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Chapter 1
Randomized Controlled Trials

How best to understand and characterize causality is an age-old question in
philosophy. As such, one might expect that any discussion of causal inference
would need to be framed in terms of subtle and esoteric concepts. However,
a ground-breaking line of work starting with Neyman| [1923] and Rubin| [1974]
established that—although causality is in general a delicate and complicated
notion—there exists an important class of problems, randomized controlled
trials, where it is possible to approach causal questions in a practical and
conceptually straight-forward way via careful application of randomization,
averaging, and counterfactual reasoning]T]

This chapter presents a brief overview of statistical estimation and infer-
ence in randomized controlled trials (RCTs). When available, evidence drawn
from RCTs is often considered gold standard statistical evidence; and thus
methods for studying RCTs form the foundation of the statistical toolkit for
causal inference. Furthermore, many widely used observational study designs
in, e.g., econometrics or epidemiology are motivated by analogy to RCTs; and
so this chapter will also serve as a stepping stone to subsequent discussions of
estimation and inference in observational studies.

Average treatment effects Suppose that we have run a RCT with n study
participants ¢ = 1, ..., n, where each unit 7 is assigned a binary treatment
W; € {0, 1} and we then measure an outcome Y;. Our goal is to estimate the
effect of the treatment on the outcome. Following the Neyman-Rubin causal
model, we define the causal effect of a treatment via potential outcomes:
For each treatment level w € {0, 1}, we define potential outcomes Y;(1) and
Y;(0) corresponding to the outcome the i-th subject would have experienced
had they respectively received the treatment or not, such that Y; = Y;(W,).

1See [Holland, [1986] for one perspective on the work of Neyman| [1923] and Rubin| [1974]
in a historical context.



The individual causal effect of the treatment on the i-th unit is then?
As = Yi(1) = Yi(0). (L.1)

The fundamental problem in causal inference is that only one treatment can
be assigned to a given individual, and so only one of ¥;(0) and Y;(1) can ever
be observed. Thus, A; can never be observed directly.

Although A; is itself unknowable, we can (perhaps remarkably) use random-
ized experiments to learn certain properties of the A;. In finite samples, with-
out any assumptions on how study participants were generated (or equivalently,
conditionally on the potential outcomes of study participants), randomization
enables us to get unbiased estimates of the sample average treatment effect
(SATE)

— 1
A= 13 (1) - ¥i(0)). (1:2)
i=1

Furthermore, if we assume that study participants are independently drawn
from a population P, then randomized experiments enable unbiased and large-
sample consistent estimates of the (population) average treatment effect

(ATE)
7= Ep [Yi(1) - Yi(0)]. (1.3)

This chapter will discuss properties of a number of different estimators for these
two quantities.

1.1 Difference-in-means estimation

In a randomized controlled trial, there are many ways to estimate the average
treatment effect. Perhaps the simplest and most intuitive way of doing so is
via the difference-in-means estimator,

) 1 1 .
TDM::n—IZ}@—n—OZm, ny = |{i: W; = w}|. (1.4)
W;=1 W;=0

In our setting, this difference in means estimator is unbiased essentially without
assumptions, and the average treatment effect is identified directly via random-
ization. Suppose that the potential outcomes model given above is valid; or, as

20ne major assumption that’s baked into this notation is that binary counterfactuals
exist, i.e., that it makes sense to talk about the effect of choosing to intervene or not on
a single unit, without considering the treatments assigned to other units. This may be a
reasonable assumption in medicine (i.e., that the treatment prescribed to patient A doesn’t
affect patient B), but are less appropriate in some social or economic settings where network
effects may arise. We will discuss causal inference under interference in Chapters|11{and
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this is often stated in the literature, that the Stable Unit Treatment Values
Assumption (SUTVA) holds:

Y=Y, (W), i=1, ... n (1.5)

Suppose furthermore that the treatment is in fact randomized, i.e., that condi-
tionally all the potential outcomes {Y;(0), Y;(1)};_, and the number of treated
units nq, all units are treated with the same probability

ny

P [W; = 1] {Y;(0), i)}y, m] = — i=1.n (1.6)
Then 7pys is finite-sample unbiased for the SATE as defined in .
Theorem 1.1. Under assumptions and ,

E [#pa | {Yi(0), Yi(1)},, ng > 0, ny > 0] = A (1.7)

Proof. Whenever n; > 0, i.e., we have at least 1 treated unit,

1 n
E|— > Y| {%(0), i}, n]
Lwi=1
Lo )
=E n_1 Z WiY; ‘ {Yi(0), Yi(1) }io, nl]
L=t
1 n
=E |— Y WiYi(1) | {¥(0), i(1)},, nl] (SUTVA)
I
I n
= o 2 V(B W | {Yi(0), i)}y, ]
i=1
1 ¢ :
= — Z Yi(1) (random assignment).
n
i=1
An analogous result holds for the average of the controls when ng > 0. [

3Here, we're implicitly assuming that each unit has the same marginal probability of
getting treated. Standard experimental designs that satisfy this assumption include the
Bernoulli-randomized trial, where each unit is independently treated with probability 0 <
m < 1; the completely randomized trial, where each set of n; treated units are equally likely
to get chosen for treatment; and the matched-pairs design, where we first pair units according
to some algorithm, and then randomly choose one unit in each pair for treatment. Designs
that assign different units different marginal treatment probabilities may also be considered;
however, as discussed in the next chapter, analyzing them requires more care.



Population Asymptotics The result in Theorem is valuable in its gen-
erality: It provides an unbiasedness result under minimal assumptions, and in
particular makes no distributional assumptions on the potential outcomes. In
practical terms, this means we can apply Theorem without making any
claims about how the n study participants were recruited.

A limitation of this result, however, is that it does not characterize the
sampling error 7py — A, and so doesn’t directly provide a roadmap to sta-
tistical inference. In order to make progress, we here make an additional
assumption that the study participants (i.e., formally, the pairs of potential
outcomes {Y;(0), Y;(1)}) are independently drawn from a population P. Such
population-sampling assumptions then enable straight-forward distributional
results and confidence intervals via standard large-sample analysis. It is also
possible to obtain distributional results without making such sampling assump-
tions, but doing so relies on specialized statistical techniques that we will not
pursue for now; we will revisit population-sampling-free methods for inference
in the bibliographic notes at the end of this chapter and in Chapter [12]

Example 1. In 2008, Oregon ran a lottery to allocate additional spots in
its Medicaid program to low-income adults. As reported in [Finkelstein et al.
[2012], ~ 90,000 people joined the lottery, and of them a (randomly selected)
~ 35,000 were allowed to apply for Medicaid. The authors consider a number
of outcomes, such as healthcare use and expenditures. Finite-sample analysis
following Theorem shows that, among lottery participants, the difference-
in-means estimator is unbiased for the average effect of being allowed to apply
for Medicaid on outcomes considered, regardless of how the set of lottery par-
ticipants was created. The asymptotic tools discussed below make a further
assumption that the lottery participants were independently sampled from from
a relevant larger population (e.g., able-bodied, low-income, uninsured adults
with interest in gaining insurance coverage).

A central limit theorem In addition to IID sampling, we will also be more
specific about how treatment is randomized, and assume that we are in a
Bernoulli trial withf]

W; | {Yi(0), Y;(1)} % Bernoulli(r), 0<m< 1. (1.8)

“Note that the Bernoulli trial assumption implies the randomization condition , but
the converse is not true. For example a completely randomized experiment where we give
treatment to a set of [ny = n/2] units chosen uniformly at random satisfies but
not . The reason we consider Bernoulli trials here is that, under this assumption,
the treatment assignments W; across units are independent—thus simplifying the statistical
analysis.



The following central limit theorem for the difference-in-means estimator can
then be established via simple statistical arguments.

Theorem 1.2. Under the assumptions of Theorem[1.3, suppose furthermore
that the potential outcomes are drawn as {Y;(0), Y;(1)} X P from a distribution
P with bounded second moments and that we run a Bernoulli trial as in (1.8]).
Then,

Var [Y;(0)] . Var [K(l)]

1—7 s

Vn(tpyu —7) = N (0, Vou), Vou =

(1.9)

Furthermore, the plug-in variance estimate

2 2

~ n 1 n 1

o= 23 (-2 50 n) <55 (v sow)
0 w,—0 0 w,=o L ywi=1 L wi=1

18 consistent, ?DM —» Vbur-

Proof. Defining potential outcome residuals ¢;(w) = Y;(w) — Ep[Y;(w)] for
w = 0, 1, we can express our estimation error as

%DM—T:ni1 Z &i(1) _nio Z &i(0)

Wizl Wi=1
1 < 1 <
= oS Wia(1) - ==Y (1 - W) &i(0).
nn i1 Non _—

By randomization, one can verify that E [W &;(1)] = P [W]E [g;(1) |W; = 1] =
P [Wi]E [e;(1)] = 0 and E [(1 — W})&;(0)] = 0, and finally

v (o o)) = )

= (M o)

Thus, by the standard multivariate central limit theorem

vr (l 27131%%1%51-3(2(0>) =N (0’ (W VMO[Q(D] (1 —m) gar [&'(0)])) '

n

The result ((1.9) follows by Slutsky’s lemma because the treatment fraction of
a Bernoulli trial concentrates, ny/n —, 7. Meanwhile, (1.10) follows similarly
via the weak law of large numbers. O



The above central limit theorem for 7p); immediately enables asymptoti-
cally valid Gaussian confidence intervals for 7. For any 0 < o < 1,

lim P |:7' c (%DM + o711 - a/z)m)] =1-aq, (1.11)

where @ denotes the standard Gaussian cumulative distribution function.

From a certain perspective, one could argue that the above is all that is
needed to estimate average treatment effects in randomized trials. The dif-
ference in means estimator 7p,; is consistent and allows for valid asymptotic
inference; moreover, the estimator is very simple to implement, and hard to
“cheat” with (i.e., there is little room for an unscrupulous analyst to try dif-
ferent estimation strategies and report the one that gives the answer closest to
the one they want). On the other hand, our discussion so far has not estab-
lished that 7pys is an “optimal” way to use the data in any meaningful sense;
and in fact, we’ll see below that it’s often possible to design estimators with
guarantees that strictly dominate those for 7pj;.

1.2 Regression adjustments in randomized trials

When analyzing randomized controlled trials, we often have access to pre-
treatment covariates X; observed together with the treatments W; and out-
comes Y;. In this case, practitioners often choose to estimate treatment effects
via a linear regression based approach rather than via the simple difference in
means.

There are two standard ways to estimate average treatment effects via linear
regression. The first is to fit a simple linear regression]’

and then report the resulting coefficient Tsrpg := 7 as an estimate of the
average treatment effect. The second is to add in full treatment-covariate
interactions, and to fit the interacted linear regression

Yima+Wir+ X, - B+W; X; 7. (1.13)

5Throughout, we use notation of the type ¥; ~ X; - 8 to mean that, algorithmically, we
have run a regression—here with response Y; and regressors X;. In other words, this notation
simply means that we assign § := (X’X)~1X'Y. This notation does not imply any implicit
model for the data; and in fact, as seen below, one can study the statistical behavior of
regression algorithms under different models for the underlying data.



One can then estimate the average treatment effect via the average difference
in predictions if everyone vs. no one were treated

=1 =1 (1.14)

Both the simple and interacted regression can reasonably be deployed in ran-
domized experiments. For the rest of this chapter, we will focus on properties
of the interacted regression estimator 7;zrpq because it allows for transparent
analysis and is also generally regarded a best practice in the current literature
on causal inference; see the bibliographic notes for further discussion.

Regression adjustments under linearity The linear regression estimator
is a statistical estimator that can be studied under a number of different
models for the data. The simplest setting under which to consider the behavior
of Trrpq (and compare it to that of 7pys) is under an assumption that the
regression model is well specified; and this is the setting we will start
with here.

Suppose for now that our samples are independently is generated via a
Bernoulli randomized trial with outcomes Y; = Y;(W;) and

Yi(w) = aw) + Xi - Bu) + ei(w), (1.15)

E [ei(w) |XZ] =0, Var [a(w) }Xz] = g2, '
Under Bernoulli randomization, one can check that the observables (X, Y;, W;)
are independently drawn from a distribution Satisfyingﬂ

Yi = aw) + Wila) — @) + Xi - Bo) + WiXi - (Bo) = Bo) +ei,  (1.16)

with E [; | X;, Wi] = 0 and Var [¢; | X;, W;] = 02, i.e., the regression (L.13)
is in fact well specified. For simplicity, we will further assume that we are in
a balanced randomized trial with 7 = 50%, and (without loss of generality)
E [X] = 0[]

5Despite their similar appearance, we emphasize that and have completely
different meanings: The former describes an algorithm we run on data, while the latter
encodes structure we believe the data to satisfy.

"The assumption that E [X] = 0 is without loss of generality because all estimators we
will consider in this chapter are translation invariant. Of course, however, the analyst cannot
be allowed to make use of knowledge that E [X] = 0.
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As a warm-up, we first study the behavior of 7py; under this model as a
baseline; we will then be able to compare it with 7;grgq. Given our general
result in Theorem all that remains to be done is to spell out what Vp,, is
here; and, writing Var [X] = A, we we get (recall that we’re using = = 0.5 for
simplicity)

Var [Y;(0)] N Var [Y;(1)]
0.5 0.5
= 2 (Var [XiB)] + 02) + 2 (Var [XiBw)] + 02) (1.17)

=402+ 2||Boy ||, + 218w I
= 40" + || Bo) + 5(1)“1 + |0y — 5(1)H,24’

VDM =

where we used the notation ||v||% = v’ Av for convenience.

Given that the linear regression model is well specified here, one should
expect that 7;rpg improves over the performance of 7p,/; the question is by
how much. To study the regression estimator, it is helpful to note that the
interacted regression is algorithmically equivalent to running separate
regressions for the treated and control groups and then taking differences of
their predictions on the full study sample:

Y, ~ (o) + X; - 5(0) for all ¢+ with W; = 0,
Y, ~ a@q) + X; - B for all ¢ with W; =0,
FrEG = Q1) — Qo) + X (Bu) — B(o)) :

Standard results about linear regression then imply that, under model (1.15])
(recall also that, here, we assume that E [X] = 0)

(o) = () =2 (0 0 a2)

N . — =N10,0 _ , 1.18
((&w) B 0 A~ (118)
and that (), &), B(O), B(l) and X are all asymptotically independent. Then,
we can write

firEe — T = Gy — o)~ &) — oot X (Boy = Bo)
SN (O,02 /) =NO02/m0) (o, |y | /)
+X <B(1) — By — By + 5(0)>>

(. J/
-~

Op(1/n)

11



which leads us to the central limit theorem

Vi (Firee — 7) = N (0, Vigea),  Viree =40 + ||Bo) — 5(1)”2- (1.19)

After the dust settles we see that, under the linear model ((1.15)), the interacted
regression estimator also satisfies a central limit theorem, and

Viree = Vbou — Hﬁ(O) + 5(1)“1 < Vbum, (1.20)

i.e., the regression estimator usually has a better (and never has a worse)
asymptotic variance than the difference-in-means estimator.

Regression adjustments without linearity We showed above that if we
assume that the data is generated following a linear model then, as expected,
using an estimator that leverages linearity enables more accurate estimates of
the average treatment effect than one that doesn’t. A pessimist might expect
that these accuracy gains come at a cost, and that linear regression estimators
should face a trade-off whereby they do worse than the difference-in-means
estimator when linearity doesn’t hold. Surprisingly, however, no such tradeoff
exists. In randomized trials, T;rpc is always consistent for 7 and satisfies
an asymptotic non-inferiority results of the type , even when the linear
regression underlying 7;repc may be misspecified.

We start by establishing a general central limit theorem for 7;grpq below
under an assumption that samples are independently drawn from a population,
but no linearity assumption. Throughout, we will use the following notation,

fiw) (z) = E [Yi(w) | X; = ] | 0l (x) = Var [Yi(w) | X;=a], (1.21)

w)

and assume that these quantities are well-defined and finite. The proof of
the following result relies on the Huber—White analysis of linear regression
whereby—regardless of linearity assumptions—Ilinear regression consistently
the best linear projection coefficients

(a?w), ﬁz‘w)) = argmin, 4 {E [(Y;(w) —a — X; - 5)2} }, (1.22)

which characterize the best available linear-in-X; predictor under mean-squared
errorﬁ The argument below can also be extended to verify that standard
non-parametric tools for statistical inference—such as the bootstrap or the
jackknife—can be used to build asymptotically valid normal confidence inter-
vals for 7 that are centered at Trreq.

8Under will specification ([1.15]), the best linear projection coefficients match the param-
eters of the linear model, i.e., a”(“w) = Q(y) and 5@;) = B(w)-

12



Theorem 1.3. Under the conditions of Theorem|1.4, assume furthermore that
E [X'X] is invertible. Then,

Vn (trree — 1) = N (0, Vigea)
1
VIREG = Var [Xz : (6?1) - BEF(]))} + ;E [(}/1(1) — 05?1) - Xi : 5?1))2} (1.23)

+ ———E |(¥i(0) — afy — Xi - B’

1—m

Proof. We again assume, without loss of generality, that E [X;] = 0. From the
Huber-White analysis of linear regression, we then obtain thatf]

() () o (45 2)). v
Blw) Blw) 0 a (1.24)
MSE,) =E |(Yi(w) = X8, — 4fu)’]

measures the mean-squared error of the best linear predictor. We do not write
down the lower corner of the asymptotic variance matrix as it is complicated
and does not contribute to first-order behavior; however, we do note that the
“...7 term is finite whenever E [X'X] is invertible.

It now remains to expand out the regression estimator as given in ((1.14)),

TIREG — T = Q1) — Qo) — T + X <B(1) - B(o)) .

We start by focusing on the contribution of the first 3 summands. One can im-
mediately verify that the average bias of the optimal linear predictions must he
0, i.e., given ﬁzkw), the intercept parameter must be aj,y =E Yi(w) — X; - ﬂ(*l) )
Thus, under our assumption that E [X;] = 0, we must have af,, = E [Y;(0]],
and so

~ ~

Gy = &) = 7 = da) — afy — (G —afy) -
The central limit theorem ([1.24)) then implies that
MSEy) MSE(*O)>

s 1—m

vn (d(l) — Qo) — 7') =N (0, (1.25)

Now, moving to the last summand, we note that

~ ~

X- (Bu) - 3(0)) =X (By— B +X- (5(1) — By — By + ﬁfo)) :

9For a recent review of asymptotics for linear regression under misspecification, see Buja
et al|[2019]; in particular (1.24]) follows immediately from Proposition 7.1 of that paper
under the assumption that E [X;] = 0.

