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Potential outcomes

Average Treatment Effect (ATE)

• A feature vector  


• Potential outcomes: 

X ∈ ℝk

Y(1), Y(0)
• A treatment assignment 


• Observe , never 

Z ∈ {0,1}
Y := Y(Z) Y(1 − Z)

Conditional Average 
Treatment Effect

ATE = $[Y(1) − Y(0)]
= $X∼PX [$[Y(1) |X] − $[Y(0) |X]]
= $X∼PX [μ⋆

1 (X) − μ⋆
0 (X)] =: $X∼PX [μ⋆(X)]

•  is the data generating distribution for XPX



• Demographic compositions shift over time


Change in share from 2009

What if  changes?PX



• Even for carefully designed randomized trials, “statistics” starts only 
at treatment assignment, with big biases in selection into study


Distribution of log-district size in studies versus total population

[Tipton et al. 2019] The convenience of large urban school districts: a study of recruitment practices in 37 randomized trials
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What if  changes?PX



• “Clinical trials for new drugs skew heavily white”

- Out of 10,000+ cancer trials, less than 2% focused on racial minorities, and less 

than 5% of participants were non-white


• Especially problematic when treatment effect is heterogeneous


• Recently, two large trials with n = 5K-10K had opposite findings on 
a treatment to lower blood pressure on cardiovascular disease

[Oh et al. ’15, Burchard et al. ’15, 
SA Editors ’18]

[Leigh et al. ’16, Imai et al. ‘13, Gijsberts et al. ’15, Basu et al. ’17, 
Baum et al. ’17, Duan et al. ‘19]

[ACCORD ’10, SPRINT ’15]

What if  changes?PX



• Directly estimate conditional average 
treatment affect (CATE) using ML methods?


• ML models perform very poorly on 
underrepresented groups


• ML estimates are unstable and resulting 
inference is underpowered


• Predefined subgroup analysis difficult due to 
intersectionality

Potential solution?

[Leigh et al. ’16, Imai et al. ‘13, Gijsberts et al. ’15, Basu et al. ’17, 
Baum et al. ’17, Duan et al. ’19, Nie and Wager ’20]

Effect of Medicaid enrollment 
on doctor’s office utilization
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Subpopulations

subpopulationis aQX
<latexit sha1_base64="M3CNqMqb5evm6JA/HifyO2b6NOk=">AAACEnicbZDLSgMxFIYz9VbrrerSzWAR3FhmqqDLihuXLdgLtEPJpBkbmsuYnBHKUPAhBLf6Gu7ErS/gW/gIZtoubOuBwJ///Mk5fGHMmQHP+3ZyK6tr6xv5zcLW9s7uXnH/oGlUogltEMWVbofYUM4kbQADTtuxpliEnLbC4U3Wbz1SbZiSdzCKaSDwvWQRIxisFXTtlUrAab3XHveKJa/sTcpdFv5MlNCsar3iT7evSCLsD4RjYzq+F0OQYg2McDoudBNDY0yGdkbHSokFNUE6WXrsnlin70ZK2yPBnbh/X6RYGDMSoU0KDAOz2MvM/3qdBKKrIGUyToBKMh0UJdwF5WYE3D7TlAAfWYGJZnZXlwywxgQsp7kpBiwlYwPmTNioMhkifxHIsmhWyv55uVK/KFWvn6aw8ugIHaNT5KNLVEW3qIYaiKAH9IJe0Zvz7Lw7H87nNJpzZoAP0Vw5X79PLZ/W</latexit>

QX
<latexit sha1_base64="M3CNqMqb5evm6JA/HifyO2b6NOk=">AAACEnicbZDLSgMxFIYz9VbrrerSzWAR3FhmqqDLihuXLdgLtEPJpBkbmsuYnBHKUPAhBLf6Gu7ErS/gW/gIZtoubOuBwJ///Mk5fGHMmQHP+3ZyK6tr6xv5zcLW9s7uXnH/oGlUogltEMWVbofYUM4kbQADTtuxpliEnLbC4U3Wbz1SbZiSdzCKaSDwvWQRIxisFXTtlUrAab3XHveKJa/sTcpdFv5MlNCsar3iT7evSCLsD4RjYzq+F0OQYg2McDoudBNDY0yGdkbHSokFNUE6WXrsnlin70ZK2yPBnbh/X6RYGDMSoU0KDAOz2MvM/3qdBKKrIGUyToBKMh0UJdwF5WYE3D7TlAAfWYGJZnZXlwywxgQsp7kpBiwlYwPmTNioMhkifxHIsmhWyv55uVK/KFWvn6aw8ugIHaNT5KNLVEW3qIYaiKAH9IJe0Zvz7Lw7H87nNJpzZoAP0Vw5X79PLZ/W</latexit>

Q0
X<latexit sha1_base64="eH1FMg32AR4UsfCMQKGG2mC/SWk=">AAACFnicbZDLSgMxGIUz9VbrpaMu3QSL6MYyUwVdVty4bMFeoB2GTCZtQ5PJkGSEYSj4GIJbfQ134tatb+EjmGm7sK0/BA7nnPD/fEHMqNKO820V1tY3NreK26Wd3b39sn1w2FYikZi0sGBCdgOkCKMRaWmqGenGkiAeMNIJxnd53nkkUlERPeg0Jh5Hw4gOKEbaWL5d7odIjocSpVnzzO9OfLviVJ3pwFXhzkUFzKfh2z/9UOCEk0hjhpTquU6svQxJTTEjk1I/USRGeIyGpGdkhDhRXjY9fAJPjRPCgZDmRRpO3b8/MsSVSnlgmhzpkVrOcvO/rJfowY2X0ShONInwbNEgYVALmFOAIZUEa5YagbCk5laIR0girA2rhS1KG1LKFNQFN1WhckTuMpBV0a5V3ctqrXlVqd8+zWAVwTE4AefABdegDu5BA7QABgl4Aa/gzXq23q0P63NWLVhzwEdgYayvXyLwoLo=</latexit>

