_base64="GXX2SHgFAXEYPtgp6xmJANwd5iU="></latexit>

high school 2high school 1



school 2 
gets classes

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]

�E[Y (i)(a0, z) | A(i)=a(i), X(i)=x(i)] < ⌧,
<latexit sha1_base64="03uVW0xEn6fqH743s7bjCdXFt68="></latexit>

⌧ = 0
<latexit sha1_base64="Q/+/QLU1loBe3kDs8zlrC2Lw5J8=">AAACBHicbVDLSgNBEJyNrxhfUY9eBoPgKexGQS9CwIsHDxHMA5Il9E56kyGzs8vMrBBCrn6AV/0Eb+LV//AL/A0nyR5MYkFDUdVNd1eQCK6N6347ubX1jc2t/HZhZ3dv/6B4eNTQcaoY1lksYtUKQKPgEuuGG4GtRCFEgcBmMLyd+s0nVJrH8tGMEvQj6EsecgbGSq2OgZTeULdbLLlldwa6SryMlEiGWrf40+nFLI1QGiZA67bnJsYfgzKcCZwUOqnGBNgQ+ti2VEKE2h/P7p3QM6v0aBgrW9LQmfp3YgyR1qMosJ0RmIFe9qbif147NeG1P+YySQ1KNl8UpoKamE6fpz2ukBkxsgSY4vZWygaggBkb0cIWzUCgQjGxyXjLOaySRqXsXZQrD5el6n2WUZ6ckFNyTjxyRarkjtRInTAiyAt5JW/Os/PufDif89ack80ckwU4X7/u+Jhh</latexit>

Y (1)([z(1) = 0,z(2) = 1]) = 0.6
<latexit sha1_base64="PmG730edryCQ9E9Aj2/jtl08F/o="></latexit>

Y (2)([z(1) = 0, z(2) = 1]) = 0.5
<latexit sha1_base64="GXX2SHgFAXEYPtgp6xmJANwd5iU="></latexit>

�<latexit sha1_base64="feH5oiYXlVs9r7ojOXPbCa/KAOw=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBC8GHajoMeAFw8eEjAPSJYwO+lNhszOLjOzQgjBD/Cqn+BNvPotfoG/4STZg0ksaCiquunuChLBtXHdb2dtfWNzazu3k9/d2z84LBwdN3ScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvJv6zSdUmsfy0YwS9CPalzzkjBor1S67haJbcmcgq8TLSBEyVLuFn04vZmmE0jBBtW57bmL8MVWGM4GTfCfVmFA2pH1sWypphNofzw6dkHOr9EgYK1vSkJn6d2JMI61HUWA7I2oGetmbiv957dSEt/6YyyQ1KNl8UZgKYmIy/Zr0uEJmxMgSyhS3txI2oIoyY7NZ2KIZFahQTGwy3nIOq6RRLnlXpXLtulh5yDLKwSmcwQV4cAMVuIcq1IEBwgu8wpvz7Lw7H87nvHXNyWZOYAHO1y9zHpX1</latexit> = �0.1
<latexit sha1_base64="euHs/MzwatNsNfI3CL+qaLGjbhM=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgxWU3CnoRAl48eIhgHpAsYXbSm4yZfTAzK4SQmx/gVT/Bm3j1R/wCf8NJsgeTWNBQVHXT3eUngivtON9WbmV1bX0jv1nY2t7Z3SvuH9RVnEqGNRaLWDZ9qlDwCGuaa4HNRCINfYENf3Az8RtPKBWPowc9TNALaS/iAWdUG6l+Tc4c2+0US47tTEGWiZuREmSodoo/7W7M0hAjzQRVquU6ifZGVGrOBI4L7VRhQtmA9rBlaERDVN5oeu2YnBilS4JYmoo0map/J0Y0VGoY+qYzpLqvFr2J+J/XSnVw5Y14lKQaIzZbFKSC6JhMXiddLpFpMTSEMsnNrYT1qaRMm4DmtihGBUoUY5OMu5jDMqmXbffcLt9flCp3WUZ5OIJjOAUXLqECt1CFGjB4hBd4hTfr2Xq3PqzPWWvOymYOYQ7W1y+n/5cT</latexit>

school 1 
gets classes

Y (1)([z(1) = 1,z(2) = 0]) = 1.0
<latexit sha1_base64="iomPliE2rAWhVU/dzjkXnFH8avg="></latexit>