13



Again because E [X;] = 0, the average X of the covariates is near zero with
asymptotically normal fluctuations of order 1/+/n, and so

VX - (8~ Bi) = N (0, Var [Xe- (5~ o)) (126)

Furthermore, one can verify that the terms in (1.25) and ((1.26) are asymptot-
ically uncorrelated and thus asymptotically independentm

Finally, because both X and (thanks to (1.24)) B(o) — Bjy) have fluctuations
on the order of 1/y/n away from 0, their product can only have fluctuations of
order 1/n away from 0; we write this compactly as

X By = Bty = By + By ) = Or (1/m).

Thus, by Slutsky’s lemma, this product term can be asymptotically ignored

since the leading-order terms ((1.25)) and ((1.26)) are of order 1/y/n. Putting all
the pieces together recovers (|1.23]). ]

With Theorem in hand, we are ready to revisit our comparison between
Tirec reduces to 7py. Does using a regression adjustment help improve pre-
cision, even without linearity assumptions? Here, we show that the answer is
yes for balanced RCTs, i.e., with 7 = 0.5, and under an assumption that the
unpredictable noise level is constant, o) (z) = o, (v) = ¢ for all xﬂ Under
these assumptions, and writing Var [X;] = A as before, we can expand out the
asymptotic variance from ([1.23)) as follows:lﬂ

Viree = 2MSEjy, + 2MSEj, + |18 — Bl
= 40% + 2 Var [M(o)(X) - Xﬂzﬂo)]
+ 2 Var [pa)(X) = X8 + 185 = Bio |l -

2
4

Next, because X Ww) is the projection of 1)(X) onto the span of X, this

10Verifying this requires going into details of the proof of and so we will not do
so here. The key fact leading to these quantities being asymptotically uncorrelated is
that, by the first-order condition for the best linear projection coefficients, we must have
Cov[Y;(w) — af,) — Xi+ B{, Xi] =0.

' The answer is also yes without these assumptions; verifying this is left as an exercise.

12For the third equality, we use the fact that Xﬁz‘w) is the projection of i(,,)(X) on to the

linear span of the features X, and so Cov|[p () (X), XBE*w)] = Var[XBE*w)].

14



further simplifies

= 407 4 2 (Var [0y (X)] — Var [X55y)])
+2 (Var [y (X)] — Var [X5(;)])

= 40? + 2 (Var [p()(X)] + Var [pq) (X)])
1)_5?0)’3 0‘ 2|B{1‘
= 40 + 2 (Var [p0)(X)] + Var [py(X)]) — ||85) + 5?1)}}124

= Vour — |18y + B[ -

In other words, whether or not the true effect function p,(x) is linear, in-
teracted linear regression always either reduces or matches the asymptotic
variance of the difference-in-means estimator. Moreover, the amount of vari-
ance reduction scales by the amount by which linear regression in fact chooses
to fit the training data. A worst case for the regression adjustment is when
ﬁ(*o) = Ba) = 0, i.e., when OLS asymptotically just does nothing; and in this
case Trrea ends up being asymptotically equivalent to 7pay.

The role of regression adjustments in RCTs The individual treatment
effect A; = Y;(1) — Y;(0) is a central object of interest in causal inference.
These effects A; themselves are fundamentally unknowable; however, a large
RCT lets us consistently recover the average treatment effect 7 = E [A;]. In
this chapter, we presented and compared two approaches for doing so: The
difference-in-means estimator and the interacted regression adjustment. Per-
haps surprisingly we found that, when pre-treatment covariates are available,
the regression adjustment is asymptotically at least as precise as (and usually
more precise than) the difference-in-means estimator—and this result holds
whether or not the linear model underlying the regression adjustment is well
specified.

A key point about our analysis of the regression adjustment is that we
defined our target estimand, i.e., the average treatment effect 7 = E [A;], before
(and without) making any parametric (e.g., linear) modeling assumptions. The
average treatment effect was defined in terms of non-parametric counterfactual
reasoning. Linear regression was then used as an algorithmic tool to estimate 7,
but linear modeling played no role in framing our original statistical question.

Finally, note that our regression adjustment estimator can effectively be

15



viewed as an average difference in predictions,

. 1 . 5 . A
TIREG = o E <Oé(1) + Xiﬁ(l)) — <Oé(0) + Xzﬂ(O)) ; (1.27)
i=1 | ~~ 7N ~~ -
By (Xi) fro) (Xi)

where fi(,)(x) denotes linear regression predictions at x under treatment w.
Could we use other methods to estimate fi(.(x) (e.g., deep nets, forests) rather
than linear regression? How would this affect asymptotic variance? Exercise
in Chapter [16| digs deeper on this.

1.3 Bibliographic notes

The potential outcomes model for causal inference was first advocated by [Ney-
man| [1923] and Rubin| [1974]; see Imbens and Rubin| [2015] for a modern text-
book treatment. One simple yet subtle aspect of the modeling framework used
here is our use of SUTVA which, through notation, rules out many plausi-
ble difficulties Imbens and Rubinl [2015, Chapter 1.6]. SUTVA precludes any
form of cross-unit interference (i.e., W; cannot affect Y; for i # j). Further-
more, SUTVA implicitly requires that there is only 1 “version” of treatment;
and this assumption may become problematic if, e.g., we run a multi-site ran-
domized trial where different sites administer treatment in a slightly different
way. Thus, whenever invoked in an application, credibility of SUTVA should
be carefully assessed.

One distinction question that has received considerable attention in the
literature is whether or not one is willing to make any stochastic assumptions
on the potential outcomes. The setting without stochastic assumptions on
the potential outcomes is referred to as the Neyman model for randomization
inference or the finite-population model; whereas the setting with stochastic
assumptions is referred to the superpopulation or the IID-sampling model.
Here, we stated Theorem under the Neyman model, but otherwise worked
under a superpopulation sampling model. We will take a closer look at the
Neyman model—and also revisit some of the results from this chapter—in the
context of our discussion of causal inference under cross-unit interference in
Chapter [12

Statistical inference justified under the Neyman model is sometimes con-
sidered the highest standard of rigor in analyzing randomized trials because
all inferences are justified by randomization alone: The analyst does not need
to reason about how study participants were enrolled (and whether they were
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randomly drawn from a larger population) in order to rigorously apply results
proven under this model. The cost of working under the the Neyman model
establishing the sampling distribution of even fairly simple estimators requires
more intricate statistical analyses; see Li and Ding| [2017] for recent results in
this setting. In contrast, studying randomized trials under the superpopulation
model generally enables simpler analyses via application of standard statistical
and econometric tools; and paves the way for more sophisticated semipara-
metric estimators in observational study settings. A further discussion and
comparison of the SATE and ATE ((1.3]) estimands is given in [Imbens,
2004].

Lin| [2013] presents a thorough discussion of the role of linear regression
adjustments in improving the precision of average treatment effect estimators,
and why using full intereactions as in is often considered a best practice
relative to the simple regression . When the covariates X; are generated
via one-hot-encoding of a discrete factor (i.e., X; € {0, 1}K with only one non-
zero entry per unit) the interacted regression adjustment estimator is equivalent
to (post-)stratification, which is also generally considered a best practice in
analyzing data from randomized experiments [Miratrix, Sekhon, and Yu} 2013].

Another feature of |Lin| [2013] is that he works under the Neyman model for
randomization inference, and shows that many of the insights from Theorem|[I.3]
in fact still holds in this setting. [Wager et al. [2016] have a discussion of non-
parametric or high-dimensional regression adjustments in randomized trials
under superpopulations asymptotics that expands on the results covered here.
The study of high-dimensional regression adjustmentin the Neyman model is
an ongoing effort, with recent contributions from [Bloniarz et al. [2016] and |Lei
and Ding| [2021].
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Chapter 2
Unconfoundedness and the
Propensity Score

Randomized controlled trials represent a powerful—yet somewhat rigid—class
of settings where we can identify and estimate causal effects. One of the over-
arching focuses of the literature on statistical causal inference (and also of this
book) is on ways in which we relax assumptions made in RCTs while preserv-
ing our ability to rigorously estimate causal effects, thus broadening the set of
problems where causal inference is possible.

In this chapter, we will consider a first, simple relaxation of the RCT as-
sumptions. We will no longer assume that the treatment W, is randomized;
however, we will assume that we observe pre-treatment covariates X; such
that, after conditioning on X;, the treatment is as good as randomized. We
will then discuss a number of methods for estimating the average treatment
effect that exploit this “unconfoundedness” assumption, including ones based
on estimating the propensity score (i.e., the conditional probability of receiving
treatment). For simplicitly, throughout this chapter (and the next ones also)
we will work exclusively under the assumption that units are independently
sampled from a superpopulation.

Beyond a single randomized controlled trial The simplest way to move
beyond one RCT is to consider two RCTs. As a concrete example, supposed
that we are interested in giving teenagers cash incentives to discourage them
from smoking. A random subset of ~ 5% of teenagers in Palo Alto, CA, and
a random subset of ~ 20% of teenagers in Geneva, Switzerland are eligible for
the study.

Palo Alto | Non-S. Smoker Geneva | Non-S. Smoker
Treat. 152 5 Treat. 581 350
Control 2362 122 Control | 2278 1979
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Within each city, we have an RCT, and in fact readily see that the treatment
helps. However, looking at aggregate data is misleading, and it looks like the
treatment hurts; this is an example of what is sometimes called Simpson’s
paradox:

Palo Alto + Geneva | Non-Smoker Smoker
Treatment 733 401
Control 4640 2101

Once we aggregate the data, this is no longer an RCT because Genevans are
both more likely to get treated, and more likely to smoke whether or not they
get treated. In order to get a consistent estimate of the ATE, we need to
estimate treatment effects in each city separately:

5 122
TpA = — ~ —1.
TPA T 15915 2362 + 122 %,
350 1979

7 = — ~ —8.9
TGVA = 350 1581 2278 + 1979 %

2641 5188
T = T 7A'GVA ~ —6.5%.

2641 + 5188 ™ T 2641 1 5188

What are the statistical properties of this estimator? How does this idea gen-
eralize to continuous x?

2.1 Stratified estimation

Formalizing the above discussion, suppose that we have covariates X; that take
values in a discrete space X; € X, with |X| = p < co. Suppose moreover that
the treatment assignment is random conditionally on Xj, (i.e., we have an RCT
in each group defined by a level of z):

{Y;(0), (1)} LW; | X; =z, forall z€X. (2.1)
Define the conditional average treatment effect as
m(z) =E [Yi(1) = Y;(0) | X; = 2] . (2.2)

Then, the above suggests that ought to be able to estimate the ATE 7 by
aggregating estimates of the conditional average treatment effect,

formar = 3 4 (w), tw = Y Y- = Y Y, (23)

n n
T€X Tl X =, Wi=1} 20 (X, =z, W;=0}
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where n, = |{i: X; = z}| and ng, = [{i : X; = 2, W; = w}|. Another way to
look as the estimator in ([2.3) is that we apply the difference-in-means estimator
after stratifying the sample using the covariates X;; and for this reason we will
refer to it as the stratified estimator.

The following result verifies that the stratified estimator is in fact valid
under our assumptions. Remarkably, the asymptotic variance Vsrgrar does
not depend on |X| = p, the number of groups, or equivalently the number
of “parameters” 7(z) estimated on the road to forming (2.3). As we’ll see in
the next chapter, this fact plays a key role in enabling efficient non-parametric
inference of average treatment effects in observational studies.

Theorem 2.1. Suppose that {X;, Y;(0), Y;(1), W;} P for some distribution
P where X; takes values in a finite cardinality set X and potential outcomes
have bounded second moments conditionally on X;. Suppose furthermore that
both and SUTVA hold, and that there is non-trivial treatment variation
for each v € X, i.e., writing e(x) =P [W; =1 | X, = :L’], we have 0 < e(x) < 1

for all x. Then, using notation as in (1.21]),

Vn (Fsrrar — 7) = N (0, Vsrrar)

oty(Xs) iy (Xi) ] (24)

Vsrrar = Var [7(X;)] + E e(X;) | 1-e(X)

Proof. Write A(x) =P [X; = x] for the prevalence of each level of the covariate
x, and interpret A(z) = n,/n as an estimator for it. We can then expand out
the stratified estimator as

Fsrrar = D M@)F(@) = D M@)r(@) + > (M) = A@)) 7(2)

+ DM@ (7@) = (@) + Y (M) = A@)) (7(w) = ().

We now study each summand in the expression above. First, note that
> Ma)r(z) =E[r(X;)] =
zeX

is our target estimand. Using simple algebraic manipulations, the second term
can be re-expressed as



and so the standard central limit theorem for IID averages implies that

Jn (Z (5\(:1:) - )\(:z:)) T(a;)> = N (0, Var [7(X)]) -

zeX
Next, our assumptions that {X;, Y;(0), Y;(1), W;} S P and that (2.1) hold im-
ply that W; | X; = z, Y;(0), Yi(1) ~ Bernoulli (¢(x)). Thus, by Theorem [1.2

2

Vi () - 7(2)) = N (0, ohy , %) ) |

e(r)  1—e(x)

and the sampling errors in 7(z) are all asymptotically independent of each other
and of n, (and thus the second summand in our decomposition for Tsrgrar).
Thus, by Slutsky’s lemma,

SO (F(@) — 7(2) = N (o, G (j% N 10%)22))) |

reX rzeX

and so the sum of the second and third summands above has the limiting
distribution claimed in (2.4]). Finally, our above argument also implies that

. 1
<)\(x) - )\(x)) (#(z) — 7(z)) = Op (H) for all 7 € X,
and so the fourth summand is asymptotically negligible. O]

Continuous X and the propensity score Above, we considered a setting
where X is discrete with a finite number levels, and treatment W; is as good
as random conditionally on X; = x as in . In this case, we found that
we can still accurately estimate the ATE by aggregating group-wise treatment
effect estimates, and that the exact number of groups |X'| = p does not affect
the accuracy of inference. However, if X is continuous (or the cardinality of X
is very large), this result does not apply directly—because we won’t be able to
get enough samples for each possible value of x € X’ to be able to define 7(x)
as in ([2.3)).

In order to generalize our analysis beyond the discrete-X case, we’ll need
to move beyond literally trying to estimate 7(z) for each value of z by simple
averaging, and use a more indirect argument instead. To this end, we first need
to generalize the “RCT in each group” assumption. Formally, we just write
the same thing,

{Y;(0), i(1)} L W;| X., (2.5)
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although now X; may be an arbitrary random variable, and interpretation of
this statement may require more care. Qualitatively, one way to think about
is that we have measured enough covariates to capture any dependence
between W; and the potential outcomes and so, given X;, W, cannot “peek” at
the {Y;(0), Y;(1)}. We call this assumption unconfoundedness.

The assumption ([2.5) may seem like a difficult assumption to use in prac-
tice, since it involves conditioning on a continuous random variable. However,
as shown by Rosenbaum and Rubin| [1983], this assumption can be made con-
siderably more tractable by considering the propensity score

e(x) =P [W;=1|X; =1]. (2.6)

Statistically, a key property of the propensity score is that it is a balancing
score: If (2.5)) holds, then in fact

{:(0), Yi(1)} L Wi | e(Xs), (2.7)

i.e., it actually suffices to control for e(X) rather than X to remove biases
associated with a non-random treatment assignment. We can verify this claim
as follows:

P [W; = w| {%(0), Yi(1)}, e(X)]
_ /Xu» Wi = w| {¥i(w)}, X = ] B [X; = | {Yi(w)}, e(X))] do
= /XIP’ [Wl =w | X, = x} P [Xi = :v‘ {Yi(w)}, e(XZ-)} dx (unconf.)
) e(Xh) if w=1,
|1 —e(X;) else.

The implication of (2.7 is that if we can partition our observations into groups
with (almost) constant values of the propensity score e(z), then we can consis-
tently estimate the average treatment effect via variants of Tsrgrar.

Propensity stratification One instantiation of this idea is propensity strat-
ification, which proceeds as follows. First obtain an estimate é(x) of the propen-
sity score via non-parametric regression, and choose a number of strata .J.
Then:

1. Sort the observations according to their propensity scores, such that

in
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2. Split the sample into J evenly size strata using the sorted propensity

score and, in each stratum j = 1, ..., J, compute the simple difference-
in-means treatment effect estimator for the stratum:
Lin/J] lgn/J]
A ZJJ L(i—1)n/J] +1WY Z]] L[G—=Dn/J]|+1 (]‘ VVZ>Y;
i T lin/J] W, /7] o (2.9)
Z] [G—D)n/J]+1 Zj LGG— ln/JjJrl( l)

3. Estimate the average treatment by applying the idea of ([2.3) across

strata:
J
> (2.10)
j=1

The arguments described above immediately imply that, thanks to , TPSTRAT
is consistent for 7 whenever é(z) is uniformly consistent for e(x) and the num-
ber of strata J grows appropriately with n; see Exercise 4] in Chapter [16] for
more details.

TPSTRAT =

<=

2.2 Inverse-propensity weighting

Another, algorithmically simpler way of exploiting unconfoundedness is via
inverse-propensity weighting (IPW). As before, we start by estimating
é(x) via non-parametric regression; however, we then use the outputs of our
propensity model to build a re-weighted difference-in-means-type estimator

WY, (1-W)Y
TIpW = n; (é(XZ-) T ) . (2.11)

The intuition behind IPW is that, if some units are very unlikely to get treated,
then we should up-weight them on the rare event where they do get treated
and down-weight them on the more common event where they don’t, etc., and
that this re-weighting weighting allows use to “undo” sampling bias caused by
variation in the propensity score.