PX
<latexit sha1_base64="kizye0YAG1uFRT0YoRzntKAihtM=">AAACCHicbVDLSgMxFL1TX7W+qi7dBIvgxjJTBV1W3LisaB/QDiWTZtrQPIYkI5RScC241d9wJ279C//CTzB9LGzrgcDhnBPuvSdKODPW97+9zMrq2vpGdjO3tb2zu5ffP6gZlWpCq0RxpRsRNpQzSauWWU4biaZYRJzWo/7N2K8/Um2Ykg92kNBQ4K5kMSPYOum+0m608wW/6E+AlkkwIwWYodLO/7Q6iqSCSks4NqYZ+IkNh1hbRjgd5VqpoQkmfdylTUclFtSEw8mqI3TilA6KlXZPWjRR//4YYmHMQEQuKbDtmUVvLP7nNVMbX4VDJpPUUkmmg+KUI6vQ+G7UYZoSyweOYKKZ2xWRHtaYWNfO3BRjXTfGBcyZcFFlRq6iYLGQZVIrFYPzYunuolC+fpqWlYUjOIZTCOASynALFagCgS68wCu8ec/eu/fhfU6jGW9W8CHMwfv6BeRHm0A=</latexit>

9proportion a 2 (0, 1], prob. Q0
X

s.t. PX(·) = aQX + (1� a)Q0
X

<latexit sha1_base64="Z1719LHh/qdyvXgNOK3Dh6b1qdw="></latexit>

Automatically find worst-off subpopulations 
and measure treatment effect on them



Subpopulations

subpopulationis a
9proportion a 2 (0, 1], prob. Q0

X

s.t. PX(·) = aQX + (1� a)Q0
X

<latexit sha1_base64="Z1719LHh/qdyvXgNOK3Dh6b1qdw="></latexit>

QX
<latexit sha1_base64="M3CNqMqb5evm6JA/HifyO2b6NOk=">AAACEnicbZDLSgMxFIYz9VbrrerSzWAR3FhmqqDLihuXLdgLtEPJpBkbmsuYnBHKUPAhBLf6Gu7ErS/gW/gIZtoubOuBwJ///Mk5fGHMmQHP+3ZyK6tr6xv5zcLW9s7uXnH/oGlUogltEMWVbofYUM4kbQADTtuxpliEnLbC4U3Wbz1SbZiSdzCKaSDwvWQRIxisFXTtlUrAab3XHveKJa/sTcpdFv5MlNCsar3iT7evSCLsD4RjYzq+F0OQYg2McDoudBNDY0yGdkbHSokFNUE6WXrsnlin70ZK2yPBnbh/X6RYGDMSoU0KDAOz2MvM/3qdBKKrIGUyToBKMh0UJdwF5WYE3D7TlAAfWYGJZnZXlwywxgQsp7kpBiwlYwPmTNioMhkifxHIsmhWyv55uVK/KFWvn6aw8ugIHaNT5KNLVEW3qIYaiKAH9IJe0Zvz7Lw7H87nNJpzZoAP0Vw5X79PLZ/W</latexit>

QX
<latexit sha1_base64="M3CNqMqb5evm6JA/HifyO2b6NOk=">AAACEnicbZDLSgMxFIYz9VbrrerSzWAR3FhmqqDLihuXLdgLtEPJpBkbmsuYnBHKUPAhBLf6Gu7ErS/gW/gIZtoubOuBwJ///Mk5fGHMmQHP+3ZyK6tr6xv5zcLW9s7uXnH/oGlUogltEMWVbofYUM4kbQADTtuxpliEnLbC4U3Wbz1SbZiSdzCKaSDwvWQRIxisFXTtlUrAab3XHveKJa/sTcpdFv5MlNCsar3iT7evSCLsD4RjYzq+F0OQYg2McDoudBNDY0yGdkbHSokFNUE6WXrsnlin70ZK2yPBnbh/X6RYGDMSoU0KDAOz2MvM/3qdBKKrIGUyToBKMh0UJdwF5WYE3D7TlAAfWYGJZnZXlwywxgQsp7kpBiwlYwPmTNioMhkifxHIsmhWyv55uVK/KFWvn6aw8ugIHaNT5KNLVEW3qIYaiKAH9IJe0Zvz7Lw7H87nNJpzZoAP0Vw5X79PLZ/W</latexit>

Q0
X<latexit sha1_base64="eH1FMg32AR4UsfCMQKGG2mC/SWk=">AAACFnicbZDLSgMxGIUz9VbrpaMu3QSL6MYyUwVdVty4bMFeoB2GTCZtQ5PJkGSEYSj4GIJbfQ134tatb+EjmGm7sK0/BA7nnPD/fEHMqNKO820V1tY3NreK26Wd3b39sn1w2FYikZi0sGBCdgOkCKMRaWmqGenGkiAeMNIJxnd53nkkUlERPeg0Jh5Hw4gOKEbaWL5d7odIjocSpVnzzO9OfLviVJ3pwFXhzkUFzKfh2z/9UOCEk0hjhpTquU6svQxJTTEjk1I/USRGeIyGpGdkhDhRXjY9fAJPjRPCgZDmRRpO3b8/MsSVSnlgmhzpkVrOcvO/rJfowY2X0ShONInwbNEgYVALmFOAIZUEa5YagbCk5laIR0girA2rhS1KG1LKFNQFN1WhckTuMpBV0a5V3ctqrXlVqd8+zWAVwTE4AefABdegDu5BA7QABgl4Aa/gzXq23q0P63NWLVhzwEdgYayvXyLwoLo=</latexit>

PX
<latexit sha1_base64="kizye0YAG1uFRT0YoRzntKAihtM=">AAACCHicbVDLSgMxFL1TX7W+qi7dBIvgxjJTBV1W3LisaB/QDiWTZtrQPIYkI5RScC241d9wJ279C//CTzB9LGzrgcDhnBPuvSdKODPW97+9zMrq2vpGdjO3tb2zu5ffP6gZlWpCq0RxpRsRNpQzSauWWU4biaZYRJzWo/7N2K8/Um2Ykg92kNBQ4K5kMSPYOum+0m608wW/6E+AlkkwIwWYodLO/7Q6iqSCSks4NqYZ+IkNh1hbRjgd5VqpoQkmfdylTUclFtSEw8mqI3TilA6KlXZPWjRR//4YYmHMQEQuKbDtmUVvLP7nNVMbX4VDJpPUUkmmg+KUI6vQ+G7UYZoSyweOYKKZ2xWRHtaYWNfO3BRjXTfGBcyZcFFlRq6iYLGQZVIrFYPzYunuolC+fpqWlYUjOIZTCOASynALFagCgS68wCu8ec/eu/fhfU6jGW9W8CHMwfv6BeRHm0A=</latexit>