Y (2)([z(1) = 1, z(2) = 0]) = 0.1
<latexit sha1_base64="3QUdnQunxHSSj2RJ1IJidagQorU="></latexit>

�<latexit sha1_base64="feH5oiYXlVs9r7ojOXPbCa/KAOw=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBC8GHajoMeAFw8eEjAPSJYwO+lNhszOLjOzQgjBD/Cqn+BNvPotfoG/4STZg0ksaCiquunuChLBtXHdb2dtfWNzazu3k9/d2z84LBwdN3ScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvJv6zSdUmsfy0YwS9CPalzzkjBor1S67haJbcmcgq8TLSBEyVLuFn04vZmmE0jBBtW57bmL8MVWGM4GTfCfVmFA2pH1sWypphNofzw6dkHOr9EgYK1vSkJn6d2JMI61HUWA7I2oGetmbiv957dSEt/6YyyQ1KNl8UZgKYmIy/Zr0uEJmxMgSyhS3txI2oIoyY7NZ2KIZFahQTGwy3nIOq6RRLnlXpXLtulh5yDLKwSmcwQV4cAMVuIcq1IEBwgu8wpvz7Lw7H87nvHXNyWZOYAHO1y9zHpX1</latexit> = 0.9
<latexit sha1_base64="MuL7f0+YygXQCBkNc5IV9dhWoFM=">AAACAXicbVDLSgNBEOz1GeMr6tHLYBA8LbtRUA9CwIsHDxHcJJAsYXbSmwyZfTAzK4SQkx/gVT/Bm3j1S/wCf8NJsgeTWNBQVHXT3RWkgivtON/Wyura+sZmYau4vbO7t186OKyrJJMMPZaIRDYDqlDwGD3NtcBmKpFGgcBGMLid+I0nlIon8aMepuhHtBfzkDOqjeTdEMe+7pTKju1MQZaJm5My5Kh1Sj/tbsKyCGPNBFWq5Tqp9kdUas4EjovtTGFK2YD2sGVoTCNU/mh67JicGqVLwkSaijWZqn8nRjRSahgFpjOiuq8WvYn4n9fKdHjlj3icZhpjNlsUZoLohEw+J10ukWkxNIQyyc2thPWppEybfOa2KEYFShRjk4y7mMMyqVds99yuPFyUq/d5RgU4hhM4AxcuoQp3UAMPGHB4gVd4s56td+vD+py1rlj5zBHMwfr6BUb9luQ=</latexit>

Y (1)([z(1) = 1,z(2) = 0]) = 1.0
<latexit sha1_base64="iomPliE2rAWhVU/dzjkXnFH8avg=">AAAConicjVFdSyMxFM3Muq5bd7W7PvoSrEIFGZK2MCoIoi/LPilr1WU6WzLpbRvMfJBkhDrMv/FP+Qv8G2amXdC6D3tD4HBOTs7l3iiTQhtCnhz3w8rH1U9rnxvrX75ubDa/fb/Waa449HkqU3UbMQ1SJNA3wki4zRSwOJJwE92dV/rNPSgt0uTKzDIIYzZJxFhwZiw1bD4Wg/qTQE2isCCe37XHPyAeqasC1Pe73fL3n6JN98 t28DAH+ATTgxIv2a2Fkt5re+/I7x3SsnJ1ahcp/zcy3K9CPFIOm62/Kn4P6AK00KIuhs3nwSjleQyJ4ZJpHVCSmbBgygguoWwMcg0Z43dsAoGFCYtBh0XdVYn3LDPC41TZmxhcs68dBYu1nsWRfRkzM9XLWkX+SwtyMz4MC5FkuYGEz4PGucQmxdVq8Ego4EbOLGBcCdsr5lOmGDd2gW9SNGcSFMhqMnR5Du/BdcejXa9z2Wudni1mtIa20Q5qI4p8dIp+oAvUR9xpOMQ5co7dXfene+n+mj91nYVnC70pd/ACoMDADA==</latexit>