The simplest way to analyze it is by comparing it to an oracle that actually
knows the propensity score:

. IGwy, 1-wh)Y
Fiew = 12 (e(Xl-) T o) ) | (2.12)

i=1

We start by establish asymptotic properties of the oracle IPW estimator below.
Once we've established consistency of 7} py, it follows as an (almost) immediate
corollary that 7;py is also consistent provided that é(z) is consistent for e(x).
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Theorem 2.2. Suppose that {X;, Y;(0), Yi(1), W;} ~ P, that both and
SUTVA hold, and that all moments used in the expression for Vipy below are
finite. Then, the oracle IPW estimator is unbiased, E [T]py] = T, and

Vi (#ipw — 1) = N (0, Vipw-)

Vipw+ = Var [7(X;)] + E (ko) (Xa) + (1 — e<Xi>)T<Xi))2]

e(Xi) (1 — e(Xy))

oty (Xi) 07 (Xi)
(X)) 1—6()@-)]

(2.13)

+E

Proof. We start by checking the unbiasedness statement as follows:
WY, (1-Wy)Y;
E [7] =E —
[TIPW] _€(XZ') 1—€<X) :|

R

[WIX] Y[ X] B[ W] X] B [Vi(0) ]| Xi] ;
o)) 1= e(X) (unconf.)
=EYi(1) = Yi(0)] =
Next, under our IID sampling assumption, (2.13)) follows immediately from the
central limit theorem for IID averages with
WY,  (1-W)Y,
€(Xz) 1-— €(XZ) ’
provided this variance is finite. It remains to derive the claimed alternative ex-

pression for Vipy«. To this end, building on notation from (|1.21]), we introduce
an auxiliary function

Vipw+ = Var

c(x) = poy(x) + (1 — e(z))7(2),
and write g;(w) = Y;(w) — () (X;). Given these preliminaries, we expand out
Wiy,  (1-W)Y;
e(X;) 1—e(Xp)
- Wi(poy(Xi) +a1) (1= W) (o) (Xi) +€i(0))

B e(Xl) 1-— €(Xl)
W, 1w, Wies(1) (1= Wy)es(0)
= (X)) + (e(Xi) 1o e(X,-)) X+ Xy T I
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Furthermore, E [W;/e(X;) — (1 — W;)/(1 — e(X;)) ’XZ} = 0 by definition of
the propensity score, and E [&(w) ! X, VV,} = 0 by unconfoundedness, so

Wiy, (1 -W)Y;
_ — X;
Var [e(Xi) = (X)) } Var [7(X;)]
Wi 1—W; ? Wie;(1) (1= Wi)ei(0)\”
E - X; E — :
! ((e()@-) - e(XJ) “ l)) ' ( (X)  T-e(X)
The claimed expression for V;py+ follows by simplifying the one above. O

One noteworthy assumption made seemingly in passing above is that all
moments used in are well-defined and finite. This is, however, a highly
non-trivial assumption. If the potential outcomes are uniformly bounded, then
this condition is essentially equivalent to assuming that

E 1/ (e(Xi)(1 — e(Xy)))] < oo. (2.14)

Meanwhile if we simply assume that the potential outcomes have finite second
moments then we need to assume something stronger, e.g., there exists ann > 0
for which

n<e(r)<l-—nforalzel. (2.15)

These assumptions are generally known as overlap assumptions, and codify
the requirement that there must be non-trivial randomness in treatment as-
signment conditionally on z. We refer to (2.14]) as weak overlap, and
as strong overlap. Qualitatively an overlap-type assumption must in gen-
eral be made for non-parametric treatment effect estimation to be possible: If
treatment assignment W; is perfectly predictable from X;, then there is no ac-
tual randomness in treatment assignment, and so treatment effect estimation
justified by treatment randomization cannot be possible.

How accurate is inverse-propensity weighting? We established above
that IPW is unbiased and asymptotically normal when implemented with the
true propensity scores, and consistent with estimated propensity scores. This
is of course a nice result to have given the simple functional form of the IPW
estimator. But do these results imply that IPW is any good?

To get a benchmark for our results about IPW, it is helpful to re-visit the
setting of the beginning of this lecture where X is discrete, in which case we
can use the result in Theorem for Tsrrar as a point of comparison. When
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propensity scores are known, both 7;py, and Tgrrar are asymptotically normal,

and from (2.4) and (2.13)) we see that

(10)(X5) + (1 — e(X3))7(X5))
e(Xi)(1 — e(X;))

2

Vipws = Vsrrar + E (2.16)

Thus, unless 1(0)(X;)+(1—e(X;))7(X;) is zero almost surely, 7/py;, has a strictly
worse asymptotic variance than 7srrar. Meanwhile, when propensity scores
are not known, we here only proved a consistency result for 7;py (no central
limit theorem), and so we cannot even make a proper comparison. Thus, at
first glance, a comparison of Theorems and makes the behavior of IPW
seem somewhat disappointing.

However, on closer look, the picture gets more complicated: It turns out
that 7srrar can actually be understood as an implementation of the IPW
estimator with a specific choice of estimated propensity score é(x). In the
setting of where Tgrrar is well defined, we have:

. (WY (1=Y)Y, ooy Mal
TSTRAT = EZ (é(Xi) ) ) , é(x) = — (2.17)

i=

Thus, when X is discrete, it turns out that an instance of a feasible IPW
estimator, namely 7Tsrrar, is actually more precise than the “oracle” IPW
estimator (see also Exercise || in Chapter H Understanding and resolving
this seeming paradox lies will be at the heart of understanding how to design
accurate estimators of the average treatment effect under unconfoundedness—
including with continuous covariates.

Randomized and observational studies One nuance we glossed over is
that there are two conceptually distinct ways that one could end up with po-
tential outcomes satisfying . The first option is that the data was gen-
erated by an experiment with variable treatment propensities: Nature gen-
erated {X;, Y;(0), Y;(1)} ~ P, and then an experimenter randomly assigned

13The result stated here should not be over-generalized. We have shown that in one very
specific setting—when X; has discrete support and we use a saturated (and thus trivially
well specified) propensity model—then the feasible IPW estimator can outperform the oracle
IPW estimator. This result should not be taken to mean that feasible IPW generally beats
oracle IPW; and the conditions under which this happens are not present in many impor-
tant applications (unless, of course, X; genuinely has low-cardinality, discrete support). In
Chapter [3] we will discuss much more robust—and algorithmically generalizable—ways to
address the excess asymptotic variance of oracle IPW.
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treatments W; ~ Bernoulli(e(X;)) for some function e(-) of the covariates. Un-
der this setting, the experimenter knows that must hold, because they
themselves generated treatment in a way that satisfies the assumption. Es-
sentially, the experimenter is running the same Bernoulli trial as considered in
(L.8), except with randomization probabilities that vary with the X;. Although
covariate-dependent randomization probabilities require statistical accommo-
dation, such experiments are conceptually akin to the ones discussed in Chapter
[[—and provide comparably strong, gold-standard causal evidence.

Example 2. |Arceneaux, Gerber, and Green [2006] run a randomized study to
measure the effectiveness of voter mobilization phone calls in getting people
to vote in midterm elections. The study is run in two states, Michigan and
Iowa, and randomization is stratified by both state and by competitiveness of
the congressional district, with per-stratum randomization probabilities vary-
ing from 1% to 15%. This is a randomized controlled trial; however, properly
accounting for variation in the randomization probabilities (e.g., via propen-
sity stratification) is required for a valid analysis, and simply taking a global
difference in means would be prone to Simpson’s paradox.

The second option is that there was no experiment: Nature generated
{Xi, Y;(0), Yi(1), Wi} ~ P, and we simply posit that holds. This marks a
much bigger departure from the setting of Chapter [I} There is no analyst who
ran an experiment; rather, we posit that data is generated as though someone
had run the experiment described in the previous chapter. Such settings are
referred to as natural experiments or observational study designs. Because no
experiment was actually run, the assumption (2.5 can always be challenged in
observational studies—and as such the resulting causal evidence is sometimes
considered more tentative than evidence obtained via randomized experiments.

Example 3. LaLonde [1986] considers evaluating the benefits from a jobs
training program by comparing post-intervention earnings for people enrolled
in a pilot program to members of the general public who were not enrolled
in the program. This is not a randomized study design, and members of the
general public differ from those in the pilot program along a number of pre-
intervention metrics. The initial assessment of |LaLonde] [1986] regarding the
possibility of getting credible causal estimates out of such observational data
was pessimistic. However, in later work, Dehejia and Wahba, [1999] showed
that approaches that start by modeling the propensity score (i.e., here, the
probability of joining the pilot program given pre-intervention characteristics)
showed more promising behavior [ and were often able to match experimental
benchmarks.

40ne question that has received substantial attention in subsequent discussions of the
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Another major practical difference between randomized trials with covariate-
dependent randomization versus observational studies is that, in the former
case, the treatment propensities e(X;) are usually known (because they were
chosen by the experimenter), and so methods such as oracle IPW with guar-
antees as in Theorem are available. In contrast, in the observational study
setting, treatment propensities need to be estimated, and thus robustness of
methods to errors in the propensity scores is important—particularly in set-
tings as below where propensity scores are hard to estimate accurately. As of
now, we have not yet seen estimators that, in a setting with continuous X, can
take in estimated propensity scores and output asymptotically normal average
treatment effect estimates with 1/4/n-scale errors. In the next chapter, we will
present an improvement to IPW that can achieve asymptotic normality even
with estimated propensity scores.

Example 4. Ross et al.|[2024] use electronic health record data from the Vet-
erans’ Administration to estimate the benefits of psychiatric hospitalization
on suicide prevention among patients with a recent suicide attempt of suicide
ideation. There is no randomization, and hospitalized versus non-hospitalized
patients differ on pre-treatment characteristics. The authors argue that af-
ter controlling for rich medical history available through the electronic health
records, it is plausible for unconfoundedness to hold, and proceed to use propen-
sity score methods. However, given that the pre-treatment is high-dimensional
with complex structure, it is necessary to use a machine learning approach to
get reasonable propensity score estimates—and any down-stream used of these
propensity scores should be robust to likely estimation errors in this step.

2.3 Bibliographic notes

The central role of the propensity score in estimating causal effects was first
emphasized by Rosenbaum and Rubin| [1983], while associated methods for
estimation such as propensity stratification are discussed in Rosenbaum and
Rubin| [1984]. Hirano, Imbens, and Ridder| [2003] provide a detailed discussion

work of [LaLonde| [1986] is how we should properly “control for” pre-intervention covariates
in an observational study setting. In informal econometric practice, when an analyst says
they have controlled for a set of covariates, they mean that they’ve run a regression where
they’ve added the covariates as predictors; e.g., in our setting, they might have sought to
estimate a treatment effect via the 7 coefficient from the regression Y; ~ a+W;7+4+X;-5. This
type of regression, however, is not justified by the unconfoundedness assumption and,
unlike IPW or other propensity-score methods, is not generally consistent for the average
treatment effect under unconfoundedness. The unconfoundedness assumption is non-
parametric; and thus using it requires adjusting for X; non-parametrically.
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of the asymptotics of IPW-style estimators that expands on the result given
in Theorem [2.1] In particular they present conditions with continuous X;
under which IPW with non-parametrically estimated propensity scores can
outperform oracle IPW.

Another popular way of leveraging the propensity score in practice is propen-
sity matching, i.e., estimating treatment effects by comparing pairs of units
with similar values of é(X;). For a some recent discussions of matching in
causal inference, see Abadie and Imbens [2006, 2016|, Diamond and Sekhon
[2013], Zubizarreta [2012], and references therein.
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Chapter 3
Doubly Robust Methods

Inverse-propensity weighting (IPW) is a simple and transparent approach to
average treatment effect estimation under unconfoundedness. However, as seen
in the previous chapter, the large-sample properties of IPW are not particularly
good in general, and the way estimation error in the propensity scores affects
accuracy of IPW is complex. Our goal here is to move beyond the limitations of
IPW and to discuss doubly robust methods, which provide a general recipe for
building robust and asymptotically optimal treatment effect estimators under
unconfoundedness, and enable us to rigorously and flexibly handle estimation
error in the propensity scoreFE]

Throughout this chapter, we will seek to estimate the average treatment
effect 7 =E [Y;(1) — Y;(0)] under the following statistical setting:

Basic setting: SUTVA, unconfoundedness and strong overlap There
is a distribution P that generates a stream of tuples { X;, Y;(0), Y;(1), W;} Kp
taking values in X x R x R x {0, 1}. We get to observe (X;, Y;, W;) where
Y; = Yi(W;) (SUTVA). We are not necessarily in a randomized controlled trial;
however, we have unconfoundedness, i.e., treatment assignment is as good as

random conditionally on the features X;:
{Y:(0), Yi(1)} L Wi | X;, (3.1)

Potential outcomes have bounded second moments, E [V;*(w)] < co. Strong
overlap holds, i.e., for some n > 0,

n<e(r)<l-—e(x) forall zeX. (3.2)

We write e(z) =P [W; =1
notation p)(z) = E [Vi(w)

X; = x| for the propensity score, and also use
Xz' =X and O'(Qw)(m) = Var [K(w) ‘ Xz — x]

15Tn particular, we will be able to handle machine-learning based propensity score estimates
as came up in Example E[}
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Two characterizations of the ATE In the previous chapter, we saw that
the ATE can be characterized via IPW:

. LI (-
T=E[7pul, TIPW:EZ (e(Xi) C1—e(Xy) ) (33)

1=

However, 7 can also be characterized in terms of the conditional response sur-
faces ju(w)(2): Under unconfoundedness (3.1,

7(z) == E [Y;(1) — Y;(0) | X; = ]

Y1) X; = 2] — E [%0)| X~ ]

Vi) | X; =2, Wy =1] —E[Yi(0) | X; =2, W; =0]  (unconf)
V| Xi=a2, W;=1] —E[Y;| X; =2, W; = 0] (SUTVA)
(1)(33) — o) (%),

and so 7 = E [p(1)(X;) — p0)(X;)]. Thus there also exists a simple and con-

sistent (but not necessarily optimal) non-parametric regression estima-
tor for 7: First estimate po)(z) and piq)(2) non-parametrically, and then set

Tree =" Y0 (i) (Xi) — fi) (X3))-

Augmented IPW Given that the average treatment effect can be estimated
in two different ways, i.e., by first non-parametrically estimating e(x) or by
first estimating p (o) () and pay (), it is natural to ask whether it is possible to
combine both strategies. This turns out to be a very good idea, and yields the
augmented IPW (AIPW) estimator of Robins, Rotnitzky, and Zhao| [1994]:

) I~ (s .
TarPw = Z (M(U (X3) = fuo) (Xi)
i=1

Yi — fy(Xs) Yi_ﬂ(O)(Xi))
Qualitatively, AIPW can be seen as first making a best effort attempt at 7
by estimating ju(oy(x) and pq)(x); then, it deals with any biases of the ji(y)(z)
by applying IPW to the regression residuals. Statistically, it turns out that
ATPW not only inherits robustness properties from both the regression and
IPW estimators—it improves on both by (in a sense made rigorous below)
using IPW to mitigate errors in the regression estimator and vice-versa.

(3.4)

W —(1-W)

Weak double robustness A first, simple-to-understand property of AIPW
is the following “weak” double robustness propertyﬂ AIPW is consistent if

16Tn the literature, what we here refer to as weak double robustness is often simply referred
to as double robustness [Bang and Robins| [2005].
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either the fi(,(x) are consistent or é(x) is consistent. To see this, first consider
the case where [i(,() is consistent, i.e., fiqw)(7) & ft(w)(z). Then,

(£ (X3) = fi0) (X))

J/

Vv
the regression estimator

! %; (% (¥ = fin (X)) - % (Yi - ﬂ(O)(Xz)))

TV
R mean-zero noise

because E [Yi - ,[//(Wi)(Xi> | X, VV,} ~ 0 under unconfoundedness. Thus even if
we use inconsistent propensity score weights 1/é(X;) and 1/(1 — é(X;)), they
are multiplied by roughly mean-zero error terms and so asymptotically they do
not bias the estimator, and 74;py remains consistent.

Conversely, now suppose that é(z) is consistent, i.e., é(z) ~ e(x). Then,

. I~ (WY, (1-W)Y;
TAIPW =0 > (é(Xi) T e(xy) )

J/

NV
the IPW estimator
n

+ % > (ﬂ(l)(Xi) (1 - e(WT)) — o) (X3) (1 - %))

i=1

J/

TV
X mean-zero noise

because E [1 — W;/é(X;) | X;] ~ 0. Thus, even if we use inconsistent regres-
sion adjustments fi(,)(X;), they will be multiplied by roughly mean-zero noise
terms that asymptotically cancel their contribution. Thus 74;py inherits the
consistency of 77py, under unconfoundedness.

That being said, although the (weak) double robustness of AIPW is is a
nice property to have, its importance should not be overstated. Weak double
robustness only guarantees consistency of 747py, whereas in most treatment
effect estimation applications we also care about rates of convergence and con-
fidence intervals. Furthermore, one could also argue that, in a modern setting,
one should expect practitioners to use appropriate non-parametric estimators
for both i,y (x) and e(x) that are consistent for each. In this case both 7rp¢
and 77py would already be consistent on their own, and so the above weak
double robustness statement (i.e., consistency of 747py ) doesn’t add anything.

Strong double robustness There is also a much more interesting and useful
class of “strong” double robustness results for AIPW that quantify the weaker
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consistency statement given above. At a high level, strong double robustness is
a claim that results of the following type exist: If we use estimators fi(,)(z) and
é(z) that are both consistent with root-mean squared error (RMSE) decaying
faster than n~* and n~“ respectively, and if furthermore o, +a. > 1/2, then

Vn (Tarpw — 1) = N (0, Varpw),

Varpw = Var [r(X;)] + E [%] LE {% } | (3.5)

The reason this meta-result holds is that, in general, if the RMSE of [, (x)
decays faster than n=* and the RMSE of é(z) decays faster than n=%, then the
bias of AIPW decays faster than n~(®»*®<): and, in particular, if a,+a.>1/2
then the bias is lower-order on the 1/4/n-scale. What'’s remarkable about this
result is that, under the same conditions, the bias of the regression estimator
would in general only be bounded to order n=®* and that of IPW to order
n~%; and so the AIPW construction succeeds in making bias substantially
smaller than what either the regression or IPW estimators could achieve on
their own[]

The statement given above is not a theorem—rather it’s a meta-result, and
a blueprint for many types of results that hold under further technical assump-
tions. Below, we will discuss one specific way of constructing AIPW estimators,
coined as double machine learning by Chernozhukov et al. [2018], and establish
conditions under which it satisfies . Note that double machine learning is
not the only way to get results of this type; and in fact results that are stronger
than (3.5)) can be obtained in some specialized settings. Thus, our presentation
below should be seen as a first step—and not the end point—in understanding
and leveraging strong double robustness of AIPW.