Automatically find worst-off subpopulations 
and measure treatment effect on them



Subpopulations

subpopulationis aQX
<latexit sha1_base64="M3CNqMqb5evm6JA/HifyO2b6NOk=">AAACEnicbZDLSgMxFIYz9VbrrerSzWAR3FhmqqDLihuXLdgLtEPJpBkbmsuYnBHKUPAhBLf6Gu7ErS/gW/gIZtoubOuBwJ///Mk5fGHMmQHP+3ZyK6tr6xv5zcLW9s7uXnH/oGlUogltEMWVbofYUM4kbQADTtuxpliEnLbC4U3Wbz1SbZiSdzCKaSDwvWQRIxisFXTtlUrAab3XHveKJa/sTcpdFv5MlNCsar3iT7evSCLsD4RjYzq+F0OQYg2McDoudBNDY0yGdkbHSokFNUE6WXrsnlin70ZK2yPBnbh/X6RYGDMSoU0KDAOz2MvM/3qdBKKrIGUyToBKMh0UJdwF5WYE3D7TlAAfWYGJZnZXlwywxgQsp7kpBiwlYwPmTNioMhkifxHIsmhWyv55uVK/KFWvn6aw8ugIHaNT5KNLVEW3qIYaiKAH9IJe0Zvz7Lw7H87nNJpzZoAP0Vw5X79PLZ/W</latexit>

9proportion a 2 (0, 1], prob. Q0
X

s.t. PX(·) = aQX + (1� a)Q0
X

<latexit sha1_base64="Z1719LHh/qdyvXgNOK3Dh6b1qdw="></latexit>

QX
<latexit sha1_base64="M3CNqMqb5evm6JA/HifyO2b6NOk=">AAACEnicbZDLSgMxFIYz9VbrrerSzWAR3FhmqqDLihuXLdgLtEPJpBkbmsuYnBHKUPAhBLf6Gu7ErS/gW/gIZtoubOuBwJ///Mk5fGHMmQHP+3ZyK6tr6xv5zcLW9s7uXnH/oGlUogltEMWVbofYUM4kbQADTtuxpliEnLbC4U3Wbz1SbZiSdzCKaSDwvWQRIxisFXTtlUrAab3XHveKJa/sTcpdFv5MlNCsar3iT7evSCLsD4RjYzq+F0OQYg2McDoudBNDY0yGdkbHSokFNUE6WXrsnlin70ZK2yPBnbh/X6RYGDMSoU0KDAOz2MvM/3qdBKKrIGUyToBKMh0UJdwF5WYE3D7TlAAfWYGJZnZXlwywxgQsp7kpBiwlYwPmTNioMhkifxHIsmhWyv55uVK/KFWvn6aw8ugIHaNT5KNLVEW3qIYaiKAH9IJe0Zvz7Lw7H87nNJpzZoAP0Vw5X79PLZ/W</latexit>

Q0
X<latexit sha1_base64="eH1FMg32AR4UsfCMQKGG2mC/SWk=">AAACFnicbZDLSgMxGIUz9VbrpaMu3QSL6MYyUwVdVty4bMFeoB2GTCZtQ5PJkGSEYSj4GIJbfQ134tatb+EjmGm7sK0/BA7nnPD/fEHMqNKO820V1tY3NreK26Wd3b39sn1w2FYikZi0sGBCdgOkCKMRaWmqGenGkiAeMNIJxnd53nkkUlERPeg0Jh5Hw4gOKEbaWL5d7odIjocSpVnzzO9OfLviVJ3pwFXhzkUFzKfh2z/9UOCEk0hjhpTquU6svQxJTTEjk1I/USRGeIyGpGdkhDhRXjY9fAJPjRPCgZDmRRpO3b8/MsSVSnlgmhzpkVrOcvO/rJfowY2X0ShONInwbNEgYVALmFOAIZUEa5YagbCk5laIR0girA2rhS1KG1LKFNQFN1WhckTuMpBV0a5V3ctqrXlVqd8+zWAVwTE4AefABdegDu5BA7QABgl4Aa/gzXq23q0P63NWLVhzwEdgYayvXyLwoLo=</latexit>

PX
<latexit sha1_base64="kizye0YAG1uFRT0YoRzntKAihtM=">AAACCHicbVDLSgMxFL1TX7W+qi7dBIvgxjJTBV1W3LisaB/QDiWTZtrQPIYkI5RScC241d9wJ279C//CTzB9LGzrgcDhnBPuvSdKODPW97+9zMrq2vpGdjO3tb2zu5ffP6gZlWpCq0RxpRsRNpQzSauWWU4biaZYRJzWo/7N2K8/Um2Ykg92kNBQ4K5kMSPYOum+0m608wW/6E+AlkkwIwWYodLO/7Q6iqSCSks4NqYZ+IkNh1hbRjgd5VqpoQkmfdylTUclFtSEw8mqI3TilA6KlXZPWjRR//4YYmHMQEQuKbDtmUVvLP7nNVMbX4VDJpPUUkmmg+KUI6vQ+G7UYZoSyweOYKKZ2xWRHtaYWNfO3BRjXTfGBcyZcFFlRq6iYLGQZVIrFYPzYunuolC+fpqWlYUjOIZTCOASynALFagCgS68wCu8ec/eu/fhfU6jGW9W8CHMwfv6BeRHm0A=</latexit>

Automatically find worst-off subpopulations 
and measure treatment effect on them



Subpopulations

subpopulationis aQX
<latexit sha1_base64="M3CNqMqb5evm6JA/HifyO2b6NOk=">AAACEnicbZDLSgMxFIYz9VbrrerSzWAR3FhmqqDLihuXLdgLtEPJpBkbmsuYnBHKUPAhBLf6Gu7ErS/gW/gIZtoubOuBwJ///Mk5fGHMmQHP+3ZyK6tr6xv5zcLW9s7uXnH/oGlUogltEMWVbofYUM4kbQADTtuxpliEnLbC4U3Wbz1SbZiSdzCKaSDwvWQRIxisFXTtlUrAab3XHveKJa/sTcpdFv5MlNCsar3iT7evSCLsD4RjYzq+F0OQYg2McDoudBNDY0yGdkbHSokFNUE6WXrsnlin70ZK2yPBnbh/X6RYGDMSoU0KDAOz2MvM/3qdBKKrIGUyToBKMh0UJdwF5WYE3D7TlAAfWYGJZnZXlwywxgQsp7kpBiwlYwPmTNioMhkifxHIsmhWyv55uVK/KFWvn6aw8ugIHaNT5KNLVEW3qIYaiKAH9IJe0Zvz7Lw7H87nNJpzZoAP0Vw5X79PLZ/W</latexit>