Y (2)([z(1) = 1, z(2) = 0]) = 0.1
<latexit sha1_base64="3QUdnQunxHSSj2RJ1IJidagQorU="></latexit>

Y (1)([z(1) = 0,z(2) = 1]) = 0.6
<latexit sha1_base64="PmG730edryCQ9E9Aj2/jtl08F/o=">AAAConicjVFdT9swFHUCbKwM1rFHXiw6pCKhyG6rBSYhIXhBPIFYgSkNlePeFgvnQ7YzqUT5N/tT/AL+xpy0SFB42LUsHZ3j43N1b5RJoQ0hj467tLzy4ePqp8ba5/WNL82vm1c6zRWHPk9lqm4ipkGKBPpGGAk3mQIWRxKuo/uTSr/+A0qLNPllphmEMZskYiw4M5YaNv8Wg/qTQE2isCCe37XH3yMeqasC1Pe73fL3bdGmu2 U7eJgBfIjJXokX7NZCSe+lvXfg9/ZpWbk6tYuW/xsZ7lYh3o9y2Gw9q/gtoHPQQvM6HzafBqOU5zEkhkumdUBJZsKCKSO4hLIxyDVkjN+zCQQWJiwGHRZ1VyXescwIj1Nlb2Jwzb50FCzWehpH9mXMzJ1e1CryPS3IzXg/LESS5QYSPgsa5xKbFFerwSOhgBs5tYBxJWyvmN8xxbixC3yVojmToEBWk6GLc3gLrjoe7Xqdi17r6Hg+o1W0hbZRG1HkoyN0is5RH3Gn4RDnwPnpfnfP3Av3cvbUdeaeb+hVuYN/qIrAEQ==</latexit>

Y (2)([z(1) = 0, z(2) = 1]) = 0.5
<latexit sha1_base64="GXX2SHgFAXEYPtgp6xmJANwd5iU="></latexit>

high school 2high school 1



max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]

�E[Y (i)(a0, z) | A(i)=a(i), X(i)=x(i)] < ⌧,
<latexit sha1_base64="03uVW0xEn6fqH743s7bjCdXFt68="></latexit>

⌧ = 0
<latexit sha1_base64="Q/+/QLU1loBe3kDs8zlrC2Lw5J8=">AAACBHicbVDLSgNBEJyNrxhfUY9eBoPgKexGQS9CwIsHDxHMA5Il9E56kyGzs8vMrBBCrn6AV/0Eb+LV//AL/A0nyR5MYkFDUdVNd1eQCK6N6347ubX1jc2t/HZhZ3dv/6B4eNTQcaoY1lksYtUKQKPgEuuGG4GtRCFEgcBmMLyd+s0nVJrH8tGMEvQj6EsecgbGSq2OgZTeULdbLLlldwa6SryMlEiGWrf40+nFLI1QGiZA67bnJsYfgzKcCZwUOqnGBNgQ+ti2VEKE2h/P7p3QM6v0aBgrW9LQmfp3YgyR1qMosJ0RmIFe9qbif147NeG1P+YySQ1KNl8UpoKamE6fpz2ukBkxsgSY4vZWygaggBkb0cIWzUCgQjGxyXjLOaySRqXsXZQrD5el6n2WUZ6ckFNyTjxyRarkjtRInTAiyAt5JW/Os/PufDif89ack80ckwU4X7/u+Jhh</latexit>

school 2 
gets classes Y (1)([z(1) = 0,z(2) = 1]) = 0.6

<latexit sha1_base64="PmG730edryCQ9E9Aj2/jtl08F/o="></latexit>

Y (2)([z(1) = 0, z(2) = 1]) = 0.5
<latexit sha1_base64="GXX2SHgFAXEYPtgp6xmJANwd5iU="></latexit>