3.1 Double machine learning

Our study of strong double robustness for AIPW starts by considering the
behavior of an “oracle” AIPW estimator that is constructed in terms of true
(rather than estimated) values of the conditional regression surfaces and the

17An interesting special case in which this condition holds is when au, ae = 1/4, ie.,
fu(wy(x) and é(x) are both o(1/+/n)-consistent in RMSE. In general, parametric models are
O(1/+/n)-consistent in RMSE; and thus the result can accommodate a setting where
fiwy(x) and é(z) converge an order of magnitude slower than the parametric rate.
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propensity score:

n
1
A%
TarPwW = E I;
n
i=1

L = py(Xi) — po)(Xs) + Wi

3.6
Yi — py(Xi) 86)

Y — p0)(Xi)
e(X;) .

(1w S

Proposition 3.1. Under the basic setting with SUTVA, unconfoundedness and
strong overlap given at the beginning of this chapter, the oracle AIPW estimator
has the limit distribution given in (3.5)), i.e.,

Vi (Thrpw — 1) = N (0, Varpw) - (3.7)

Proof. The fact that the oracle AIPW estimator is unbiased follows from the
discussions used to establish weak double robustness of AIPW. Furthermore,
the oracle estimator is an average of IID terms, so the standard central limit
theorem immediately implies that /n (75, p — 7) = N (0, Var [[};]). Finally,

under unconfoundedness, we can check that
W Y, — M(l)(Xz‘) ?
‘ G(X,L)

(a-m) —”[_“(j;’;g”)zl ,

which matches the expression for Va;py given in (3.5). Notice in particular
that, by the overlap and bounded-second-moment assumptions in our basic
setting, all terms in (3.8]) are finite. O

Var [FZ] = Var [H(l) (XZ) — [4(0) (XZ)] + E

(3.8)
+E

Given this result, establishing (3.5) reduces to showing that, provided
fiw)(+) and é(-) converge fast enough,

Vi (Tarpw — Tarpw) —p 0, (3.9)

i.e., the feasible AIPW estimator is asymptotically equivalent to the oracle.
The fact that proving results of the type is possible under reasonable
assumptions is not to be taken for granted, and is a consequence of AIPW
having a strong double robustness property. Other estimators we’ve discussed,
such as the IPW and regression adjustment estimators, do not in general satisfy
this type of oracle equivalence property.
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Cross-fitting In order to establish the oracle equivalence result , it is
helpful to consider the following minor algorithmic modification of AIPW using
a technique called cross-fitting. At a high level, cross-fitting uses cross-fold
estimation to avoid bias due to overfitting; the motivation behind doing so is
closely related to the reason why we often use cross-validation when estimating
the predictive accuracy of an estimator.

Cross-fitting first splits the data (at random) into two halves Z; and Z,,
and then uses an estimator™|

T T || AT 4 Az T
1 2 I 2 ) 2 Xl
TAIPW = - T T |I1| - fi) (X:)
) A (3.10)
Y - 2 (X, Y- i (X)
P S PR (g gy 0
eL2(X;) 1-é2(X;) )’

where the u o (+) and ¢ (-) are estimates of p(,)(-) and e(-) obtained using
only the half sample Z,, and 772 is defined analogously (with the roles of Z;
and Z, swapped). In other words, 77! is a treatment effect estimator on Z; that
uses Z, to estimate its non-parametric components, and vice-versa.

What cross-fitting buys us is that, e.g., if i € Z; and W; = 0, then Y; —
/l(ZOQ) (X;) is an “honest” regression residual that cannot be artificially shrunk
via overfitting. As seen below, by creating such honest residuals, cross-fitting
enables us to establish results of the type (3.9)) without needing to make detailed

assumptions about the algorithms used to estimate fi(,)(z) and é(x).

Theorem 3.2. Given our basic setting with SUTVA, unconfoundedness and
strong overlap, suppose that we construct Tarpw using cross-fitting with esti-
mators satisfying, for w € {0, 1} and also with the roles of T, and I, swapped,

e 1 . 2
n 20 |1-1’ Z (/’L(Iw)<X’L) - /I’(w)(Xz)) _>P 07
T
(3.11)

| 1 1\’ .
n_ ot — —
|Z:] 4 e (X;)  e(Xi) "

for some constants with o, ae > 0 and o, + e > 1/2. Then (3.9) and thus

also (3.5) hold.

8Throughout the rest of the book, whenever AIPW is discussed, we’ll implicitly be using
cross-fitting unless specified otherwise. Cross-fitting is also recommended in practice by a
number of authors, and is implemented in several software packages for causal inference.
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Proof. Note that, because 7};py,, doesn’t rely on estimated quantities and so
is unaffected by cross-fitting, we can write the oracle AIPW estimator as

TATPW = @ Fho % P

analogously to (| - Moreover, we can decompose 77t itself as

Azl ~ T ~ Il
=m —
1) ~ o)

Z i (X Y A{Q)(Xi) (3.12)
(1) ’1.1'1611 (1 Wi 62 (X;) ’

etc and define mIO’ and m(l)’ analogously. Given this setup, in order to verify
, it suffices to show that

NG (m(fll) — i ) =, 0. (3.13)
The proof can then be completed by carrying out the same argument for dif-

ferent folds and treatment statuses.
To this end, we decompose the error term in (3.13]) as follows:

iy — iy’
_ ﬁ@l <ﬂ(zf)(X¢) " W%)fé(;() — p11y(Xi) — Wy_e(“—(;)(X)>
_ % Z ((g{; (X0) = (X)) (1 B <V)V<>))
+ ﬁ Z Wi <(Yz - :u(l)(Xi)) (é12 (1XZ) - @(;(z))>

I 2. (00 = 090) (s~ 1))

We can then verify that these terms are small for different reasons.

For the first term, we intricately use the fact that, thanks to our cross-fitting
construction, /l(IfU) can effectively be treated as deterministic when considering
terms on Z;. We first observe that, conditionally on Z, and the observed
covariate values, this term can be treated as average of independent mean-zero
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terms, and

Var ﬁ;((ﬂ(lm w0 (1- 155 ) ) |7 {Xz}]
> [(%(Xl) o 0) (1- 755 ) | {X@}] (314
i 2 o 00 — )

< S (#3000 o) = or ()

i€l

The 3 equalities above are all due to cross-fitting, while the two inequalities
are due to overlap and consistency . Thus, because o, > 0, we
can apply Chebyshev’s inequality to verify that the first summand itself is
op(1/4/n), i.e., as claimed it is negligible in probability on the 1//n-scale.
The second summand in our decomposition above can also be bounded by a
similar argument.

Finally, for the last summand, we use a Cauchy-Schwarz argument{"]

L > <<M(If)(Xi) - M(l)(Xi)> (éb(lXi) a 6(%)))

{2161'1 W;=1}

2
,I (i (X3) = iy (X)) (3.15)
1 {i: Z€I1 W;=1}

1 1 )2 ( 1 >
~ — = 0op 7
| 1| {i;iez;[/i_l} (612 (XZ> e(XZ) nau"!‘Oée

by risk decay (3.11]). Thus, we find that this term is also op(1/4/n), i.e., as
claimed it is negligible in probability on the 1/y/n-scale. O

9Note that this application of the Cauchy-Schwarz is somewhat loose. There exist
results—albeit with much stronger assumptions—that are able to weaken the rate condi-
tion (3.11) by using a stronger argument here.
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Condensed notation We will be encountering cross-fit estimators frequently
throughout the rest of this book. From now on, we’ll use the following nota-
tion: We define the data into K folds (above, K = 2), and compute estimators
ﬂg;;g) (x), etc., excluding the k-th fold. Then, writing k(i) as the mapping that
takes an observation and puts it into one of the k folds, we can write

. I e (—k(
T (uél) D) - O,
=1
(3.16)
‘ (1) 1T (0)
B =05 B SO w5 5oy

Y, — ﬂ(*k(i)) (Xz) Y, — ,&(*k(i)) (Xz)>

Note that the result in Theorem [3.2] applies equally well with any finite number
K of cross-fitting folds (and the same proof also works modulo updates to the
notation).

Confidence intervals It is also important to be able to quantify uncertainty
of treatment effect estimates. Thankfully, with AIPW, this turns out to be
reasonably straight-forward. In the proof of Proposition|3.1], we saw that V;pw
matches the variance of the summands I'; used to define the oracle AIPW
estimator . This suggests using the following feasible variance estimateﬂ

~ 1 "
Varpw = — Z <Fz’ — TAJPW) 7
=1

T~ ~(—k( ~(—k(
Ly = iy () = gy (X0) (3.17)

~ (= (1) ~ (=K (1)
Vi — iy (X3) (1— ,)Y" — g ()
eRD)(X;) Yl — ek (X))

+ Wi

The proof of Theorem then implies that, under our assumptions, 17,4 IPW —p
Varpw. We can thus produce level-a confidence intervals for 7 as

. _ a 1 [~
T € (TAIPW + & ! <1 — 5) % VA[pw> , (318)

where ®(-) is the standard Gaussian CDF, and these will achieve coverage with
probability 1 —« in large samples. Similar argument can also be used to justify
inference via resampling methods as in [Efron| [1982].

20Here we make the usual t-distribution degrees-of-freedom adjustment and divide by n—1;
however, all statements below would also hold when dividing by n instead.
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What if the propensity score is known? One special case worth con-
sidering is, what happens when the propensity score is known, and we im-
plement the cross-fit AIPW estimator (3.16)) with the true propensity scores
¢~ (X;) = e(X;). In this case Theorem [3.2/immediately implies the following.

Corollary 3.3. Under our basic setting with SUTVA, unconfoundedness and
strong overlap, suppose that we know the true propensity scores and use them
to construct the AIPW estimator. Suppose moreover that

1 . 2
A (#22)(X0) = 1n(X)) = 0, (3.19)

1€l

for w € {0, 1} and for with the roles of Z; and Zy swapped. Then (3.9) and
(3.5) hold; and furthermore Tarpw is exactly unbiased, E [Tarpw] = 7.

Proof. The CLT statement follows from applying Theoremwith a, = 0 and
. = +00. The unbiasedness claim follows by noting that, in the decomposition
below , the second and third terms disappear when the true propensity
scores are used, while the first term is mean-zero. O

This result is remarkable in that it shows that, if we use AIPW with true
propensity scores, then AIPW will achieve the target asymptotic behavior (3.5))
as long as we use any regression adjustment that is consistent in the extremely
weak sense . In particular, no rates of convergence are required.

It is well known that there are several machine learning methods, including
k-nearest neighbors, that are universally consistent, i.e., they achieve error
guarantees for any IID data-generating distribution, without any as-
sumptions on the joint distribution of X; and Y;(w) other than E [V*(w)] < oo
[Stonel [1977]. Corollary [3.3[implies that if we run AIPW implemented with an
universally consistent fi(,)(z) estimator and the true propensity scores, then it
always satisfies under our basic setting.

Corollary also provides a practical resolution to the apparent paradox
highlighted in Chapter [2, whereby IPW with oracle weights could sometimes
(in specific settings) be outperformed by IPW with estimated weights. This
seemed to lead to a tension where, if propensity scores were known, then we
could choose to either use oracle IPW, which is always unbiased but has a
larger asymptotic variance, or feasible IPW, which may be more accurate but
may fail completely if we accidentally misspecify the propensity model.

The reason Corollary helps is that, on inspection, one notices that the
asymptotic variance Vy;pw achieved (in considerable generality) in Corollary
3.3 exactly matches the asymptotic variance Vsrpar achieved by feasible IPW
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(in the special case where X; has discrete support). Thus, what Corollary
shows us is that, if we know the true propensity scores, then we can always
(and without really any downsides, at least asymptotically) avoid the excess
asymptotic variance of oracle IPW by simply using AIPW with an universally
consistent regression adjustment instead.

3.2 Efficient estimation under uncounfoundedness

In Chapter [2 we studied average treatment effect estimation under unconfound-
edness and when X; is discrete. In this setting, the stratify-by-X; estimator
is obviously a (or perhaps the) natural thing to do; and in Theorem we
showed that it achieves an asymptotic variance Vgrrar. Meanwhile, in this
chapter, we studied a seemingly completely different estimator, AIPW, and
showed it can also achieve an asymptotic variance V ;pw = Vsrrar, but under
much more general conditions (and in particular without assuming that X; is
discrete).
These observations suggest that the behavior

Vi(F—7) = N(0, V?)

V* = Var [7(X;)] + E {—1"_3222)1 LR {%} | (3.20)

may in fact be the optimal behavior we can hope to achieve for any non-
parametric average treatment effect estimator 7 under unconfoundedness. The-
orem provides an upper bound, showing that this behavior can in fact be
achieved by a practical estimator, 74;pw, under considerable generality. Mean-
while, our discussion in Chapter [2| provides a heuristic lower bound; after all,
how could one possibly hope to find an estimator that’s more accurate than
the stratify-by-X; estimator in the setting where X; is discrete?

The following result establishes this conjecture, using a proof technique from
Chamberlain [1992]. Following Héjek |1972], he defines optimality in terms of
a local asymptotic minimax criterion: V* is called the efficient variance for es-
timating 7 if an estimator satisfying exists and, for any data-generating
distribution P, no estimator exists that is more accurate than uniformly
over a suitably expressive neighborhood of PH Further, any estimator sat-
isfying , potentially assuming reasonable regularity conditions, is called
efficient.

2IThis statement is intentionally under-specified; we refer to |Chamberlain [1992] for a
precise statement.
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Theorem 3.4. Under basic setting with SUTVA, unconfoundedness and strong
overlap, V* is the efficient variance for estimating the average treatment effect.

Proof. We have already established existence of an estimator satisfying
in Theorem For the local optimality statement, we follow the blueprint of
Theorem 1 of Chamberlain| [1992], and do the following: We start by consider-
ing distributions where (X, ¥;(0), ¥;(0)) have a distribution P with a jointly
discrete support (i.e., both X; and Y;(w) have discrete support), and verify that
the asymptotic variance of the saturated maximum likelihood estimator of the
ATE matches V*. We then argue that ATE estimation with a discrete P is a
parametric problem and so maximum likelihood estimation must be efficient;
and that any continuous distribution is well approximable by a discrete distri-
bution, so this efficiency result carries over to the continuous case. We refer to
Chamberlain| [1992] for technical details, and for verifying that this blueprint
is in fact valid.

Consider now the case where P takes on values on a discrete space X' x ) x Y
with J C R. For any distribution P let 7(P) = Ep[Y;(1) — Y;(0)] and note
that, under unconfoundedness and with discrete support,

T(P) =) Pl(x) <ZyP1(y|$) - ZyPo(y\x)> (3.21)

zeX yey yeYy

where P(x) = Ep [X; = 2] and P,(y|z) = Ep [Y;— =y ! X,=x, W, = w}. Now,
given n draws from P, let n, = |[{i: X; = x}|, new = [{i: Xi =2, W, = w}|
and Ny, = [{i: X; =z, Y, =y, W; = w}|. The saturated maximum likelihood

estimator for the data-generating distribution P is given by P(x) = n,/n and
P, (y|r) = Nyyw/Naw. The maximum likelihood estimator for 7 is then

) 3P0 (S Pk - T ) a2

zeX yeyY yey

which can be algebraically be verified to be equivalent to Tsrgr4r in this setting.

Thus, the asymptotic variance of maximum likelihood here is Vsrrar, which
by Theorem [2.1]is equal to V*. O

Comparing regularity conditions One ambiguity in the definitions above
is that we said that an estimator is efficient if it achieves the behavior ([3.20))
under “reasonable” regularity conditions—but what does it mean for regular-
ity conditions to be reasonable? We have so far seen 3 results about estima-

tors achieving the behavior (3.20)): Corollary shows this for AIPW with
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known propensity scores essentially without assumptions; Theorem shows
this for AIPW with estimated propensity scores under the (moderately strong?)
rate-of-convergence assumption ; while Theorem showed this for the
stratify-on-X; estimator under the (very strong) assumption that X; is discrete.
This ambiguity is intentional, and can be helpful in describing and assessing
various proposed estimators of the average treatment effect under unconfound-
edness. When considering a candidate estimator, a good first question can be
to ask whether it is efficient, i.e., whether it sometimes achieves the behavior
(3-11). If an estimator is not efficient (e.g., like the oracle IPW estimator), then
it may be worth discarding at this step. Then, among efficient estimators, a
good second question to ask is how robust it is, i.e., how strong are the regu-
larity conditions needed for efficiency. This allows to argue, e.g., that T4;pw
requires much weaker regularity conditions than 7srrar to achieve desirable
asymptotic performance, and from this angle 747py appears preferable.

Is efficiency a realistic goal? Until recently, the perspective taken above,
i.e., that efficiency is a criterion that should guide practical choice of average
treatment effect estimators, would have been considered controversial by many
econometricians and statisticians. Methods that achieved efficiency were of-
ten considered fragile, complicated and/or impractical; and, in problems that
called for treatment effect estimation under unconfoundedness, econometric
practice largely focused on methods that require parametric assumptions and
are not consistent under unconfoundedness alone (e.g., linear regression), or
non-efficient but conceptually simple methods (e.g., matching).

The critique that early methods designed to achieve efficiency were hard
to use in practice is on point: For example, such methods would often rely
on specific smoothness assumptions, and then rely on series estimators with
specific basis functions (depending on the assumed smoothness class) to form
treatment effect estimators.

The double machine learning framework, however, makes widespread use
of efficient treatment effect estimators much more practical. The main reg-
ularity condition doesn’t depend on how we choose to estimate the
non-parametric components, and instead only requires that they are accurate
enough under squared-error loss. Machine learning methods are often tuned
via cross-validation under squared error loss, and this way of tuning predictors
is perfectly aligned with making the error terms in small. Thus, perhaps
surprisingly, although machine learning may at first seem like a glance seem
like a technology that should be kept as far away from causal inference as possi-
ble, it turns out that—via the double machine learning construction—machine
learning (and, more generally, automatic black-box non-parametric prediction)
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is a key ingredient in making efficient treatment effect estimation practical in
a wide variety of settings.