9proportion a 2 (0, 1], prob. Q0
X

s.t. PX(·) = aQX + (1� a)Q0
X

<latexit sha1_base64="Z1719LHh/qdyvXgNOK3Dh6b1qdw="></latexit>

QX
<latexit sha1_base64="M3CNqMqb5evm6JA/HifyO2b6NOk=">AAACEnicbZDLSgMxFIYz9VbrrerSzWAR3FhmqqDLihuXLdgLtEPJpBkbmsuYnBHKUPAhBLf6Gu7ErS/gW/gIZtoubOuBwJ///Mk5fGHMmQHP+3ZyK6tr6xv5zcLW9s7uXnH/oGlUogltEMWVbofYUM4kbQADTtuxpliEnLbC4U3Wbz1SbZiSdzCKaSDwvWQRIxisFXTtlUrAab3XHveKJa/sTcpdFv5MlNCsar3iT7evSCLsD4RjYzq+F0OQYg2McDoudBNDY0yGdkbHSokFNUE6WXrsnlin70ZK2yPBnbh/X6RYGDMSoU0KDAOz2MvM/3qdBKKrIGUyToBKMh0UJdwF5WYE3D7TlAAfWYGJZnZXlwywxgQsp7kpBiwlYwPmTNioMhkifxHIsmhWyv55uVK/KFWvn6aw8ugIHaNT5KNLVEW3qIYaiKAH9IJe0Zvz7Lw7H87nNJpzZoAP0Vw5X79PLZ/W</latexit>

Q0
X<latexit sha1_base64="eH1FMg32AR4UsfCMQKGG2mC/SWk=">AAACFnicbZDLSgMxGIUz9VbrpaMu3QSL6MYyUwVdVty4bMFeoB2GTCZtQ5PJkGSEYSj4GIJbfQ134tatb+EjmGm7sK0/BA7nnPD/fEHMqNKO820V1tY3NreK26Wd3b39sn1w2FYikZi0sGBCdgOkCKMRaWmqGenGkiAeMNIJxnd53nkkUlERPeg0Jh5Hw4gOKEbaWL5d7odIjocSpVnzzO9OfLviVJ3pwFXhzkUFzKfh2z/9UOCEk0hjhpTquU6svQxJTTEjk1I/USRGeIyGpGdkhDhRXjY9fAJPjRPCgZDmRRpO3b8/MsSVSnlgmhzpkVrOcvO/rJfowY2X0ShONInwbNEgYVALmFOAIZUEa5YagbCk5laIR0girA2rhS1KG1LKFNQFN1WhckTuMpBV0a5V3ctqrXlVqd8+zWAVwTE4AefABdegDu5BA7QABgl4Aa/gzXq23q0P63NWLVhzwEdgYayvXyLwoLo=</latexit>

PX
<latexit sha1_base64="kizye0YAG1uFRT0YoRzntKAihtM=">AAACCHicbVDLSgMxFL1TX7W+qi7dBIvgxjJTBV1W3LisaB/QDiWTZtrQPIYkI5RScC241d9wJ279C//CTzB9LGzrgcDhnBPuvSdKODPW97+9zMrq2vpGdjO3tb2zu5ffP6gZlWpCq0RxpRsRNpQzSauWWU4biaZYRJzWo/7N2K8/Um2Ykg92kNBQ4K5kMSPYOum+0m608wW/6E+AlkkwIwWYodLO/7Q6iqSCSks4NqYZ+IkNh1hbRjgd5VqpoQkmfdylTUclFtSEw8mqI3TilA6KlXZPWjRR//4YYmHMQEQuKbDtmUVvLP7nNVMbX4VDJpPUUkmmg+KUI6vQ+G7UYZoSyweOYKKZ2xWRHtaYWNfO3BRjXTfGBcyZcFFlRq6iYLGQZVIrFYPzYunuolC+fpqWlYUjOIZTCOASynALFagCgS68wCu8ec/eu/fhfU6jGW9W8CHMwfv6BeRHm0A=</latexit>

Automatically find worst-off subpopulations 
and measure treatment effect on them



Subpopulations

subpopulationis aQX
<latexit sha1_base64="M3CNqMqb5evm6JA/HifyO2b6NOk=">AAACEnicbZDLSgMxFIYz9VbrrerSzWAR3FhmqqDLihuXLdgLtEPJpBkbmsuYnBHKUPAhBLf6Gu7ErS/gW/gIZtoubOuBwJ///Mk5fGHMmQHP+3ZyK6tr6xv5zcLW9s7uXnH/oGlUogltEMWVbofYUM4kbQADTtuxpliEnLbC4U3Wbz1SbZiSdzCKaSDwvWQRIxisFXTtlUrAab3XHveKJa/sTcpdFv5MlNCsar3iT7evSCLsD4RjYzq+F0OQYg2McDoudBNDY0yGdkbHSokFNUE6WXrsnlin70ZK2yPBnbh/X6RYGDMSoU0KDAOz2MvM/3qdBKKrIGUyToBKMh0UJdwF5WYE3D7TlAAfWYGJZnZXlwywxgQsp7kpBiwlYwPmTNioMhkifxHIsmhWyv55uVK/KFWvn6aw8ugIHaNT5KNLVEW3qIYaiKAH9IJe0Zvz7Lw7H87nNJpzZoAP0Vw5X79PLZ/W</latexit>