�<latexit sha1_base64="feH5oiYXlVs9r7ojOXPbCa/KAOw=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBC8GHajoMeAFw8eEjAPSJYwO+lNhszOLjOzQgjBD/Cqn+BNvPotfoG/4STZg0ksaCiquunuChLBtXHdb2dtfWNzazu3k9/d2z84LBwdN3ScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvJv6zSdUmsfy0YwS9CPalzzkjBor1S67haJbcmcgq8TLSBEyVLuFn04vZmmE0jBBtW57bmL8MVWGM4GTfCfVmFA2pH1sWypphNofzw6dkHOr9EgYK1vSkJn6d2JMI61HUWA7I2oGetmbiv957dSEt/6YyyQ1KNl8UZgKYmIy/Zr0uEJmxMgSyhS3txI2oIoyY7NZ2KIZFahQTGwy3nIOq6RRLnlXpXLtulh5yDLKwSmcwQV4cAMVuIcq1IEBwgu8wpvz7Lw7H87nvHXNyWZOYAHO1y9zHpX1</latexit> = �0.1
<latexit sha1_base64="euHs/MzwatNsNfI3CL+qaLGjbhM=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgxWU3CnoRAl48eIhgHpAsYXbSm4yZfTAzK4SQmx/gVT/Bm3j1R/wCf8NJsgeTWNBQVHXT3eUngivtON9WbmV1bX0jv1nY2t7Z3SvuH9RVnEqGNRaLWDZ9qlDwCGuaa4HNRCINfYENf3Az8RtPKBWPowc9TNALaS/iAWdUG6l+Tc4c2+0US47tTEGWiZuREmSodoo/7W7M0hAjzQRVquU6ifZGVGrOBI4L7VRhQtmA9rBlaERDVN5oeu2YnBilS4JYmoo0map/J0Y0VGoY+qYzpLqvFr2J+J/XSnVw5Y14lKQaIzZbFKSC6JhMXiddLpFpMTSEMsnNrYT1qaRMm4DmtihGBUoUY5OMu5jDMqmXbffcLt9flCp3WUZ5OIJjOAUXLqECt1CFGjB4hBd4hTfr2Xq3PqzPWWvOymYOYQ7W1y+n/5cT</latexit>

school 1 
gets classes

Y (1)([z(1) = 1,z(2) = 0]) = 1.0
<latexit sha1_base64="iomPliE2rAWhVU/dzjkXnFH8avg="></latexit>

Y (2)([z(1) = 1, z(2) = 0]) = 0.1
<latexit sha1_base64="3QUdnQunxHSSj2RJ1IJidagQorU="></latexit>

�<latexit sha1_base64="feH5oiYXlVs9r7ojOXPbCa/KAOw=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBC8GHajoMeAFw8eEjAPSJYwO+lNhszOLjOzQgjBD/Cqn+BNvPotfoG/4STZg0ksaCiquunuChLBtXHdb2dtfWNzazu3k9/d2z84LBwdN3ScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvJv6zSdUmsfy0YwS9CPalzzkjBor1S67haJbcmcgq8TLSBEyVLuFn04vZmmE0jBBtW57bmL8MVWGM4GTfCfVmFA2pH1sWypphNofzw6dkHOr9EgYK1vSkJn6d2JMI61HUWA7I2oGetmbiv957dSEt/6YyyQ1KNl8UZgKYmIy/Zr0uEJmxMgSyhS3txI2oIoyY7NZ2KIZFahQTGwy3nIOq6RRLnlXpXLtulh5yDLKwSmcwQV4cAMVuIcq1IEBwgu8wpvz7Lw7H87nvHXNyWZOYAHO1y9zHpX1</latexit> = 0.9
<latexit sha1_base64="MuL7f0+YygXQCBkNc5IV9dhWoFM=">AAACAXicbVDLSgNBEOz1GeMr6tHLYBA8LbtRUA9CwIsHDxHcJJAsYXbSmwyZfTAzK4SQkx/gVT/Bm3j1S/wCf8NJsgeTWNBQVHXT3RWkgivtON/Wyura+sZmYau4vbO7t186OKyrJJMMPZaIRDYDqlDwGD3NtcBmKpFGgcBGMLid+I0nlIon8aMepuhHtBfzkDOqjeTdEMe+7pTKju1MQZaJm5My5Kh1Sj/tbsKyCGPNBFWq5Tqp9kdUas4EjovtTGFK2YD2sGVoTCNU/mh67JicGqVLwkSaijWZqn8nRjRSahgFpjOiuq8WvYn4n9fKdHjlj3icZhpjNlsUZoLohEw+J10ukWkxNIQyyc2thPWppEybfOa2KEYFShRjk4y7mMMyqVds99yuPFyUq/d5RgU4hhM4AxcuoQp3UAMPGHB4gVd4s56td+vD+py1rlj5zBHMwfr6BUb9luQ=</latexit>