3.3 Bibliographic notes

The literature on semiparametrically efficient treatment effect estimation via
ATPW was pioneered by Robins, Rotnitzky, and Zhao| [1994], and developed in
a sequence of papers including [Robins and Rotnitzky| [1995] and |Scharfstein,
Rotnitzky, and Robins [1999]. The form of the ATPW estimator is also present
in early work by |Cassel, Sarndal, and Wretman [1976] in survey sampling.
The effect of knowing the propensity score on the semiparametric efficiency
bound for average treatment effect estimation is discussed in [Hahn [1998],
while the behavior of AIPW with high-dimensional regression adjustments was
first considered by [Farrell [2015]. These results fit into a broader literature
on semiparametrics, including Bickel, Klaassen, Ritov, and Wellner| |[1993] and
Newey| [1994].

The approach taken here, with a focus on generic machine learning es-
timators for non-parametric components and cross-fitting, follows the double
machine learning framework of Chernozhukov et al.| [2018]. One major strength
of this approach is in its generality and its ability to handle arbitrary machine
learning estimators for fi,)(x) and é(x). Another, closely related framework
is the targeted learning framework of van der Laan and Rubin| [2006], which
uses a different functional form than AIPW but can also be shown to achieve
efficiency using machine learning estimators for non-parametric components
[van der Laan and Rose, 2011].

There is a large number of estimators known to achieve efficiency under
a variety of regularity conditions. For example, [Hahn [1998] showed that
non-parametric regression adjustment estimators can be efficient under strong
smoothness conditions and specific regression estimators, while Hirano, Im-
bens, and Ridder| [2003] showed this type of result for non-parametric IPW.
The efficiency result given in Theorem for ATPW is, however, much more
robust—in that it allows for use of generic machine learning methods provided
they satisfy the relatively mild rate conditions ([3.11)).

More recently, there has been considerable interest in deriving estimators
that achieve efficiency under minimal conditions. In the case where the func-
tions /i) (-) and e(-) belong to Holder smoothness classes Robins et al.| [2017]
show that, writing o, and «. for the best constants for which rates of con-
vergence of the type can be achieved under the posited smoothness
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assumptions, the weakest condition under which efficiency is possible is

ay, n Qe
1—-2a, 1-2a

1
> — 3.23
= (323)

and this rate can be achieved using what Robins et al. [2017] refer to as higher-
order influence function (HOIF) estimators. The improvement of the condition
over the condition a, + . > 1/2 in Theorem is considerable; for
example, when both rates are equal, in Theorem we could allow for o, =
a. > 1/4 while allows for a,, = a. > 1/6.

One challenge with the HOIF estimator of Robins et al.| [2017], however,
is that to date it has been challenging to implement in practical applications;
and so there has been work on methods that can improve over AIPW while
remaining practically feasible. Hirshberg and Wager| [2021] show that a variant
of AIPW with a choice of propensity model specifically designed to minimize
bias from errors in fi()(z) is efficient under conditions that, in the Hélder case,
amount to «, > 1/4 (with no assumptions on c); note that this corresponds
to one extreme point of the optimality surface . Meanwhile, [Newey and
Robins| [2018] and [McClean et al.[[2024] show how, in some settings, the use of
undersmoothed estimators and 3-way cross-fitting can achieve minimal condi-
tions for efficiency.
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Chapter 4
Estimating Heterogeneous
Treatment Effects

In many application areas, there is interest in going beyond average effects,
and to understand how treatment effects vary across units. In personalized
medicine, we may want to identify groups of patients who are more likely to
benefit (or less likely to suffer side effects) from a drug than others; and, in
online marketing, one may want to identify groups of customers more likely to
respond to an offer. This chapter introduces and compares a variety of methods
for estimating heterogeneous treatment effects.

The conditional average treatment effect Throughout this chapter, we
will work under the same “basic setting” as considered in the previous chapter,
i.e., with SUTVA, unconfoundedness and overlap; however, rather than focus-
ing on the average treatment effect, we now seek to estimate, understand, and
eventually act on heterogeneity in how different units respond to treatment. At
first glance, one might think that estimating treatment heterogeneity should
involve targeting the individual-i specific individual treatment effects (ITEs)
A; =Y;(1) = Y;(0). The ITEs, however, are generally not point-identified even
under strong assumptions, and so methodologies targeting the I'TEs themselves
are often not practical.

A more practical way to quantify treatment heterogeneity under uncon-
foundedness is via the conditional average treatment effect (CATE)

7(x) = E [Yi(1) - Y;(0) | X; = «] . (4.1)

The CATE is still an average effect; but we now consider how this average
to varies when conditioning on potential effect modifiers X;. Note that the
definition of the CATE depends on which pre-treatment covariates are used in
: If we condition on a richer set of covariates, then the CATE function
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will become more expressive (and capture a higher fraction of the variance of
the underlying ITEs).

There are many reasons to consider the CATE as a statistical target. It is
simple to understand and work with; and, unlike the ITE, it is point-identified.
There are also formal, decision theoretic reasons to pay attention to the CATE.
For example, the following result (stated here without proof) shows that utili-
tarian targeting rules can be expressed as thresholding rules on the CATE.

Proposition 4.1. Under the basic setting with SUTVA, unconfoundedness and
overlap described in Chapter@ suppose a decision maker gets reward Y;(w) for
assigning treatment arm w to unit ¢, and needs to pay a cost C' every time they
assign treatment (the control arm is free). Then, the decision rule that treats
units whose CATE is greater than the cost C, i.e., 1 ({7(X;) > C}), mazimizes
expected rewards among all decision rules that are measurable with respect to
observed pre-treatment covariates X;.

Example 5. Kitagawa and Tetenov| [2018] discuss optimal targeting of eligi-
bility to training and job-search assistance under the National Job Training
Partnership Act (JTPA). Here, the treatment W; is program eligibility, the
outcome Y; is earnings within 30 months of treatment assignment, and pre-
treatment covariates available for targeting are X; = {education, income}.
The welfare-maximizing targeting rule then compares the CATE to the cost of
treatment 7

Regularization bias Before presenting methods for CATE estimation, it
is helpful to review some issues faced by a simple baseline method. Under
unconfoundedness, the CATE can be written as a difference in conditional
response surfaces,

() = pay(®) — pey (@),  p)(@) =E Y| X =z, W, =w]. (4.2)

Thus, we could immediately obtain a consistent estimator for 7(-) by consis-
tently fitting fio)(-) and ji1)(-) via separate non-parametric regressions on the
controls and treated units respectively, and then estimating the CATE as their

22 As always, the value of the CATE depends on the set of covariates X; used to define it.
In this application, one could also try to estimate the treatment effects conditionally on a
larger set of covariates, e.g., X; = {education, income, age, family status, past experience,
...}, resulting in a more expressive CATE. Proposition says that, given a set of measured
pre-treatment covariates available for targeting, using the CATE given those covariates is
optimal from a welfare maximization point of view. In practice, however, other considerations
may also apply; see the next chapter for a further discussion of this topic.
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difference. Following the nomenclature of |[Kunzel et al.| [2019], the resulting
estimator is often referred to as the T-learner:

Tr(z) = ﬂ(l)(iﬂ) - ﬂ(o)(iﬂ)- (4.3)

However, while the T-learner is consistent, it may not perform well in finite
samples due to a phenomenon called regularization bias: Given that we fit
fi0)(+) and fiq)(-) separately, these two functions may end up being regularized
in different ways from each other, creating artifacts in the learned CATE es-
timate 7r(x). This problem is particularly acute if we use methods where the
amount of regularization depends on sample size, and if there are many more
control than treated units (or vice-versa) |

Figure , illustrates this issue. There is no treatment effect, so po)(2) =
py(z) and 7(x) = 0, but both regression surfaces oscillate with . The data is
collected via a randomized trial with m = 0.1, so there are many more controls
than treated units. Here, there end up being enough controls for fi)(:) to
be well estimated and capture the underlying oscillation of the conditional
response function. On the other hand, there are very few treated treated units,
and so the best we can do with fi1)(-) is to heavily regularize it, resulting in
an estimate that is almost constant in z. Both estimates ji()(-) and fiq)(-) are
reasonable on their own; however, once we take their difference as in (4.3)), we
find strong apparent heterogeneity is 77(x), which is concerning since in reality
7(z) = 0 everywhere in this example.

A second concern with the T-learner, regularization-induced confounding,
arises because the T-learner does not explicitly account for variation in the
propensity score. If e(z) varies considerably, then our estimates of ji((-) will
be driven by data in areas with more control units (i.e., with e(x) closer to 0),
and those of fiq)(-) by regions with more treated units (i.e., with e(x) closer
to 1). And if there is covariate shift between the data used to learn fi()(-) and

~

f4(1)(+), this may create biases for their difference 77 (z).

4.1 Semiparametric modeling

As our analysis of regularization bias made clear, any good method for estimat-
ing the CATE should “focus” on estimating the CATE 7(x) accurately—and,
in a flexible statistical learning setting, this is not necessarily the same thing as
simultaneously estimating p)(z) and p1)(x) accurately. To understand what

2Throughout this discussion, we assume that the reader is familiar with standard results
on bias, variance, regularization, cross-validation, etc., as they arise in statistical learning.
A good reference on these topics is Chapter 5 of Hastie, Tibshirani, and Friedman| [2009)].
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Figure 4.1: Illustration of regularization bias. Both control (blue) and treated
(red) units are drawn from the same distribution. Data is generated from an
RCT with 7 = 0.1, and so there are more controls than treated units. Spline
regression learns a more oscillatory model for yy(x) and a flat one for (1) (x).
This results in an oscillatory CATE estimate, illustrated via shading, whereas
the true CATE here is identically 0.

it takes to successfully target the CATE, it is helpful to start by considering
the following semiparametric specification:

(x) =¢(x)- B, v: X =>RY  peR (4.4)

For example, in the context of Example B, if X contains unstructured data
on income and education, one could set 1(z) = {income in previous year, has
high-school degree, has college degree}.

We refer to this specification as semiparametric because our overall spec-
ification is non-parametric (in particular, j)(z) and e(x) arbitrary), but we
imposed a parametric specification on the key component of interest. Under
the model , estimating the CATE reduces to estimating 3. Working under
the basic setting from Chapter [3|and writing &;(w) = Y;(w) — pu)(X;), the ad-
dition of the parametric constraint lets us re-express our data-generating
distribution as a partially linear model,

Yi(w) = po)(Xi) + wep(x) - B+ ei(w). (4.5)
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This class of problems was studied by Robinson| [1988] who showed that, for
estimating (3, it is helpful to re-write (4.5)) as

Y —m(X;) = (W; — e(Xy)) ¥(X;) - B+ &5, where

m(z) = E [V;] X = 2] = po)(X3) +e(X0) 9(X0) - B (46)

denotes the conditional expectation of the observed Y;, marginalizing over W;
and ¢; = g;(W;).

The expression shows that, if we knew m(x) and e(x), then we could
estimate 3 via a simple regression algorithm: First define Y;* =Y; — m(X;)
and Z} = ¢ (X;)(W; — e(X;)), and then estimate 4* by running residual-on-
residual regression Y;* ~ Z'. In practice, of course, e(z) may not be known
and m(z) is essentially never known, and so running the above approach is not
feasible.

Our discussion in Chapter [3] however, motivates trying a plug-in approach
using the double machine learning framework. We first estimate the unknown
components m(z) and e(x) via a machine learning method of our choice, and
then plug them into using cross-fitting:

1. Run non-parametric regressions ¥ ~ X and W ~ X using a method of
our choice to get m(z) and é(x) respectively.

2. Use cross-fit residuals to define transformed features 172 =Y, — m(k@) (X;)

and Z; = (X;)(W; — e+ (X)),
3. Estimate B by running a linear regression 17; ~ Z

As established below, this residual-on-residual regression estimator has a sim-
ilar special property as established for AIPW in Theorem [3.2} As long as
the non-parametric components are reasonably accurately estimated, then B is
asymptotically equivalent to the oracle B*, and satisfies a central limit theorem

at the 1//n-scale]

Theorem 4.2. Under the basic setting with SUTVA, unconfoundedness and
overlap described in C’hapter@ suppose that (4.4) holds, that the regression
features are bounded ||1(X;) < M, and that we estimate 5 via a K-fold

loo

24This property is special: For most estimators, cross-fit plug-in versions of the estimator
will not be asymptotically equivalent to an oracle version of the estimator under useful
conditions. In general, this property requires the estimator to be “Neyman-orthogonal”; in
particular, both AIPW and residual-on-residual regression are Neyman-orthogonal. Giving
an abstract characterization of Neyman-orthogonality and when it holds is beyond the scope
of this book; see |Chernozhukov et al|[2022a] for an in-depth study of this topic.
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cross-fit version of residual-on-residual regression as given above. Suppose fur-
ther that we use estimators for the non-parametric components such that, for
all folds k=1, ..., K,

n= 2 ! mER X)) — (X))
\{z’:k(i):k}|{i:k(lz):k}( (Xi) =m(X:)" = 0,
—2a 1 (4.7)

R (X)) — e( X, 2
|{¢:k(¢):k}y{m§k}( (Xi) —e(Xi))” =, 0,

for some_constants satisfying an, > 0, ae > 1/4 and am, + e > 1/2. Then,
writing Z; and Z} are the oracle residuals as defined below (4.6)),

-1 ~ \ ®2 ~ 7—1

Jn (B - B) = N (0, V), Vs = Var [2} E [<gizi*> } Var [Z;] L (4.8)
provided Var [Z*} has full rank.

Proof. Under our basic setting and , the expression can be viewed
as a well-specified linear model with heteroskedastic errors. Thus, a standard
analysis of linear regression under heteroskdasticity [White, |1980] immediately
implies that the oracle residual-on-residual regression estimator 5* satisfies the
limit result (4.8). It thus suffices to show that V(B —p3%) =, 0

We can explicitly write out the feasible and oracle residual-on-residual re-
gression estimators as

—1 -1
1> Il >0 Q% 1 7% 1 ¢ xR\ *

We start showing that, for each fold k

Z Zvi- 1 > Zyy | =0
" fik )=k} " fisk()=h}
To do so, we spell out Yi, ZZ-, etc., and expand
> (X)) (W = eTR(X) (Vi = mTR(XG) — o (X5) (Wi — (X)) (V; — m(X5))
{i:k(i)=k}
= > (X)) (Wi = e(X))) (m(Xs) —m R (X))

{isk(i)=h}
+ > B(X) (e(X0) — e (X) (Y — m(X))
{i:k(i)=k}
+ Y (X)) (e(X) = eTP(XG) (m(X) — mTP (X))
{isk(i)=k}
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We then bound these terms exactly as in the proof of Theorem [3.2} For the

first two terms above we rely on cross-fitting; while for the last we use Cauchy-

Schwarz (relying on our assumptions that o, +a. > 1/2 and ||¢(X;)||,, < M).
The fact that

Z ZP? Z Z:# | =, 0

{z k(i)=k} {z k(i)=k}

follows by the same argument, except now we need to use 2a, > 1/2 in the
Cauchy-Schwarz bound. Finally, to put everything together, we invoke Slut-
sky’s lemma, the fact that

1 o= ~ ~
=37, var | Z] - 0,
n “—

and that the matrix inverse is a continuous function in the neighborhood of
full-rank matrices. O

The constant effect model One interesting special case of semiparametric
modeling is the constant treatment effect model

fy () — poy () =, (4.10)

whereby we assert that treatment effects do not vary with covariates; this is
an instance of with ¢(z) = 1. We can thus also apply the residual-on-
residual regression approach developed above in this setting, resulting in the
following;:

Corollary 4.3. Under the basic setting with SUTVA, unconfoundedness and
overlap from Chapter@ suppose that the constant treatment effect model
holds, and we estimate T via a cross-fit plug-in residual-on-residual estimator
with non-parametric components satisfying . Then,

\/ﬁ(?_T)éN«)a ‘4’)7

E |e(X)(1 - e(X,) (1 = e(X0)ot (X)) +e(X)o% (X)) | (411)
E [e(X:)(1 — e(X))]” '

T

Note that, under the model (4.10]), one could also have estimated the pa-
rameter 7 via methods for the average treatment effect such as AIPW (because,
when the treatment effect is constant 7, then the average treatment effect is
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also 7). However, AIPW would in this case generally be less accurate than
the residual-on-residual regression estimator. In particular, in the special case

where ([4.10) holds and of (z) = of)(2) = o2, then|

2
g < o’E !

TR -] < 7 [ (X))

= VA]pw, (412)

where the inequality above follows from Jensen’s inequality. This observation
highlights the fact that efficiency of an estimator for a specific target depends
closely on assumptions made. We showed Chapter [3] that AIPW is efficient in
our generic non-parametric setting; however, once we add an extra constraint
like , then estimators that exploit this constraint can do better@

4.2 A loss function for treatment heterogeneity

The residual-on-residual regression estimator developed above is helpful if we
believe in the semiparametric specification . In order to meet our origi-
nal goal of estimating the CATE in a generic setting with unconfoundedness,
however, we need to generalize this estimator to a fully non-parametric setting.

As background for how to do this, it is helpful to think in terms of how this
generalization was carried out in the context of simple prediction, i.e., predict-
ing a real-valued Y; from features X;. The classical approach to doing so is via
linear regression, but nowadays methods like decision trees, boosting and neu-
ral networks offer compelling non-parametric alternatives. Key insights in this
progression include the use of flexible basis expansions to express more com-
plicated signals; penalization to keep the complexity of the learned predictor
in check despite the use of high-dimensional basis expansions; cross-validation
to tune the amount of penalization; and algorithmic techniques like decision
trees and neural networks to adaptively generate basis expansions suited to
the task at hand. Hastie, Tibshirani, and Friedman| [2009] provide an excellent
book-length presentation of these concepts; Chapters 3, 5 and 7 are particularly
relevant for understanding the discussion below.

Our task here is to deploy all these concepts to CATE estimation. To
this end, we start by writing the residual-on-residual regression from above as
a loss-minimization problem. Recall that, in the simple prediction case, the
ordinary least-squares solution B to regressing Y; on ¢(X;) using n samples can

ZThe term Var [7(X;)] in Varpw vanishes here because the CATE is constant.