9proportion a 2 (0, 1], prob. Q0
X

s.t. PX(·) = aQX + (1� a)Q0
X

<latexit sha1_base64="Z1719LHh/qdyvXgNOK3Dh6b1qdw="></latexit>

PX
<latexit sha1_base64="kizye0YAG1uFRT0YoRzntKAihtM=">AAACCHicbVDLSgMxFL1TX7W+qi7dBIvgxjJTBV1W3LisaB/QDiWTZtrQPIYkI5RScC241d9wJ279C//CTzB9LGzrgcDhnBPuvSdKODPW97+9zMrq2vpGdjO3tb2zu5ffP6gZlWpCq0RxpRsRNpQzSauWWU4biaZYRJzWo/7N2K8/Um2Ykg92kNBQ4K5kMSPYOum+0m608wW/6E+AlkkwIwWYodLO/7Q6iqSCSks4NqYZ+IkNh1hbRjgd5VqpoQkmfdylTUclFtSEw8mqI3TilA6KlXZPWjRR//4YYmHMQEQuKbDtmUVvLP7nNVMbX4VDJpPUUkmmg+KUI6vQ+G7UYZoSyweOYKKZ2xWRHtaYWNfO3BRjXTfGBcyZcFFlRq6iYLGQZVIrFYPzYunuolC+fpqWlYUjOIZTCOASynALFagCgS68wCu8ec/eu/fhfU6jGW9W8CHMwfv6BeRHm0A=</latexit>

Q0
X<latexit sha1_base64="eH1FMg32AR4UsfCMQKGG2mC/SWk=">AAACFnicbZDLSgMxGIUz9VbrpaMu3QSL6MYyUwVdVty4bMFeoB2GTCZtQ5PJkGSEYSj4GIJbfQ134tatb+EjmGm7sK0/BA7nnPD/fEHMqNKO820V1tY3NreK26Wd3b39sn1w2FYikZi0sGBCdgOkCKMRaWmqGenGkiAeMNIJxnd53nkkUlERPeg0Jh5Hw4gOKEbaWL5d7odIjocSpVnzzO9OfLviVJ3pwFXhzkUFzKfh2z/9UOCEk0hjhpTquU6svQxJTTEjk1I/USRGeIyGpGdkhDhRXjY9fAJPjRPCgZDmRRpO3b8/MsSVSnlgmhzpkVrOcvO/rJfowY2X0ShONInwbNEgYVALmFOAIZUEa5YagbCk5laIR0girA2rhS1KG1LKFNQFN1WhckTuMpBV0a5V3ctqrXlVqd8+zWAVwTE4AefABdegDu5BA7QABgl4Aa/gzXq23q0P63NWLVhzwEdgYayvXyLwoLo=</latexit>

QX
<latexit sha1_base64="M3CNqMqb5evm6JA/HifyO2b6NOk=">AAACEnicbZDLSgMxFIYz9VbrrerSzWAR3FhmqqDLihuXLdgLtEPJpBkbmsuYnBHKUPAhBLf6Gu7ErS/gW/gIZtoubOuBwJ///Mk5fGHMmQHP+3ZyK6tr6xv5zcLW9s7uXnH/oGlUogltEMWVbofYUM4kbQADTtuxpliEnLbC4U3Wbz1SbZiSdzCKaSDwvWQRIxisFXTtlUrAab3XHveKJa/sTcpdFv5MlNCsar3iT7evSCLsD4RjYzq+F0OQYg2McDoudBNDY0yGdkbHSokFNUE6WXrsnlin70ZK2yPBnbh/X6RYGDMSoU0KDAOz2MvM/3qdBKKrIGUyToBKMh0UJdwF5WYE3D7TlAAfWYGJZnZXlwywxgQsp7kpBiwlYwPmTNioMhkifxHIsmhWyv55uVK/KFWvn6aw8ugIHaNT5KNLVEW3qIYaiKAH9IJe0Zvz7Lw7H87nNJpzZoAP0Vw5X79PLZ/W</latexit>

Automatically find worst-off subpopulations 
and measure treatment effect on them



Worst-case subpopulation
Notation

QX ⌫ ↵
<latexit sha1_base64="jFIbucShT3ql1DIrzd+OaoNBWzY=">AAACKXicbVBPS8MwHE39O+e/qkcvYUPw4minoMeBHjxu4P7AWkqapi4saWuSCqP07ncRvOrX8KZe/QJ+BNOtB7f5g8DjvffLS56fMCqVZX0aK6tr6xubla3q9s7u3r55cNiTcSow6eKYxWLgI0kYjUhXUcXIIBEEcZ+Rvj++LvT+IxGSxtGdmiTE5eg+oiHFSGnKM2uOJkikUNbxBjl0ZIoxeYCOIEHmIJaMUO6ZdathTQcuA7sEdVBO2zN/nCDGKdfXYoakHNpWotwMCUUxI3nVSSVJEB7r4KGGEeJEutn0Lzk80UwAw1joEyk4Zf9uZIhLOeG+dnKkRnJRK8j/tGGqwis3o1GSKhLhWVCYMqhiWBQDAyoIVmyiAcKC6rdCPEICYaXrm0uRSpcntUGecW2NZVGRvVjIMug1G/Z5o9m5qLduyrIq4BjUwCmwwSVogVvQBl2AwRN4Aa/gzXg23o0P42tmXTHKnSMwN8b3L5uLqG0=</latexit>

(
QX :

9probability Q0
X , and a � ↵

s.t. PX = aQX + (1� a)Q0
X

)