Y (1)([z(1) = 1,z(2) = 0]) = 1.0
<latexit sha1_base64="iomPliE2rAWhVU/dzjkXnFH8avg=">AAAConicjVFdSyMxFM3Muq5bd7W7PvoSrEIFGZK2MCoIoi/LPilr1WU6WzLpbRvMfJBkhDrMv/FP+Qv8G2amXdC6D3tD4HBOTs7l3iiTQhtCnhz3w8rH1U9rnxvrX75ubDa/fb/Waa449HkqU3UbMQ1SJNA3wki4zRSwOJJwE92dV/rNPSgt0uTKzDIIYzZJxFhwZiw1bD4Wg/qTQE2isCCe37XHPyAeqasC1Pe73fL3n6JN98 t28DAH+ATTgxIv2a2Fkt5re+/I7x3SsnJ1ahcp/zcy3K9CPFIOm62/Kn4P6AK00KIuhs3nwSjleQyJ4ZJpHVCSmbBgygguoWwMcg0Z43dsAoGFCYtBh0XdVYn3LDPC41TZmxhcs68dBYu1nsWRfRkzM9XLWkX+SwtyMz4MC5FkuYGEz4PGucQmxdVq8Ego4EbOLGBcCdsr5lOmGDd2gW9SNGcSFMhqMnR5Du/BdcejXa9z2Wudni1mtIa20Q5qI4p8dIp+oAvUR9xpOMQ5co7dXfene+n+mj91nYVnC70pd/ACoMDADA==</latexit>

Y (2)([z(1) = 1, z(2) = 0]) = 0.1
<latexit sha1_base64="3QUdnQunxHSSj2RJ1IJidagQorU="></latexit>

Y (1)([z(1) = 0,z(2) = 1]) = 0.6
<latexit sha1_base64="PmG730edryCQ9E9Aj2/jtl08F/o=">AAAConicjVFdT9swFHUCbKwM1rFHXiw6pCKhyG6rBSYhIXhBPIFYgSkNlePeFgvnQ7YzqUT5N/tT/AL+xpy0SFB42LUsHZ3j43N1b5RJoQ0hj467tLzy4ePqp8ba5/WNL82vm1c6zRWHPk9lqm4ipkGKBPpGGAk3mQIWRxKuo/uTSr/+A0qLNPllphmEMZskYiw4M5YaNv8Wg/qTQE2isCCe37XH3yMeqasC1Pe73fL3bdGmu2 U7eJgBfIjJXokX7NZCSe+lvXfg9/ZpWbk6tYuW/xsZ7lYh3o9y2Gw9q/gtoHPQQvM6HzafBqOU5zEkhkumdUBJZsKCKSO4hLIxyDVkjN+zCQQWJiwGHRZ1VyXescwIj1Nlb2Jwzb50FCzWehpH9mXMzJ1e1CryPS3IzXg/LESS5QYSPgsa5xKbFFerwSOhgBs5tYBxJWyvmN8xxbixC3yVojmToEBWk6GLc3gLrjoe7Xqdi17r6Hg+o1W0hbZRG1HkoyN0is5RH3Gn4RDnwPnpfnfP3Av3cvbUdeaeb+hVuYN/qIrAEQ==</latexit>

Y (2)([z(1) = 0, z(2) = 1]) = 0.5
<latexit sha1_base64="GXX2SHgFAXEYPtgp6xmJANwd5iU="></latexit>

high school 2high school 1



VS. COUNTERFACTUAL FAIRNESS

max
z2{0,1}n

nX

i=1

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)],

s.t.,
nX

i=1

z(i)  b
<latexit sha1_base64="JVOnAT5x6jQNKh4qlsW8MTWD0/I="></latexit>

E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]

�E[Y (i)(a0, z) | A(i)=a(i), X(i)=x(i)] < ⌧,
<latexit sha1_base64="03uVW0xEn6fqH743s7bjCdXFt68="></latexit>

constraint on counterfactual privilege

P (Ŷ (i)(a(i)) = y | A(i) = a(i), X(i) = x(i))

= P (Ŷ (i)(a0) = y | A(i) = a(i), X(i) = x(i))
<latexit sha1_base64="o2XiGUZWT0nNmdmMnz4tuSzp8D8="></latexit>

counterfactual fairness 
[Kusner et al., 2017]

vs.