26 A risk of using the residual-on-residual estimator, of course, is that the constant treat-
ment effect model may be misspecified. We examine what happens to the residual-
on-residual estimator under misspecification in Exercise [5|in Chapter
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be characterized via squared-error loss minimization,

A

@:argmmﬂ{%zemg \a wo@)-ﬁ)}, beglys ) = (=2 (4.13)

By the same argument, we can verify that our residual-on-residual regression
algorithm also minimizes a certain least-squares objective, namely@

. AU
— ~ - RO (X Vi W (X -
I6] argmmﬂ{ng l (Xi, Y5, Wi ¥(X;) ﬁ)}

i=1

(4.14)

09 (2, y, w; z) = ((y — R (x)) — (w — é(’k)(x))z)2.
One critical difference between and is that, in our setting, the
“loss” function £%) is data-dependent, and takes as input our cross-fitted
predictions for m(-) and e(-). The fact that our loss function is data-dependent
in this way will lead to technical challenges down the road; however, it does
not preclude us from proceeding with algorithm development.

We are now ready to apply the statistical learning roadmap to CATE esti-
mation. We still start from the semiparametric specification ; however, we
now consider featurizations 1) : X — R% that map our input covariates X; into
increasingly high-dimensional representations as our sample size grows. For ex-
ample, ¥ could consist of a set of polynomial or trigonometric basis functions
with increasing numbers of terms. The motivation with this approach is that,
once we include enough basis functions, we will be able to accurately represent
any reasonable CATE function using this basis, i.e., we have 7(x) ~ ¥(z) - 5
for some 3 € R% [Chen, 2007].

The second step in the statistical learning roadmap is to introduce penal-
ization to control the complexity of the learned CATE function because, when
d, is large relative to n, directly running a residual-on-residual regression with
covariates ¢ (z) may be unstable. One choice here is to use the lasso penalty
[Tibshirani, |1996], which penalizes the sum of the absolute values of 5:

. 1 e o a (4.15)
= argming ¢ ~ > (G, Y, Wi o (X0) - B) + A Y 1B ¢

§ = argmin, {n 2 $(X) - B) + g 181

where A > 0 is a penalty parameter that controls the complexity of the learned
function. A judicious choice of A enables us to still get a good estimate 7(x),

27If true propensity scores e(x) are known, they can (and should) be used instead of the
cross-fitted estimates é(~%) (z).
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but protects against the risks of overfitting or numerical instability that occur
when ¢(z) is high-dimensional. Using A = 0 corresponds to just running linear
regression of Y; on ¢(X;), while in the limit A — oo all coefficients 3 get pushed
to 0. Another simple choice would be to use a ridge penalty, which adds a term
A 29_, B to the objective.

In order to make (4.15) actionable, we need a data-driven way to choose
the tuning parameter A\. The simplest way to proceed, is using a validation set,
i.e., assuming that we have access to ¢ = 1, ..., n,y independent datapoints
that can be used for validation. To choose A\, we start running for a grid
of candidate \ values, resulting in a large number of candidate estimates 7 ().
Then, we pick the value of \ that minimizes the validation loss,@

~ 1 ~
A= argmin/\ {n l E 14 (qu Y;, Wl, %A(XJ)} R (4].6)
YAl validation set

and finally use CATE predictions 7(z) = 75(«). Another, similar way of choos-
ing \ that does not require access to an independent validation set is to use
cross-validation; see Chapter 7 of |Hastie, Tibshirani, and Friedman| [2009] for
details.

The last step in moving from our residual-on-residual regression estimator
for semiparametric modeling to a fully flexible non-parametric CATE estimator
is to use algorithmic techniques like decision trees, boosting, or neural networks
to automate the choice of good basis expansions ¥ (x). Doing so, however, is
beyond the scope of this book; we instead refer to Nie and Wager| [2021] for a
completion of this discussion. The resulting algorithmic approach is called the
R-learner. The causal forest algorithm of Athey, Tibshirani, and Wager|[2019]
instantiates the R-learner framework using random forests [Breiman| 2001 ]
Foster and Syrgkanis| [2023] provide general formal results showing that, even
after moving to a complex non-parametric setting, the R-learner still maintains
robustness properties suggested in Theorem [4.2]

A numerical example We now test out the lasso-based R-learner based
approach (4.15), and compare it with a lasso-based T-learner approach (4.3

28Here, since we are evaluating our loss-function f() on fresh data, we no longer need
cross-fitting to avoid overfitting problems. In practice, of course, one needs to choose which
version of @() one uses on the development set; one simple and reasonable approach is
to average all the individual cross-fit loss functions produced on the training set, and use
() = K130, 100,

29For a presentation that explicitly presents causal forests as a type of R-learner, see Athey
and Wager| [2019).
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Figure 4.2: Test set CATE estimates generated via the lasso-based R-learner
and T-learner. The true CATE function is shown as a black dashed line.
The solid lines trace a smooth average of how the CATE estimates vary with
Xo+ X;.

where both fi)(-) and fi1)(-) are fit with a lasso using predictors ¥(X;). We
independently generate n = 4,000 samples as follows:

X ~ N (0, Iiox10), W ~ Bernoulli(e(X)), e(X) = 1/ (1 + 6*(X2+X3))
Y(U}) = 210g (1 4 6X1+X2+X3) +wl <X2 + X3 > O) +e, e~ _/\/'(O, 1) )

The original covariates are 10-dimensional, but the signal is obviously non-
linear and so simple linear methods would be inappropriate here. To address
this challenge, we expand our covariates into a 2555-dimensional basis expan-
sion 1 (X;) that includes both non-linearities and interactions between the co-
Variates@ We then use lasso penalization with a cross-validated choice of A to
avoid instability due to our use of a high-dimensional basis expansion.
What’s challenging about this setting is that units for which X5 + X3 is
large are simultaneously more likely to be treated, have a larger baseline effect
whether or not they get treated, and have a larger treatment effect. This type

30We expand all features into 7th order natural cubic splines using the R-command ns,
and then take full 2nd order interactions between these spline terms.
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of situation may arise, e.g., in evaluating educational programs if there exists a
class of, say, high-initiative people who are simultaneously more likely to seek
out and benefit from the educational resources, but also would have achieved
reasonably good outcomes without the resource. In settings like this, in order to
avoid regularization-induced confounding, it is important to accurately correct
for the correlation between propensity scores and baseline effects.

Results with both the R-learner and T-learner are shown in Figure [1.2]
The y-axis of the plot shows CATE estimates 7(X;), while the z-axis shows
X2 + X;3. The choice of z-axis reflects that, in reality, we know that the
CATE only varies with X;5 + X;3. The algorithm, of course, does not know
this a-priori—and this is why the actual CATE estimates 7(X;) also depend on
other aspects of the covariates (and this manifests itself as apparent noise in
the estimates). Here, we see that the R-learner has somewhat noisy estimates,
but gets the overall order of magnitude of the CATE right. In contrast, the T-
learner appears to suffer from severe regularization-induced confounding here,
and vastly overstates the amount by which 7(X;) grows with X;» + X3.

4.3 Bibliographic notes

The literature on non-parametric CATE estimation has received a huge amount
of attention in recent years. Some proposed methods for CATE estimation are
based on specific machine learning methods, e.g., trees |Athey and Imbens,
2016], random forests [Athey, Tibshirani, and Wager, 2019] or Bayesian tree
ensembles [Hahn, Murray, and Carvalho, [2020]. Others are more generic, and
can be paired with multiple algorithmic approaches. We here discussed the R-
learner [Nie and Wager, 2021]; other generic approaches to CATE estimation
include the X-learner [Kiinzel et al.,[2019] and the DR-learner [Kennedy, [2023],
and the modified covariate learner [Tian et al., 2014].

One important topic we did not focus today is what to do after we produce
a CATE estimate. After fitting a CATE estimator it is generally good practice
to seek to formally validate its output and quantify the strength of heterogene-
ity; some proposals for how to do so are given in (Chernozhukov et al. [2017]
and [Yadlowsky et al.| [2021]. Meanwhile, if the goal of fitting a CATE model
was to guide treatment choice, then Proposition suggests that empirical
thresholding rules of the form 1 ({7(x) > C}) are at least worth considering.
Manski| [2004], Stoye [2009] and Hirano and Porter| [2009] study properties of
such thresholding learns under the lens of statistical decision theory. |Sun et al.
[2021] discuss settings where the treatment cost C; is random and may also
vary with covariates X;.

In terms of formal results, Kennedy et al.| [2024] show that a variant of
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the R-learner is minimax for estimating CATEs under a set of smoothness
assumptions, while |Foster and Syrgkanis| [2023] provide guarantees for machine
learning with a class of “orthogonal” loss functions that include the R-loss.
Zhao, Small, and Ertefaie] [2022] consider post-selection inference for the CATE
in a high-dimensional linear specification using an algorithm that builds on the
semiparametric estimator from Theorem [£.2]

Finally, we also note some work on treatment heterogeneity based on dif-
ference conceptual frameworks. Although the ITE is not generally point-
identified, we can still seek bounds or intervals for it. |Lei and Candes| [2021]
provide one such method for doing this using conformal inference. |Ding, Feller,
and Miratrix| [2019] study heterogeneous treatment effect estimation in a ran-
domized trial under the strict Neyman model for randomization inference dis-
cussed in Chapter [T} and examine what can be said about treatment hetero-
geneity without making any sampling assumptions on the potential outcomes.
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Chapter 5
Policy Learning

So far, we've focused on methods for estimating treatments effects. In many
application areas, however, the fundamental goal of performing a causal anal-
ysis isn’t to estimate treatment effects, but rather to guide decision making:
We want to understand treatment effects so that we can effectively prescribe
treatment and allocate limited resources.

The problem of learning optimal treatment assignment policies is closely
related to—but subtly different from—the problem of estimating treatment
heterogeneity. On one hand, policy learning appears easier: All we care about is
assigning people to treatment or to control, and we don’t care about accurately
estimating treatment effects beyond that. On the other hand, when learning
policies, we need to account for considerations that were not present when
simply estimating treatment effects: Any policy we actually want to use must
be simple enough we can actually deploy it, cannot discriminate on protected
characteristics, should not rely on gameable features, etc.

Policy value For our purposes, a treatment assignment policy 7(z) is a

mappingF’E]
T: X — {0, 1}, (5.1)

such that individuals with features X; = = get treated if and only if 7(z) = 1.
Under the potential outcome specification, the expected realized outcome when
treatment is chosen according to the policy 7 is

V(r) =E[Y; (r(X3))] .- (5.2)

We refer to V(m) as the value of the policy 7, and assume that the decision
maker wants to use data to learn a policy 7 such that V' (7) large. This frame-
work relies on an implicit assumption that the outcome Y; captures the relevant

31In some applications (e.g., when a budget constraint needs to be satisfied exactly) it is
helpful to consider randomized policies 7 : X — [0, 1], where a non-integer value of () is
interpreted as a treatment probability. Results discussed here extend directly to this setting.
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benefit or reward the decision maker wants to optimize, and that the decision
maker is utilitarian in the sense that their objective is to maximize the average
reward across units.

Workflow Conceptually, there are three key phases in the policy learning
workflow. First, we need to collect data with random or quasi-random treat-
ment assignments W; to learn a policy 7; throughout this chapter, we will
assume that the treatment in this first stage is unconfounded and that data is
drawn as in the basic setting from Chapter (3| In a second (optional) phase, we
may want to evaluate the quality of the learned policy, i.e., estimate V(7).
This requires a second dataset (often referred to as a test set) with random
or quasi-random treatment assignment. Finally, once we’re done learning, we
enter the last phase where we may choose to deploy the learned policy, i.e.,
we may choose to set W; = 7(X;) with the hope that the expected outcome
E [Y;] obtained via Y; = Y;(7(X;)) will be large. In this third stage, there is
no more randomness in treatment effects, so we cannot (non-parametrically)
learn anything about causal effects anymore.

As noted earlier in Proposition [4.1], if we place no restrictions on m, then
the maximizer of V() is the policy that thresholds the CATE:

7" € argmax, {V(m)}, 7 (x)=1({r(z)>0}). (5.3)

Thus, one possible approach to learning policies is to apply the plug-in principle
to : One can first use methods discussed in the previous chapter to generate
an estimate 7(-) of the CATE, and then set 7(z) = 1({7(z) > 0}). This
approach may be reasonable in some applications, but may result in policies
that are hard to interpret or may not respect other practical constraints that
are called for in the application. The focus of this chapter will be on developing
methods for learning policies that do respect such constraints; we will present
such methods in Section [5.2] after first discussing some preliminaries on policy
evaluation below.

Example 5 (Continued). In the previous chapter, we introduced an example
from Kitagawa and Tetenov| [2018] where the authors seek to target JTPA
eligibility based on education and income. The optimal, unrestricted targeting
rule would just threshold the CATE. For feasibility reasons, however, they are
most interested in linear treatment rules of the formP?

7(z) = 1 ({prior earnings - o + education - ag > c}).

32We recognize that the CATE likely non-linear here, but for practical reasons we still
seek the welfare-maximizing linear thresholding rule (that is learned in a way that allows for
non-linearity in the CATE).
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Learning welfare-maximizing rules of this type requires new methods, intro-
duced in this chapter.

5.1 Policy evaluation

The key focus of this chapter is on the first “learning” part of the policy learning
workflow, i.e., on how to use data to choose a good policy 7. Methodologically,
however, we first need to discuss the second “evaluation” part of the workflow:
If someone gives us a policy 7, how can we estimate V (7)7

For the purpose of this section, we will assume that we have access to
test set of n samples with unconfounded treatment assignment as in the basic
setting from Chapter [3| and that this test set is independent of the data used
to learn the candidate policy 7, i.e., the training set. We will then discuss
evaluation of 7 conditionally on the training set: Here, we are not trying
to estimate E [V(7)] (i.e., to integrate over randomness in 7), but simply to
estimate V() for the specific realization of 7 on hand. Because the test set
and training sets are independent of each other, this task is equivalent to using
the test set to estimate V (m) for an arbitrary fixed policy 7; and for simplicity
we will present the rest of this section in terms of this latter task.

Inverse-propensity weighting Consider evaluating a given deterministic
policy m under unconfoundedness. If we further know the treatment propensi-
ties e(z), then we can obtain a simple estimate of V(7) via inverse-propensity
weighting (IPW):

1 3 LW =7(Xi)}) Y; (5.4)

Vipw(m) = n P [W; = m(X;) |Xz] 7

i=1
where P [W; = 7(X;) | X; = x| = e(z) when m(z) =1 and 1 — e(z) else. Qual-
itatively, this approach averages outcomes across those observations for which
the sampled treatment W; matches the policy prescription 7(X;), and uses
inverse-propensity weighting to account for the fact that some relevant poten-
tial outcomes remain unobserved.

When the treatment propensities are known, we can use the same argument
as in Theorem to check that, for any given policy m, the IPW estimate
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‘//\}pw(ﬂ') is unbiased for V(7),

- 1L ({W = n(X)) Y
E|[V(m)|=E F 7 (%) | ]
g [ LAW = 7 (X0} Yir(X0) |
P (W =n(X)|Xi] | (5.5)

— E [Yi(r(X))] = V(x),

where the second equality follows by consistency of potential outcomes and the
third by unconfoundedness.

Augmented IPW In Chapter 3, we discussed how IPW-based estimators for
the average treatment effect introduced in Chapter are generally inefficient (at
least when run with the true propensity scores) and are not robust to estimation
error in e(x); and how the augmented IPW (AIPW) construction can be used
to address both of these shortcomings. Similar considerations apply with policy
evaluation. For conciseness, we do not repeat the development from Chapter
here, and instead simply state the AIPW estimator and its key properties.

As usual, forming the AIPW requires estimates fi,,(x) for the conditional
response functions and é(z) for the propensity score. Given such estimates, the
plug-in non-parametric regression estimator for V' (m) is obtained by averaging
predictions we would get by following the policy 7, i.e.,

~ ] e .
Vepa(rm) = — D i (X3). (5.6)
=1

ATIPW is obtained by using IPW to debias this estimator by extracting any
remaining signal from the regression residuals,

Varpw (m) = % D iy (i) + P1[(V{V?v;ggi‘>)}(>i

i=1

7 (Vi ey (X)) - (65

As always with AIPW-type estimators, cross-fitting is recommended when
forming the AIPW estimator. If we use cross-fitting and use estimates for
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fp(x) and é(x) that converge at the rates assumed in Theorem [3.2] then

Vi (Varpw(m) = V()

= N (0, Var |:/’L7T(XZ)<XZ)] +E

2 x,)(Xi) D (5.8)
PW,=7(X)|X;]|)’

and the AIPW estimator is efficient. The proof of these results exactly mirrors
the arguments used in Chapter [3]

Policy comparison It is often of interest to compare two policies 7, and 79
by estimating the difference in their values

A7y, mo) = V(m) — V(ma). (5.9)

For example, if 7y is a status-quo treatment-assignment rules, and 7 is a new
proposed data-driven rule, then the difference A(7, mg) directly quantifies the
benefit of adopting the data-driven rule relative to the status quo.

Given the above discussion, a natural way to estimate the value difference
between to policies is to take the difference between their AIPW value esti-
mates. A direct algebraic manipulation can be used to re-express the resulting
estimator in condensed form as,

n

—~ 1 —~
AAIPW<7T17 7T2) = o 21 (Wl(Xz') - 7T2(Xz'>> I,
5o - - Wi - (5.10)
L = iy (X:) = fuoy(Xi) + = (Vi = ) (X5)) :
e(Xs)
1-W; .
9] (Vi = fi) (X))

and under the conditions of Theorem [3.2]
\/ﬁ <£AIPW(7Tla 7T2) - A(Wl, 7T2)>

= ,/\/'(O, Var [(71(X;) — m2(X;)) 7(X5)] (5.11)

op(Xi) | oi(X3)

E |1 X; X; 0" L .

rE 1m0 2 mo0 (2 55+ 7)) )

When 7, and 7, often agree on the action to take, then A arpw (1, ) only

needs to consider outcomes in the smaller region where their recommendations
differ—thus enabling a considerable improvement in precision.
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One specific policy contrast that is often of interest is the comparison of a
given policy 7 to the never-treat policy. We use short-hand A(7) = A(m, 0)
for this quantity, and refer to it as the benefit of the policy 7. We also note
that the benefit of the always-treat policy, A(1), corresponds exactly to the
average treatment effect, and as a sanity check we can verify that in this case
(5.11)) is just a re-statement of the result in Theorem

Aside: Treatment prioritization rules One type of policy that often
arises in practice is treatment prioritization rules. Such policies start with
a priority function S : X — R, and then assign treatment to the top g¢-th
fraction of units as ranked by the priority S(X;):

7= 1({S(X) > F5'(1- 0)}). .12

where Fyg is the the cumulative distribution function of the priorities S(X;).
Here, the priority function could be a CATE estimate obtained using a separate
training set, a risk measure quantifying who’s most at risk of a bad outcome
without treatment, or some other application-relevant notion of priority.