<latexit sha1_base64="EdlFoad/L2aaSLtqvhGsFMEdO+Y="></latexit>

subpopulation with proportion larger than ↵ 2 (0, 1]
<latexit sha1_base64="qDcu8JtBqUrLNMzX/g0+CcfktTY=">AAACHnicbVDLSsNAFJ3UV62vqAsXbgaL0IWWjAi6LOjCZQX7gCaUyWTSDp1MwsxEKCH/IrjV33AnbvUv/AQnbRa2emDgcM653DvHTzhT2nG+rMrK6tr6RnWztrW9s7tn7x90VZxKQjsk5rHs+1hRzgTtaKY57SeS4sjntOdPbgq/90ilYrF40NOEehEeCRYygrWRhvaRK2mQuZgnYwxdJmDDOYPIy4d23Wk6M8C/BJWkDkq0h/a3G8QkjajQhGOlBshJtJdhqRnhNK+5qaIJJhM8ogNDBY6o8rLZB3J4apQAhrE0T2g4U39PZDhSahr5JhlhPVbLXiH+5w1SHV57GRNJqqkg80VhyqGOYdEGDJikRPOpIZhIZm6FZIwlJtp0trBFadOYMgF1HplorIqK0HIhf0n3oolQE91f1lu3ZVlVcAxOQAMgcAVa4A60QQcQkINn8AJerSfrzXq3PubRilXOHIIFWJ8/MiuiSA==</latexit><latexit sha1_base64="qDcu8JtBqUrLNMzX/g0+CcfktTY=">AAACHnicbVDLSsNAFJ3UV62vqAsXbgaL0IWWjAi6LOjCZQX7gCaUyWTSDp1MwsxEKCH/IrjV33AnbvUv/AQnbRa2emDgcM653DvHTzhT2nG+rMrK6tr6RnWztrW9s7tn7x90VZxKQjsk5rHs+1hRzgTtaKY57SeS4sjntOdPbgq/90ilYrF40NOEehEeCRYygrWRhvaRK2mQuZgnYwxdJmDDOYPIy4d23Wk6M8C/BJWkDkq0h/a3G8QkjajQhGOlBshJtJdhqRnhNK+5qaIJJhM8ogNDBY6o8rLZB3J4apQAhrE0T2g4U39PZDhSahr5JhlhPVbLXiH+5w1SHV57GRNJqqkg80VhyqGOYdEGDJikRPOpIZhIZm6FZIwlJtp0trBFadOYMgF1HplorIqK0HIhf0n3oolQE91f1lu3ZVlVcAxOQAMgcAVa4A60QQcQkINn8AJerSfrzXq3PubRilXOHIIFWJ8/MiuiSA==</latexit><latexit sha1_base64="qDcu8JtBqUrLNMzX/g0+CcfktTY=">AAACHnicbVDLSsNAFJ3UV62vqAsXbgaL0IWWjAi6LOjCZQX7gCaUyWTSDp1MwsxEKCH/IrjV33AnbvUv/AQnbRa2emDgcM653DvHTzhT2nG+rMrK6tr6RnWztrW9s7tn7x90VZxKQjsk5rHs+1hRzgTtaKY57SeS4sjntOdPbgq/90ilYrF40NOEehEeCRYygrWRhvaRK2mQuZgnYwxdJmDDOYPIy4d23Wk6M8C/BJWkDkq0h/a3G8QkjajQhGOlBshJtJdhqRnhNK+5qaIJJhM8ogNDBY6o8rLZB3J4apQAhrE0T2g4U39PZDhSahr5JhlhPVbLXiH+5w1SHV57GRNJqqkg80VhyqGOYdEGDJikRPOpIZhIZm6FZIwlJtp0trBFadOYMgF1HplorIqK0HIhf0n3oolQE91f1lu3ZVlVcAxOQAMgcAVa4A60QQcQkINn8AJerSfrzXq3PubRilXOHIIFWJ8/MiuiSA==</latexit><latexit sha1_base64="qDcu8JtBqUrLNMzX/g0+CcfktTY=">AAACHnicbVDLSsNAFJ3UV62vqAsXbgaL0IWWjAi6LOjCZQX7gCaUyWTSDp1MwsxEKCH/IrjV33AnbvUv/AQnbRa2emDgcM653DvHTzhT2nG+rMrK6tr6RnWztrW9s7tn7x90VZxKQjsk5rHs+1hRzgTtaKY57SeS4sjntOdPbgq/90ilYrF40NOEehEeCRYygrWRhvaRK2mQuZgnYwxdJmDDOYPIy4d23Wk6M8C/BJWkDkq0h/a3G8QkjajQhGOlBshJtJdhqRnhNK+5qaIJJhM8ogNDBY6o8rLZB3J4apQAhrE0T2g4U39PZDhSahr5JhlhPVbLXiH+5w1SHV57GRNJqqkg80VhyqGOYdEGDJikRPOpIZhIZm6FZIwlJtp0trBFadOYMgF1HplorIqK0HIhf0n3oolQE91f1lu3ZVlVcAxOQAMgcAVa4A60QQcQkINn8AJerSfrzXq3PubRilXOHIIFWJ8/MiuiSA==</latexit>

worst-case treatment over subpopulation larger than ↵ 2 (0, 1]
<latexit sha1_base64="qDcu8JtBqUrLNMzX/g0+CcfktTY=">AAACHnicbVDLSsNAFJ3UV62vqAsXbgaL0IWWjAi6LOjCZQX7gCaUyWTSDp1MwsxEKCH/IrjV33AnbvUv/AQnbRa2emDgcM653DvHTzhT2nG+rMrK6tr6RnWztrW9s7tn7x90VZxKQjsk5rHs+1hRzgTtaKY57SeS4sjntOdPbgq/90ilYrF40NOEehEeCRYygrWRhvaRK2mQuZgnYwxdJmDDOYPIy4d23Wk6M8C/BJWkDkq0h/a3G8QkjajQhGOlBshJtJdhqRnhNK+5qaIJJhM8ogNDBY6o8rLZB3J4apQAhrE0T2g4U39PZDhSahr5JhlhPVbLXiH+5w1SHV57GRNJqqkg80VhyqGOYdEGDJikRPOpIZhIZm6FZIwlJtp0trBFadOYMgF1HplorIqK0HIhf0n3oolQE91f1lu3ZVlVcAxOQAMgcAVa4A60QQcQkINn8AJerSfrzXq3PubRilXOHIIFWJ8/MiuiSA==</latexit><latexit sha1_base64="qDcu8JtBqUrLNMzX/g0+CcfktTY=">AAACHnicbVDLSsNAFJ3UV62vqAsXbgaL0IWWjAi6LOjCZQX7gCaUyWTSDp1MwsxEKCH/IrjV33AnbvUv/AQnbRa2emDgcM653DvHTzhT2nG+rMrK6tr6RnWztrW9s7tn7x90VZxKQjsk5rHs+1hRzgTtaKY57SeS4sjntOdPbgq/90ilYrF40NOEehEeCRYygrWRhvaRK2mQuZgnYwxdJmDDOYPIy4d23Wk6M8C/BJWkDkq0h/a3G8QkjajQhGOlBshJtJdhqRnhNK+5qaIJJhM8ogNDBY6o8rLZB3J4apQAhrE0T2g4U39PZDhSahr5JhlhPVbLXiH+5w1SHV57GRNJqqkg80VhyqGOYdEGDJikRPOpIZhIZm6FZIwlJtp0trBFadOYMgF1HplorIqK0HIhf0n3oolQE91f1lu3ZVlVcAxOQAMgcAVa4A60QQcQkINn8AJerSfrzXq3PubRilXOHIIFWJ8/MiuiSA==</latexit><latexit sha1_base64="qDcu8JtBqUrLNMzX/g0+CcfktTY=">AAACHnicbVDLSsNAFJ3UV62vqAsXbgaL0IWWjAi6LOjCZQX7gCaUyWTSDp1MwsxEKCH/IrjV33AnbvUv/AQnbRa2emDgcM653DvHTzhT2nG+rMrK6tr6RnWztrW9s7tn7x90VZxKQjsk5rHs+1hRzgTtaKY57SeS4sjntOdPbgq/90ilYrF40NOEehEeCRYygrWRhvaRK2mQuZgnYwxdJmDDOYPIy4d23Wk6M8C/BJWkDkq0h/a3G8QkjajQhGOlBshJtJdhqRnhNK+5qaIJJhM8ogNDBY6o8rLZB3J4apQAhrE0T2g4U39PZDhSahr5JhlhPVbLXiH+5w1SHV57GRNJqqkg80VhyqGOYdEGDJikRPOpIZhIZm6FZIwlJtp0trBFadOYMgF1HplorIqK0HIhf0n3oolQE91f1lu3ZVlVcAxOQAMgcAVa4A60QQcQkINn8AJerSfrzXq3PubRilXOHIIFWJ8/MiuiSA==</latexit><latexit sha1_base64="qDcu8JtBqUrLNMzX/g0+CcfktTY=">AAACHnicbVDLSsNAFJ3UV62vqAsXbgaL0IWWjAi6LOjCZQX7gCaUyWTSDp1MwsxEKCH/IrjV33AnbvUv/AQnbRa2emDgcM653DvHTzhT2nG+rMrK6tr6RnWztrW9s7tn7x90VZxKQjsk5rHs+1hRzgTtaKY57SeS4sjntOdPbgq/90ilYrF40NOEehEeCRYygrWRhvaRK2mQuZgnYwxdJmDDOYPIy4d23Wk6M8C/BJWkDkq0h/a3G8QkjajQhGOlBshJtJdhqRnhNK+5qaIJJhM8ogNDBY6o8rLZB3J4apQAhrE0T2g4U39PZDhSahr5JhlhPVbLXiH+5w1SHV57GRNJqqkg80VhyqGOYdEGDJikRPOpIZhIZm6FZIwlJtp0trBFadOYMgF1HplorIqK0HIhf0n3oolQE91f1lu3ZVlVcAxOQAMgcAVa4A60QQcQkINn8AJerSfrzXq3PubRilXOHIIFWJ8/MiuiSA==</latexit>