OPTIMIZATION: MILP

max
z2{0,1}n

H2[0,1](n,2K )

nX

i=1

2KX

j=1

hij⇠
ij(a(i))

s.t.,
2KX

j=1

hi,j

h
⇠ij� (a(i))� ⇠ij� (a0)

i
< ⌧, 8a0, i

I[ej = 1]hij  zN(i), 8i, j
I[ej = 0]hij  1� zN(i), 8i, j
2KX

j=1

hij = 1, 8i

nX

i=1

z(i)  b.
<latexit sha1_base64="wGIcg1VEThfWZkGEkxqEbDy3nK0="></latexit>



OPTIMIZATION: MILP

max
z2{0,1}n

H2[0,1](n,2K )

nX

i=1

2KX

j=1

hij⇠
ij(a(i))

s.t.,
2KX

j=1

hi,j

h
⇠ij� (a(i))� ⇠ij� (a0)

i
< ⌧, 8a0, i

I[ej = 1]hij  zN(i), 8i, j
I[ej = 0]hij  1� zN(i), 8i, j
2KX

j=1

hij = 1, 8i

nX

i=1

z(i)  b.
<latexit sha1_base64="wGIcg1VEThfWZkGEkxqEbDy3nK0="></latexit>

can accommodate any 
formulation of impact

⇠ij(a(i)) := E[Y (i)(a(i), z) | A(i)=a(i), X(i)=x(i)]
<latexit sha1_base64="XOeP1kT1RZM61v7k8CD7gMqm4M4="></latexit>



NYC PUBLIC SCHOOL FUNDING
[CRDC, HTTPS://OCRDATA.ED.GOV/]

345 schools



Z (1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Z (2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

A(1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

X (1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Y (1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

A(2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

X (2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Y (2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

race 
distribution

counselors

race 
distribution

counselors

% SAT/ACT-
taking 

intervention: 
calculus classes

intervention: 
calculus classes

school 2school 1

P (1)
<latexit sha1_base64="jMImPJj63WMrYJr9rk4DsiZyrc8=">AAACFHicdVDLSgNBEJz1GeMrKnjxMhiEeAm7MWpyC3rxGME8IIlhdtJJhsw+mOkVwrq/4Qd41U/wJl69+wX+hrtJBCNa0FBUddPdZftSaDTND2NhcWl5ZTW1ll7f2Nzazuzs1rUXKA417klPNW2mQQoXaihQQtNXwBxbQsMeXSZ+4w6UFp57g2MfOg4buKIvOMNY6mb2q7dhW3MmAb0wZx1HYdHHKOpmsma+XDotmiY18+YECSmclQtFas2ULJmh2s18tnseDxxwkUumdcsyfeyETKHgEqJ0O9DgMz5iA2jF1GUO6E44uT+iR7HSo31PxeUinag/J0LmaD127LjTYTjUv71E/MtrBdgvdULh+gGCy6eL+oGk6NEkDNoTCjjKcUwYVyK+lfIhU4xjHNnclklECmSSzPf79H9SL+Stk3zhupitXMwySpEDckhyxCLnpEKuSJXUCCf35JE8kWfjwXgxXo23aeuCMZvZI3Mw3r8A15mfaQ==</latexit>

P (2)
<latexit sha1_base64="qfYsvPM4G66kAUs+tiAVbPcJaiY=">AAACFHicdVDLSgNBEJyNrxhfUcGLl8EgxEvYjQGTW9CLxwjmAUkMs5NOMmT2wUyvENb9DT/Aq36CN/Hq3S/wN9xsIiSiBQ1FVTfdXbYvhUbT/DRSK6tr6xvpzczW9s7uXnb/oKG9QHGoc096qmUzDVK4UEeBElq+AubYEpr2+GrqN+9BaeG5tzjxoeuwoSsGgjOMpV72qHYXdjRnEtAL88WzKCz5GEW9bM4smAnoAqlUyla5Qq25kiNz1HrZr07f44EDLnLJtG5bpo/dkCkUXEKU6QQafMbHbAjtmLrMAd0Nk/sjehorfTrwVFwu0kRdnAiZo/XEseNOh+FI//am4l9eO8BBuRsK1w8QXD5bNAgkRY9Ow6B9oYCjnMSEcSXiWykfMcU4xpEtbUkiUiCnyfy8T/8njWLBOi8Ub0q56uU8ozQ5JickTyxyQarkmtRInXDyQJ7IM3kxHo1X4814n7WmjPnMIVmC8fENz9ufZQ==</latexit>