We can use policy evaluation to quantify the extent to which the priority
function succeeds in allocating treatment to those who benefit most from it.
The QINI curve estimates the benefit A(7) of treating the top ¢-th fraction
of units for different values of ¢, and then plots A(7f) on the Y-axis against ¢
on the X-axis. In settings where each unit has a constant cost of treatment,
the QINI curve quantifies a cost-benefit exercise where we measure how the
obtained benefit changes as we spend more.

Meanwhile, the TOC curve considers ¢ 'A(r%) — A(1), and plots this
quantity against ¢. This curve quantifies the extent to which the top ¢-th
fraction of units as prioritized by S(-) benefit more from the treatment than
randomly selected units. These quantities are discussed in [Yadlowsky et al.
[2021]; the paper also advocates considering the area under the TOC curve with
units prioritized by estimated CATE as a useful measure of overall detected
treatment heterogeneity.

The value of treatment prioritization rules can again be estimated using the
doubly robust approach:

anJ

AAIPW 7TS ZFM z(l ) > S( i(2) ) Z Z S (X,(n)) . (513)

One statistical challenge in studying the large-sample properties of this esti-
mator is that it depends on the empirical ¢g-th quantile of S(X;), which results
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in an inflated asymptotic variance relative to . Yadlowsky et al| [2021]
provide a central limit theorem for the value estimate in as well as for
induced area-under-the-curve metrics for QINI and TOC curve estimates; they
also discuss resampling-based methods for these quantities.

5.2 Empirical-welfare maximization

We now return to the task of learning a policy, i.e., using experimental or quasi-
experimental data to choose a good treatment assignment rule 7(-). Through-
out, we assume that the policymaker is constrained to choose a policy 7 be-
longing to some class II of acceptable policies; for example, Il may encode
restrictions on the functional form the policy is allowed to take or on which
variables it is allowed to use. Simple examples of policy classes one might
consider include the class of linear thresholding rules 7(z) =1 ({a -z > ¢}) for
some vector a and threshold ¢, or the class of fixed-depth decision trees.

Given this setting, the optimal policy—or policies—are those that maximize
policy value among all acceptable policies:

7 € argmax {V (7') : 7’ € II}. (5.14)

Any non-optimal (but acceptable) policy 7 falls short of this best possible
policy value, and suffers regret

R(m) = sup {V(#'): x e I} — V(m). (5.15)

Our goal is to learn a policy with guaranteed worst-case bounds on the regret
R(7). We refer this task as a learning (rather than estimation) task because
the performance of 7 is only assessed in terms of its regret. No requirements
will be made on 7 converging to 7* in terms of its functional form (and in fact
no assumption is made that there is a unique optimal policy 7*).

If the optimal policy 7* is a maximizer of the true value function V' (7) over
7 € I, then it is natural to attempt learn 7 by maximizing an estimated value
function:

7 = argmax {‘A/ (r):m e H} : (5.16)

This approach was coined as empirical-welfare maximization by Kitagawa and
Tetenov| [2018]. In the previous section we already discussed two estimators
of V(7) using data with randomized or unconfounded treatment assignment,
namely the IPW and AIPW estimators, and both can be used to learn following
. We refg\r to the maximizer of V;py (7) over m € Il as 7;pw, and to the
maximizer of Va;pw (7) as Tarpw.
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Regret bounds Proving that the empirical-welfare maximization approach
achieves low regret is beyond the scope of this book; however, we here sketch
the starting point of an argument for doing so. Let 7* be any policy achieving
the maximal policy value, and let 7 be a maximizer of the estimated value as

in ((5.16). Then,

R(@)=V(m)-V(®) o ) (5.17)
=V (r) = V(@) + V(@) = V(@) + V(7)) -V (7).

Because 7 is a maximizer of the estimated value we have V (m*) — 1% (m) <0,
so we can further get

RA) SV @)=V @)+ V() -V (%)

SQSUP{‘A(W)—V(W)‘ZWEH}, (5.18)

and in particular
E [R(#)] < 2E [Sup {‘V(w) - V(w)) 7 e HH . (5.19)

Thus, proving regret bounds for any empirical-welfare maximization approach
reduces to proving uniform bounds on the error of V(7) that hold simultane-
ously for all acceptable policies 7 € II.

One can use tools from empirical process theory to bound the term on the
right-hand-side of ; however, doing so relies on technical results beyond
the scope of this presentation. To state one concrete version of a result ob-
tained by following this path, let VC(II) denote the Vapnik-Chervonenkis
dimension of I (in many practical cases, one can essentially think of VC(II)
as capturing the number of parameters needed to specify an element of IT), and
assume that VC(II) is finite. Then, Athey and Wager| [2021] show that—under
the conditions of Theorem along with further regularity conditions—the
policy learned by maximizing the AIPW value estimate satisfies

limsup vnE [R(7arpw)]

< 60\/VC(H) (var [7(X,)] + E [10—82)((;()2.) N Jj((jég)D- (5.20)

What’s meaningful about this bound is that it connects how the worst-case
regret of empirical-welfare maximization scales with various problem primi-
tives. Specifically, we see that the bound increases with the square root of the
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dimension of the II (larger policy spaces are harder to learn over) and the vari-
ance of the AIPW scores (learning is harder when ATE estimation is harder),
and decreases with the square root of the sample size (more data helps). The
constant 60 is likely loose here, though.ﬁ

Policy learning as weighted classification The above discussion on regret
shows that empirical-welfare maximization is in principle a promising approach
to policy learning. However, in order to use this approach in practice, one needs
to be able to carry out the optimization problem ({5.16)) in a computationally
tractable manner. This is in general a challenging (non-convex) optimization
problem; thankfully, however, it turns out that the empirical-welfare maximiza-
tion problem is in many cases equivalent to a weighted classification problem,
thus allowing us to leverage computational insights from that literature.

Here, we focus on maximizing the AIPW value estimate . As a first
helpful step, we symmetrize the objective by defining

A\A[PW(TF) = ?AIPW(W) — ‘A/AIPW(l — ), (5.21)

i.e., the estimated improvement from following 7 relative to always doing the
opposite of 7. Clearly, m is a maximizer of Varpw(m) if and only if it is a
maximizer of Aarpw (7); thus, we can equivalently write

TArpw = argmax {A\AIPW (m):me€ H} ) (5.22)

Furthermore, following our discussion on policy comparisons, we can check that
check that

n

Aprpw(m) = %Z (2r(X;) — 1) T}, (5.23)

i=1
where T; is as defined in (15.10)).

For the purpose of optimization, the upshot is that we can now re-write our
empirical-welfare maximization problem as a weighted classification problem:

R 1 & o -
TAIpW = argmax - E (2m(X;) — 1) sign (Fl) I cmell p. (5.24)
i=1 ™ ~ J
classification objective sample weight

33The authors prove that the functional dependence of the bound (5.20) on the problem
primitives is the best possible, and the constant is loose by a factor at most 200.
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Qualitatively, the intuition here, policy learning is equivalent to trying to
choose a policy that matches the sign of the AIPW scores as well as possi-
ble, with weight corresponding to the magnitude of the AIPW scores. Prac-
tically, this result means that we can use any software package for weighted
classification to optimize our target objective and learn 74;pw .

The weighted classification formulation is valuable from a compu-
tational perspective; however, one should be careful not to read into it too
much. In typical signal-to-noise regimes, the signs of the AIPW scores I'; will
be fairly random, and actually predicting these signs with any reliability is im-
possible. Even an optimal policy 7* will make many “errors” according to the
classification formulation; and trying to get high accuracy according to the clas-
sification metric will only result in overfitting. It is possible to have problems
where empirical-welfare maximization works very well (in terms of improving
value relative to a status quo), but where standard classification diagnostics
applied to the formulation would suggest poor performanceﬁ

The role of the policy class I We started with a non-parametric model
(ie., pew)(x) and e(x) can be generic), where the welfare-maximizing unre-

stricted treatment assignment rule is simply 7, ... (z) = 1 ({7(z) > 0}). How-
ever, our goal in this chapter was not to find a way to approximate 7\, ...();

rather, given a pre-specified class of policies II, we sought to learn a nearly
regret-optimal policy from II. For example, IT could consist of linear decision
rules, k-sparse decision rules, depth-¢ decision trees, etc. Note, in particular,
that we never assumed that 7¥ . (-) € I

This problem setting may appear surprising at first glance. However, in
many applications, it’s important to consider learning over restricted policy
classes. A key reason for this is that, in policy learning problems, the features
X, can play multiple distinct roles. First, the X; may be needed to achieve
unconfoundedness

{Yi(0), V;(1)} L Wi | X,.

In general, the more pre-treatment variables we have access to, the more plau-

34As a further note of caution: We’ve shown that policy learning via empirical maximiza-
tion is computationally equivalent to weighted optimization of a classification objective. In
many applications, however, practitioners carry out classification by optimization a surrogate
objective (rather than the original classification objective), e.g., using the hinge or logistic
loss, and it may be tempting to also apply similar approximations to ([5.24]). The guarantees
presented here, however, do not in general extend to surrogate objectives. For example, it’s
possible to design situations where learning with a “logistic” surrogate for makes us
prioritize people who would benefit the least from treatment (rather than the most); see
Wager| [2019] for a discussion.
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sible unconfoundedness becomes. In order to have a credible model of nature,
it’s good to have flexible, non-parametric models for e(x) and i) (x) using a
wide variety of features.

On the other hand, when we want to deploy a policy 7(-), we should be
much more careful about what features we use to make decisions and the form
of the policy m(-). Depending on the application, there may be some features
that are required to achieve unconfoundedness, but are problematic when used
for treatment choice. This includes features that are difficult to measure in a
deployed system, features that are gameable by participants in the system, or
features that correspond to legally protected classes. In cases like this, these
features need to be kept in the dataset to identify causal effects, but the set II
should only contain policies 7 that do not depend on them. Furthermore, many
applications involve functional form constraints on 7(-) that could reasonably
be deployed (e.g., if the policy needs to be communicated to employees in
a non-electronic format, or audited using non-quantitative methods). Thus,
when learning policies, it’s important to be able to respond to application-
driven constraints as codified by the use of a restricted class II of allowable
policies.

5.3 Bibliographic notes

The idea behind our discussion today was that, when learning policies, the
natural quantity to focus on is regret as opposed to, e.g., squared-error loss
on the conditional average treatment effect function. This point is argued for
in Manskil [2004]. Stoye| [2009] provides a discussion of exact minimax regret
policy learning with discrete covariates, while Hirano and Porter|[2009] consider
asymptotic analysis in the limits-of-experiments framework.

The insight that policy learning under unconfoundedness can be framed as
a weighted classification problem—and that we can adapt well known result
results from empirical risk minimization to to derive useful regret bounds—
appears to have been independently discovered in statistics [Zhao et al.; 2012],
computer science [Swaminathan and Joachims, 2015], and economics [Kitagawa
and Tetenov, 2018|]. Properties of policy learning with doubly robust scoring
rules are derived in |Athey and Wager| [2021]. The latter paper also considers
policy learning in more general settings, such as with “nudge” interventions
to continuous treatments or with instruments used to identify the effects of
endogenous treatments. Mbakop and Tabord-Meehan| [2021] consider model
selection for empirical-welfare maximization to handle policy classes with infi-
nite VC dimension, while [Zhou, Athey, and Wager| [2023] consider structured
treatment choice with multiple possible actions.
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In this chapter, we’ve discussed rates of convergence that scale as y/VC(II) /n.
This is the optimal rate of convergence we can get if seek guarantees that are
uniform over 7(x); and the rates are sharp when the strength of the treatment
effects decays with sample size at rate 1/y/n. However, if we consider asymp-
totics for fixed choices of 7(z), then super-efficiency phenomena appear and
we can obtain faster than 1/y/n rates [Luedtke and Chambaz, 2020]; this phe-
nomenon is closely related to “large margin” improvements to regret bounds
for classification via empirical risk minimization.

QINT curves for evaluating treatment prioritization rules were first intro-
duced in the marketing literature to quantify the value of targeted marketing
campaigns. Imai and Li [2023] provide a modern statistical treatment of QINI
curves in randomized controlled trial under the Neyman model. Yadlowsky
et al. [2021] provide a unified analysis of different methods for evaluating treat-
ment prioritization rules—including both the QINI and TOC curves—in a gen-
eral observational study setting that accommodates double machine learning.
Sun et al| [2021] use QINI curves to quantify cost-benefit exercises in settings
where treatment cost is also unknown and needs to be estimated, while Sver-
drup et al|[2023] do so in the case of treatment prioritization rules that allow
for multiple actions.

The topic of policy learning is an active area with many recent advances. For
example, |Bertsimas and Kallus [2020] extend the principle of learning policies
by optimizing a problem-specific empirical value function to a wide variety of
settings, e.g., inventory management; |Luedtke and van der Laan| [2016] discuss
inference for the value of the optimal policy; while Kallus and Zhou| [2021]
consider the problem of learning policies in a way that is robust to potential
failures of unconfoundedness.
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Chapter 6
Adaptive Experiments

In the previous chapter, we considered policy learning under a two-phase model.
In the first “exploration” phase, we had data from an experiment or an obser-
vational study that could be used to identify the effect of an intervention and
choose a policy. Then, in the second “exploitation” phase, we could deploy the
chosen policy—and reap rewards if we chose well.

This two-phase model, also called the batch learning model in the engi-
neering literature, is attractive for its conceptual and operational simplicity.
However, in many settings where units naturally arrive in a stream and there
is a cost to experimentation, using a two-phase design with pre-specified explo-
ration and exploitation phases may seem too rigid—and instead we may want
to exploit any knowledge gained during the exploration phase as soon as it’s
available. For example, if at some point in the exploration phase we become
confident we’ve already uncovered the best policy for some subgroup of study
participants, then why not just immediately use this information instead of
waiting for a pre-specified end of the exploration phase? Or, in a multi-armed
trial, if it becomes apparent that one of the arms is clearly inferior, why not
discard it and re-focus available exploration resources on the other arms?

Example 6. |Schwartz, Bradlow, and Fader| [2017] describe a setting where a
financial institution seeks to acquire new customers via online advertising. The
advertiser needs to choose where to advertise (e.g., on which type of websites)
and what type of ads to use, and is interested in using experimentation to
optimize these choices. The authors show how an adaptive experimentation
model enables the advertiser to seamlessly move from exploring to exploiting
information about what ads work best during the same campaign, without
needing to pre-commit to a rigid experimental sample size up front. One should
also note that, in this setting, there’s less value in having access to standard
inferential outputs from a randomized trial (e.g., in terms of confidence intervals
and summary statistics), since any learnings would likely be specific to the given
advertising campaign and may not generalize to other campaigns.
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This chapter provides a brief introduction to the design of adaptive ex-
periments, also known as multi-armed bandit algorithms in the engineering
literature. Such experiments enable the researcher to modify their data collec-
tion scheme in response to preliminary findings, with the goal improving the
quality of the collected data and/or improving the welfare of study partici-
pants. A major challenge when working with adaptive experiments is that the
samples we're using for learning are longer independent of each other because
past outcomes affect future treatment assignments; and thus methods devel-
oped for non-adaptive experiments are no longer formally justified (and in fact
may fail badly).

Setting and notation As is standard when analyzing multi-armed adaptive

experiments, we assume that we have access to a stream of t = 1, ..., T exper-
imental subjects that can each be assigned one among k =1, ..., K candidate
actions. We write W; € {1, ..., K} for the action taken at time ¢ and Y; for

the observed outcome (or reward), and will consider settings where W, is a (po-
tentially randomized) function of past data. Following the potential outcomes
model, we assume that for each t there are potential outcomes {Y;(k)}+_, such
that Y; = Y,(W,).

Throughout this chapter, we will also make the following. We have access
to a stream of t =1, ..., T experimental subjects such that:

e The potential outcomes are independent and identically distributed across
time, i.e., {Yt(k)}f:1 S F for some distribution F that does not depend
on t. We write pp = Ep [Yi(k)] for the mean reward of the k-th arm.

e There are no covariates X; that can be used to for targeting, and assigned
actions can only depend on past actions and outcomes.

Both of these assumptions can (and often are) relaxed in the literature. There
exist algorithms that can handle non-stationary and even non-stochastic po-
tential outcomes, and also algorithms that allow use of covariates for targeting
(in the engineering literature this is called the contextual bandit setting); see
the bibliographic notes section for references. Here, however, we only have time
to briefly scratch the surface of the literature on adaptive experiments—and
will do so in the context of the restricted setting described above.

6.1 Low-regret data collection

There are multiple objectives one can target when designing adaptive data-
collections algorithms. We will start by considering methods guided by the
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simple principle of getting high cumulative rewards (and avoiding low-reward
actions) for the ¢ = 1, ..., T in-sample experimental subjects. The highest
possible expected reward one can get using any data collection procedure is
Tu*, where p* = max {ug : 1 < k < K} is the mean reward of the best arm in
terms of mean reward. We will assess the quality of an adaptive data-collection
procedure in terms of its regret

Z w— ) (6.1)

which quantifies the shortfall in rewards relative to always playing the best
arm | In a non-adaptive trial where W, is unlformly distributed on {1, ..., K},
regret scales linearly in T', i.e., Rp ~ T Zk L (@ — ) /K. A first goal of adap—
tive experimentation schemes is to do better, and achieve sub-linear regret. In
order to do so, any algorithm will first need to explore the sampling distribu-
tion to figure out which arms £k =1, ..., K are the most promising, and then
exploit this knowledge to attain low regret.

The upper confidence band method One notable early solution to the
explore-exploit trade-off problem in adaptive experiments in the upper confi-
dence band (UCB) algorithm of |Lai and Robbins| [1985]. The algorithm pro-
ceeds as follows. First, initialize each arm using tg draws and then,

e At each time ¢t = Ktg+ 1, Kig+ 2, ..., construct a confidence interval
Uyt for py based on data collected up to time ¢ — 1, and

e Pick action W; corresponding to the confidence interval ﬁk,t with the
largest upper endpoint, and observe Y; = Y, (W}).