WTE↵ := sup
QX⌫↵

EQX [µ?(X)]

<latexit sha1_base64="6lAsZp0gmITOIg1X61oUsdKmxyc="></latexit>

µ?(X) := E[Y (1)� Y (0) | X]

<latexit sha1_base64="NbS2VoafptoMvK2XOxs/eHQIxs0="></latexit>

where is the conditional average

treatment effect (CATE).

Recap 

‣ Covariates: X


‣ Treatment assignment: 


‣ Potential outcome: 


‣ Response 

Z
Y(0), Y(1)

Y := Y(Z)



Sensitivity analysis
[

[

• Posit a set of “plausible” changes to , and take worst-case over them 


• If effects are still valid under plausible violations, we can certify robustness


• Sensitivity of a finding: magnitude of violation when endpoint crosses a threshold


• Today: Worst-case bounds on the Doubly Robust / AIPW estimator

PX

Causal effect

Population-level worst-case bound

Sample-based estimate of worst-case bound

0

WTE↵ := sup
QX⌫↵

EQX [µ?(X)]

<latexit sha1_base64="6lAsZp0gmITOIg1X61oUsdKmxyc="></latexit>



Sensitivity analysis

0

[

[

[

[

[
[

[

[
Is this a “sensible” amount of 
distribution shift / violation?

• Posit a set of “plausible” changes to , and take worst-case over them 


• If effects are still valid under plausible violations, we can certify robustness


• Sensitivity of a finding: magnitude of violation when endpoint crosses a threshold


• Today: Worst-case bounds on the Doubly Robust / AIPW estimator

PX



Sensitivity analysis

• Does not assume a fixed target; often appropriate for operational 
decisions


• Heuristically, set  small if the collected data is not diverse 


• Conservative but can still be useful; future work needed on this


• Need to be accompanied by a design-based perspective to 
maximizing diversity in 

α

PX



Effect of Medicaid on doctor visits over time

• Evaluate effect of Medicaid enrollment on doctors’ office utilization 

• Medicaid costs $553 billion/yr; need to ensure valid effects through time 

• Outcome: visit to doctors in the two-weeks prior to a random survey date 

• Control for demographics, medical history, employment, earnings, 
insurance, government assistance etc (d = 396) 

• Take the viewpoint of an analyst in 2009 (n = 82,993)



Effect of Medicaid on doctor visits over time

• Evaluate effect of Medicaid enrollment on doctors’ office utilization in 2009



Effect of Medicaid on doctor visits over time

• Evaluate effect of effect of Medicaid enrollment on doctors’ office utilization



Effect of Medicaid on doctor visits over time

• Evaluate effect of effect of Medicaid enrollment on doctors’ office utilization

Change in share from 2009



Welfare attitudes experiment
• Evaluate effect of wording on survey results (“welfare” vs “assistance to 

the poor”) 

• WTE guarantees positive findings even for small subpopulations 

• WTE is stable across model classes used, similar to ATE, unlike CATE



P−1
1−α(μ⋆(X))

QX
<latexit sha1_base64="M3CNqMqb5evm6JA/HifyO2b6NOk=">AAACEnicbZDLSgMxFIYz9VbrrerSzWAR3FhmqqDLihuXLdgLtEPJpBkbmsuYnBHKUPAhBLf6Gu7ErS/gW/gIZtoubOuBwJ///Mk5fGHMmQHP+3ZyK6tr6xv5zcLW9s7uXnH/oGlUogltEMWVbofYUM4kbQADTtuxpliEnLbC4U3Wbz1SbZiSdzCKaSDwvWQRIxisFXTtlUrAab3XHveKJa/sTcpdFv5MlNCsar3iT7evSCLsD4RjYzq+F0OQYg2McDoudBNDY0yGdkbHSokFNUE6WXrsnlin70ZK2yPBnbh/X6RYGDMSoU0KDAOz2MvM/3qdBKKrIGUyToBKMh0UJdwF5WYE3D7TlAAfWYGJZnZXlwywxgQsp7kpBiwlYwPmTNioMhkifxHIsmhWyv55uVK/KFWvn6aw8ugIHaNT5KNLVEW3qIYaiKAH9IJe0Zvz7Lw7H87nNJpzZoAP0Vw5X79PLZ/W</latexit>