AP/IB? AP/IB?
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majority Hispanic
majority white

majority black
majority Hispanic
majority white
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⌧
<latexit sha1_base64="EHbv0F16nFeGx36ds5lcCyFwmqQ=">AAACAHicbVDLSgNBEJz1GeMr6tHLYBA8hd0o6DHoxWME84BkCb2TTjJkdnaZmRXCkosf4FU/wZt49U/8An/D2WQPJrGgoajqprsriAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1FGiGDZYJCLVDkCj4BIbhhuB7VghhIHAVjC+y/zWEyrNI/loJjH6IQwlH3AGJpO6BpJeqexW3BnoKvFyUiY56r3ST7cfsSREaZgArTueGxs/BWU4EzgtdhONMbAxDLFjqYQQtZ/Obp3Sc6v06SBStqShM/XvRAqh1pMwsJ0hmJFe9jLxP6+TmMGNn3IZJwYlmy8aJIKaiGaP0z5XyIyYWAJMcXsrZSNQwIyNZ2GLZiBQoZjaZLzlHFZJs1rxLivVh6ty7TbPqEBOyRm5IB65JjVyT+qkQRgZkRfySt6cZ+fd+XA+561rTj5zQhbgfP0CO+iXgg==</latexit>



constrained
⌧ = 0.097

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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⌧
<latexit sha1_base64="EHbv0F16nFeGx36ds5lcCyFwmqQ=">AAACAHicbVDLSgNBEJz1GeMr6tHLYBA8hd0o6DHoxWME84BkCb2TTjJkdnaZmRXCkosf4FU/wZt49U/8An/D2WQPJrGgoajqprsriAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1FGiGDZYJCLVDkCj4BIbhhuB7VghhIHAVjC+y/zWEyrNI/loJjH6IQwlH3AGJpO6BpJeqexW3BnoKvFyUiY56r3ST7cfsSREaZgArTueGxs/BWU4EzgtdhONMbAxDLFjqYQQtZ/Obp3Sc6v06SBStqShM/XvRAqh1pMwsJ0hmJFe9jLxP6+TmMGNn3IZJwYlmy8aJIKaiGaP0z5XyIyYWAJMcXsrZSNQwIyNZ2GLZiBQoZjaZLzlHFZJs1rxLivVh6ty7TbPqEBOyRm5IB65JjVyT+qkQRgZkRfySt6cZ+fd+XA+561rTj5zQhbgfP0CO+iXgg==</latexit>
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constrained
⌧ = 0.034

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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⌧
<latexit sha1_base64="EHbv0F16nFeGx36ds5lcCyFwmqQ=">AAACAHicbVDLSgNBEJz1GeMr6tHLYBA8hd0o6DHoxWME84BkCb2TTjJkdnaZmRXCkosf4FU/wZt49U/8An/D2WQPJrGgoajqprsriAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1FGiGDZYJCLVDkCj4BIbhhuB7VghhIHAVjC+y/zWEyrNI/loJjH6IQwlH3AGJpO6BpJeqexW3BnoKvFyUiY56r3ST7cfsSREaZgArTueGxs/BWU4EzgtdhONMbAxDLFjqYQQtZ/Obp3Sc6v06SBStqShM/XvRAqh1pMwsJ0hmJFe9jLxP6+TmMGNn3IZJwYlmy8aJIKaiGaP0z5XyIyYWAJMcXsrZSNQwIyNZ2GLZiBQoZjaZLzlHFZJs1rxLivVh6ty7TbPqEBOyRm5IB65JjVyT+qkQRgZkRfySt6cZ+fd+XA+561rTj5zQhbgfP0CO+iXgg==</latexit>
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while reducing privileged impact
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policy decisions for school funding
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