WTE↵ := sup
QX⌫↵

EQX [µ?(X)]

<latexit sha1_base64="6lAsZp0gmITOIg1X61oUsdKmxyc="></latexit>

Recap 

‣ Covariates: X


‣ Treatment assignment: 


‣ Potential outcome: 

‣ CATE 

Z
Y(0), Y(1)

μ⋆(X) = $[Y(1) − Y(0) ∣ X]

WTE = Tail-average

Lemma (Shapiro et al. ‘09)

= $[μ⋆(X)h⋆(X)]sup
QX⌫↵

EQX [µ?(X)] = inf
⌘

⇢
1

↵
EPX (µ?(X)� ⌘)+ + ⌘

�

= E[µ?(X) | µ?(X) � P�1
1�↵(µ

?)]

<latexit sha1_base64="rr8bHj52ATZ/KiupXv2oeUTvOBY="></latexit>

where h⋆(x) := 1
α

1 {μ⋆(x) ≥ P−1
1−α(μ⋆)}

-quantile 
of 

(1 − α)
μ⋆(X)



Estimation Approach
• Use ML methods to fit nuisance parameters 
 
 
 

• Today: Construct a WTE estimator insensitive to error in nuisance estimates


• Design an mean zero augmentation term that includes nuisance parameters

µ?
z(X) = E[Y (z) | X = x], z 2 {0, 1}

<latexit sha1_base64="kU//02oBPfaiMXVfo9fD6O5IL0E="></latexit>

e?(X) = P(Z = 1 | X)

<latexit sha1_base64="l/GYaxkNSJ6TT+fkWOqB3m8VAsQ=">AAACInicbVDLSgMxFM3UV62vUZfdBIvQLiwzUlAXQkEXLivYWuyUkknTNjSZDMkdoZQu/BfBrf6GO3El+BF+guljYVsPhBzOOZebnDAW3IDnfTmpldW19Y30ZmZre2d3z90/qBmVaMqqVAml6yExTPCIVYGDYPVYMyJDwe7D/tXYv39k2nAV3cEgZk1JuhHvcErASi03ywIVQ75ewJc4qOQf7OXjQPI2rhdabs4rehPgZeLPSA7NUGm5P0Fb0USyCKggxjR8L4bmkGjgVLBRJkgMiwntky5rWBoRyUxzOPnECB9bpY07StsTAZ6ofyeGRBozkKFNSgI9s+iNxf+8RgKd8+aQR3ECLKLTRZ1EYFB43Ahuc80oiIElhGpu34ppj2hCwfY2t8WAbc3YgDmRNqrMyFbkLxayTGqnRb9UvLgt5crXs7LSKIuOUB756AyV0Q2qoCqi6Am9oFf05jw7786H8zmNppzZzCGag/P9C5HeolI=</latexit>

h?(X) =
1

↵
1
�
µ?(X) � P�1

1�↵(µ
?)
 

<latexit sha1_base64="BY3nj3PcZRS0POdnOvZSQXeTREs="></latexit>

Recap 

‣ Covariates: X


‣ Treatment assignment: 


‣ Potential outcome: 

Z
Y(0), Y(1)

WTEα + $ [h⋆(X)( Z
e⋆(X) (Y − μ⋆

1 (X)) − 1 − Z
1 − e⋆(X) (Y − μ⋆

0 (X)))]
Neyman orthogonal: Directional derivative w.r.t. nuisance parameters, 
taken at the true nuisance value                         is zero. [Neyman ’59, 

Chernozhukov et al. ’18](µ?
1, µ

?
0, e

?, h?)

<latexit sha1_base64="JBVnN7vj/BKGIZuZTEsPzeXflzo=">AAACK3icbZDLSgMxFIYz9VbrrerSTbAKFbTMSEHdFXThsoK9QFuGTJppg8lkSM4IpfQFfBfBrb6GK8Wtex/BTNuFbT0Q8vGf/3CSP4gFN+C6H05maXlldS27ntvY3Nreye/u1Y1KNGU1qoTSzYAYJnjEasBBsGasGZGBYI3g4TrtNx6ZNlxF9zCIWUeSXsRDTglYyc8fFdsy8b22iuEUp+hOkE2ufnqd+PmCW3LHhRfBm0IBTavq53/aXUUTySKgghjT8twYOkOigVPBRrl2YlhM6APpsZbFiEhmOsPxb0b42CpdHCptTwR4rP6dGBJpzEAG1ikJ9M18LxX/67USCC87Qx7FCbCIThaFicCgcBoN7nLNKIiBBUI1t2/FtE80oWADnNliwMZnrMGcSWtVZmQj8uYDWYT6eckrl67uyoXKzTSsLDpAh6iIPHSBKugWVVENUfSEXtArenOenXfn0/maWDPOdGYfzZTz/QtdeaeY</latexit>



Assumptions

• No unobserved confounding: 


• Overlap: 


• SUTVA: single version of treatment, no interference between units 
                              

Y(0), Y(1) ⊥ Z |X

∃c > 0 s . t . ℙ(e⋆(X) ∈ [c,1 − c]) = 1

Standard; required for identification and estimation of ATE

Recap 

‣ Covariate X, Treatment 


‣ Potential outcome: 


‣ Propensity score 

Z
Y(0), Y(1)

e⋆(X) = ℙ(Z = 1 |X)



Main Results

• Central limit rates even when nuisance estimates converge more slowly


• Augmented estimator is semiparametrically efficient for both randomized 
and observational studies

1. Under slower-than-parametric rates of convergence on the 
nuisance parameters, 

2.  is the optimal asymptotic variance 
n(ŵα − WTEα) ⇒ N(0,σ2

α)
σ2

α

Theorem (Jeong & N. ’20)

[

[



• Worst-case bounds on the Doubly Robust / AIPW estimator under 
distribution shift


• Allow flexible use of ML methods to estimate nuisance parameters


• Central limit results even when nuisance parameters converge slower


• Our procedures are optimal; semiparametrically efficient

https://arxiv.org/abs/2007.02411


Summary

[

[

https://arxiv.org/abs/2007.02411