At a high level, the motivation behind UCB is that we always want to explore
the arm with the most upside, i.e., UCB is optimistic in the face of uncertainty
about arm rewards. If we have yet to learn much about a given arm, it will
have a long confidence interval and UCB will optimistically sample it more.
Over time, however, we’ll collect enough data from the bad arms to be fairly

35Technically, the realized in-sample regret is RY. = Zthl (Y:(k*) — Yy), where k* is an arm
with pg- = p*. However, because the actions Wy only depend on past data, the difference in
summands Y; (k*)—Y; — (u* — pyw, ) form a martingale difference sequence—and so Ry and RY.
have the same expectation. By the same argument, one can see that the difference between
RY — Ry is pure noise that is not under the experimenter’s control. In our discussion here,
we will focus on Rp and call it “regret”, as this most accurately quantifies the consequences
of the actions taken by the experimenter.

72



sure they’re suboptimal in the sense that even the upper endpoint of their
confidence intervals isn’t competitive with rewards we could get from other
arms—and at that point UCB will stop sampling them.

There are many different variants of UCB considered in practice that arise
from different constructions for the confidence interval Uy, used for arm selec-
tion. To get an understanding of why UCB controls regret, we here consider a
simple UCB variant tailored to a Gaussian sampling model, i.e.,

Yilk) ~ N (s, 0%). (6.2)

where 02 is known. The Gaussianity and known o and T assumptions help

simplify the analysis; one can get rid of them at the expense of a slightly more
delicate algorithm and argument.

We write the cumulative number of times the k-th arm has been drawn and
the current running average of rewards from it as

mee =D LAWG =KD, e == 3 1AW = KDY, (63)

1
nk7

and select actions as

W, € argmax {(/]\kt} , ﬁk,t = [lg -1 + 0\/4 log(T) /nk,t_l. (6.4)

This choice is induced by the UCB construction with confidence intervals for
it whose width is /4 log(T) times the standard error of the estimate. The
following result shows that this algorithm in-fact achieves low regret with high
probability. The variant of UCB considered here was proposed by Auer, Cesa-
Bianchi, and Fischer|[2002], who refer to this algorithm as the UCB1 algorithm.

Theorem 6.1. Under our sampling assumptions and with Gaussz’aﬂ 11D po-
tential outcomes (6.2)), UCB with intervals (6.4) and ty = 1 initial draws has
regret bounded as

Br<160®log(T) S —— + Y (r—m),  (65)

{k:pp#p*} AL {k:pp#p*}

with probability at least 1 — K/T.

36The argument remains valid for sub-Gaussian outcomes with known scale parameter o.
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Proof. For simplicity, we assume that there is a unique best arm with £* with
Mg = ,u*m Under our sampling model, regret Ry can be expressed as

RT = Z ngT (,uk* — [Lk) . (66)
k#k*

Our main task is thus to bound ny 7, i.e., the number of times UCB may pull
any sub-optimal arm; and it turns out that UCB is essentially an algorithm
reverse-engineered to make such an argument go through.

To this end, the first thing to check is that, for each arm k # k*, we have

fi—1 < fu + 0'\/4 log(T") /nkvt_l (6.7)

forallt = K +1,..., T with probability 1 —1/7. This is true because, writing
Ck,; for the j-th time arm k was pulled, we have

P { sup {,Uk — g1 — U\/4 log(T) / g1 > 0}}

K<t<T

<P sSup {Nk - lak,Ck,j Y 410g(T) /‘7 = 0}]
1<j<ng
- LU

=P| sup Qu—=» Y/(0)—oy/4log(T)/j>0
_1§j§nk,T J =1
[ 1<, .

<P | sup Qe —= Y Y/(0)—oy/4log(T)/j >0
| 1<5<T J =

< Texp(—2log(T)) = 1/T.

where the equality follows by stationarity of the data-generating process (here,
Y/ (k) are independent draws from N (ux, 0*)), and the last line is an appli-
cation of a sub-Gaussian tail bound with a union bound. By a repeat of the
same argument and another union bound we see that with probability at least
1 - K/T,

P < flger g1+ U\/4 log(T) / s 41 (6.8)
forallt=K+1,..., T, and holds simultaneously for all k # k*.

37The argument is exactly the same—but just with more notation—if we allow for multiple
optimal arms.
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When ([6.7]) and hold, we can only pull any sub-optimal arm k& # k*
under the following (necessary but not sufficient) conditions:

Wt = k :> /:Lk,t—l + O-\/4 10g(T> /nk7t—1 Z /j[/k*,t_l + O-\/4: 10g<T) /nk*,t—l
= [lkt-1+ U\/4 log(T") /”k,t—l > [

= i+ 20\/4 log(T) / nip—1 > purs
= gy < 1607 log(T)/ (e — pu)”

Thus, when (6.7) and hold, pulling the k-th arm for some k& # k* simply
becomes impossible once ny ;1 passes a certain cutoff, and so

nir < 160% 1og(T)/ (e — p)” + 1.

Plugging this into the regret expression , we obtain (6.5)). ]

Theorem immediately implies that UCB in fact succeeds in finding and
effectively retiring sub-optimal arms reasonably fast, thus resulting in regret
that only scales logarithmically in the regret. Interestingly, the dominant term
in (6.5)) is due to “good” arms for which p* — py, is small; intuitively, the reason
these arms are difficult to work with is that it takes longer to be sure that
they’re sub-optimal. This implies that the cost of including some very bad
arms in an adaptive experiment may be limited, since an algorithm like UCB
will be able to discard them quickly.

Finally, one should note that the upper bound appears to allow for
unbounded regret due to quasi-optimal arms for which gy« — py is very small.
This is simply an artifact of the proof strategy that focused on the case where
effects are strong. When effects may be weak, one can simply note that the
worst-case regret due to any given arm k is upper bounded by T (pg+ — pug);
and, combining this bound with the bound implied by , we find that the
worst-case regret for any combination of arms py is bounded on the order of

K+\/Tlog(T).

Thompson sampling UCB is a simple approach to adaptive experimen-
tation with strong bounds on excess regret from sampling sub-optimal arms.
However, the algorithm is sensitive to a number of seemingly ad-hoc choices
that are more tied to proof strategies than transparent methodological consid-
erations, and this can lead to suboptimal performance in practice. For example,
the version of the UCB algorithm given above uses relatively wide confidence
intervals with a half-length of \/4log(T") standard errors; and so qualitatively,
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if we understand UCB as always choosing the arm with the most upside, then
this version of UCB is extremely optimistic in assessing upside. What would
happen if we ran UCB with intervals with a half-length of 1.96 standard er-
rors instead, i.e., with a more conventional amount of optimism regarding the
upside from each arm? In practice, this might (and often does) work well (per-
haps even better), but the proof of Theorem would no longer go through
(because the events and hold would no longer uniformly hold across
all time with high probability).

Current empirical practice suggests that we can side-step this brittleness
of UCB by using algorithms that are still driven by the general principle of
optimism in the face of uncertainty, but that operationalize their optimism
in terms of Bayesian rather than frequentist reasoning. Thompson sampling
[Thompson, 1933] is one example of a simple and widely used algorithm that
does so. To implement this algorithm, we start by picking a prior Il for the
potential outcome distribution F. Then, for each time t =1, ..., T, we

e Compute probabilities e;;—; that each arm k is the best arm, i.e.,
ki1 = P, [ = ], (6.9)

e Randomly choose an action W; ~ Multinomial(e.;_;), and
e Observe Y; = Y;(W;) and update the posterior II,.

One can efficiently implement this algorithm via posterior sampling: First draw
a joint sample (uf, ..., ) ~ II;_1, and then set W; = argmax {y} }.

Although Thompson sampling looks superficially very different from UCB,
it ends up having a similar statistical intuition behind it. Just like UCB,
Thompson sampling regularly explores every arm until it becomes effectively
sure that the arm is not good (i.e., the posterior probability of the arm be-
ing best drops below 1/T); and intuition from, say, the Bernstein—von Mises
theorem suggests that this should happen with roughly the same amount of
information as when the upper confidence band of an arm falls below the whole
confidence interval of some better arm. Proving an analogue to Theorem is
however beyond the scope of this presentation, and we instead refer to|Agrawal
and Goyal [2017] for such a result.

From a practical perspective, Thompson sampling presents a number of
advantages relative to UCB. Thompson sampling is less sensitive to implemen-
tation choices than UCB; in fact, if one is willing to initialize the algorithm by
taking 1 draw from each arm, then one can run Thompson sampling with I set
to be an improper flat prior over the real line, resulting in an algorithm with
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no tuning parametersf’ And, in empirical evaluations, Thompson sampling
often proves itself more resilient than UCB and related algorithms |Chapelle
and Li, 2011, Wu and Wager, [2022].

6.2 Inference after adaptive data collection

After collecting data in an adaptive trial, it may also be of interest to perform
statistical inference and, e.g., give confidence intervals for the mean arm reward
parameters p;. Doing so, however, requires caution as adaptive data collection
yields non-IID data and can thus void guarantees for standard approaches to
inference. For example, in the case of estimating p, two natural estimators
that immediately come to mind include the sample mean

R R 1
"¢ = fur = ey S LW = kDY, (6.10)

and, in the case of Thompson sampling, the inverse-propensity weighted esti-
mator

T
. 1 1{W, =k} Y,
g = Ly L= Y, 61
t=1 )

Nl

However, due to the adaptive data-collection scheme, neither of these estima-
tors has an asymptotically normal limiting distribution, thus hindering their
use for making confidence intervals.

The following simple illustrates the failure of the classical central limit the-
orem when working with adaptively collected data:

e We can sample outcome Y; ~ N (u, 1) for a single arm with unknown
mean /L.

e We first run a pilot study on ng samples and say that the pilot study
passed if the sample average of the first ng samples is positive (and that
it failed else).

e If the pilot study passed, we collect a further 10ny samples, whereas if it
failed we only collect ng further samples.

380n careful examination, it turns out that using an improper prior for Thompson sampling
is not just a simple generic choice, but can be a quasi-optimal choice from the perspective
of regret minimization [Kuang and Wager, [2024].
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Figure 6.1: Scaled distribution of 44V¢ conditionally on passing/failing the
pilot study, and unconditionally (i.e., distribution of /ng #4V¢), when p = 0.

This example is intended to capture, using a simple one-arm design, the quali-
tative behavior of Thompson sampling whereby the higher the current sample
average of an arm the more likely we are to draw from it. Figure displays
the scaled distribution of the resulting sample average when p = 0. We readily
see that the scaled distribution of 44V is both non-Gaussian and biased down-
wards, and so normal confidence intervals centered at 4V would not be valid
here. Nie et al.| [2018] provide a general result showing that sample averages for
regret-minimizing algorithms are biased downwards in considerable generality.

Meanwhile, /"W is unbiased when available (e.g., with Thompson sam-
pling). However, as discussed in Hadad et al. [2021], it still has a non-Gaussian—
and often heavy-tailed—sampling distribution. Thus, it again cannot be used
for normal inference.

The topic how best to do inference with adaptively collected collected data
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is still an active research topic, and a comprehensive review of the literature
is beyond the scope of this presentation. However, as a pointer to available
solutions, we here show how careful re-weighting of the data can avoid the
non-Gaussianity issues with 44V and /.

Consider a sequentially randomized experiment, where the treatment
probabilities e; can depend on past data; Thompson sampling is an example
of a sequentially randomized experiment. Then, we define the adaptively
weighted estimate of yy as

T

AW Z 1 ({W\t/:t_f}) Y; / Z L({W; = k})' (6.12)

The specification of this estimator may appear surprising, as units are weighted
by 1/,/e) rather than the more familiar 1/e; inverse-propensity weights.
However, as shown below, this weighting scheme yields an asymptotic normality
result. We note that the regularity condition ({6.14) reduces to the familiar
Lindeberg condition in the case of randomized trials with constant treatment
propensities; this condition is weak provided the e, cannot decay too fast.

Theorem 6.2. In a sequentially randomized experiment with IID potential
outcomes, suppose that

0 < o7 := Var [Y;(k)] < o0 (6.13)

forallarms k=1, ..., K, that e, > 0 almost surelﬂ and that, for all e > 0,

lim = STE[Y—m)? 1 ({(Yi—m)* > e T}) | Feoa] =0, (6.14)

T—oo 1’

where F;_1 denotes information collected up to time t — 1. Then,

)

(Y =) = N0, 1),

I 1dW = k) (Y — i)\ Coqwi=ky) (6.15)
Vk:2(<{ jl j )) /(Z ({m }))_

t=1 t=1

39Note that the condition that et > 0 can in fact be omitted from the theorem statement
at the cost of some extra bookkeeping in the proof and under the convention that 0/0 = 0.
The Lindeberg-type condition on its own already provides sufficient control on the
decay of the treatment assignment probabilities.
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Proof. We start by stating a technical result, the proof of which is deferred to
the end of this section: Under (6.13]) and (6.14]),

> L {Wt — k} /\/_—>p (6.16)

t=1

e., the denominator in grows faster than /7. Qualitatively, (6.16)
means that our adaptive sampling scheme collects an increasing amount of
data over time under the adaptive weighting scheme used in (6.12]).

Now, to obtain a central limit theorem, we note that

PSR UL TSRS HCUES IR

and start by focusing on the numerator of the above expression. Let

t=1

M, = Z {W _j}]_k(y} _ Nk) (618)

be its partial sum. Because W; is randomly chosen given information up to
time ¢, we see that W; is independent of Y;(k) conditionally on information
collected up to time ¢t — 1, and thus M, is a martingale:

E [M,| Fio1] = M1 (6.19)

Furthermore, thanks to our weighting scheme, we can check that the conditional
variance of each martingale step is non-random despite our use of adaptive
sampling probabilities:

Var [M; | Fi-1] = o3 (6.20)

Given these two facts, the martingale central limit theorem [Helland, |1982,
Theorem 2.5(a)] implies that

My [£/To} = N (0, 1) (6.21)

whenever

lim —ZIE (M, — M) 1 ({(My — My1)? > eT}) | Foea] =0 (6.22)

T—oo 1’
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for all € > 0. In our setting

E1HWF%HW%WWIGFm%=HM%—WV>d}>Nii
€j.k €5k
. HUWZkDOG—Mf1<{Wf#M2>ﬂ}>|E4]
€5k €k

=E[(¥; = )" L{(Y; = m)” > e T}) | Feen]

meaning that (6.14]) is equivalent to (6.22) and thus (6.21]) holds.

We are now ready to wrap up. We first note that /iy is consistent for y,
thanks to (6.16) and (6.21)). Meanwhile, under (6.14)), we also have that

~ (LW =R (=)
Z( N ) / (To}) =, 1 (6.23)

by martingale concentration [Helland, 1982, Lemma 2.3]; the same holds with
ur, replaced with itV by consistency. Thus, by (6.21]) and Slutsky’s lemma,

MT/ i(u{w’*:%}@_ﬂ?mf:/\/(o, 1). (6.24)

Finally (6.15]) follows because denominators in 2" and ‘7k1/ ? cancel out. O

The proof of Theorem reveals why the adaptively weighted estimator
2™ has a normal limiting distribution whereas the estimators V¢ or glf'W
may not. The weighting scheme for the adaptively weighted estimator was
essentially reverse-engineered for the predictable variance condition to
go through and thus enable application of a martingale central limit theorem.
The estimators 1;1V¢ or 4P do not in general have this property in adaptive
experiments. Hadad et al.| [2021] refer to weights that allow for application of a
martingale central limit theorem as “variance stabilizing”, and study a family

of variance stabilized estimators that include 21" as a special case.
Proof of (6.16]). It now remains to establish the remaining technical claim in
the proof of Theorem Our first task is to check that

T
Ery / VT =, 00,  Ery= Z Vet k- (6.25)
t=1
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Under (/6.13), we can choose an «aj, > 0 be such that

E (% — i) 1 ({(Y = ) = )] = 5.

Then, by repeatedly applying Markov’s inequality conditionally on past data,
we see that the key sum in (6.14)) can be bounded from below as

Zi: L{(Yi— )’ = eenT}) | Foui]

i 1{een T < ay}) > ?I%Ti ({ e < ak/(eT)}).

By (6.14] - this expression must converge to 0 in probability for every ¢ > 0.
Thus, for any ¢ > 0, we have | /e;x > /ay/(¢T) for all but a vanishing fraction
of units with high probability, and so ((6.25)) must hold.

For our next step, we form another F;,-martingale X, with differences

1L{W, =k})
v Et.k '
This martingale has increments bounded from above, X; — X, ; < 1, and

variance increments Var [Xt ‘ }}_1] =1—e;x < 1. |Freedman [1975, Theorem
4.1] then shows that, for any a > 0,

'ﬂ |

ﬂ |

X — X = VEetk —

a2
P Xr>al < ——— . 6.26
| T—a]—eXp{ 2(a—|—T)1 (6.26)
Now, given (6.25]), we know that there exists a function r(7") such that r(T") —
oo and P[Ery/(2r(T)V'T)] — 1. Plugging a = r(T)V/T into the above expres-
sion, we then get

. L({W: = k})
lim P — =2 < — =0
e D s Z Ve = r(TVT| =0
which, because Ery > 2r(T)V/T with high probability, implies (6.16)). O

Trade-offs in adaptive study design In this chapter, we have considered
two high-level questions pertaining to adaptive experiments. First, we asked
how to collect data such as to minimize in-sample regret; and then we asked how
to build confidence intervals for mean arm rewards using adaptively collected
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data. Given this this background, it’s natural to ask whether it’s possible to
align these two tasks—and simultaneously achieve low in-sample regret and
powerful post-experiment inference.

Here, however, the answer is unfortunately an unequivocal no: Data col-
lection schemes that aggressively optimize for in-sample regret as in (6.1)) will
result in fragile post-experiment inference. Bubeck, Munos, and Stoltz| [2009]
provide a formal trade-off in terms of the in-sample regret achieved using a
data-collection scheme, and the post-experiment regret one could get by de-
ploying the best arm from the experiment on future data. Fan and Glynn| [2021]
show that any adaptive algorithm that achieves optimal in-sample expected re-
gret will necessarily have a heavy-tailed regret distribution (i.e., the algorithm
has a small but non-negligible probability of failing completely and incurring
large regret). Finally, on a technical note, algorithms that aggressively ta-
per propensities e, for poorly performing arms are likely to not satisfy the
Lindeberg condition , and thus may not allow for valid post-experiment
inference via the proposed method.

There are thus unavoidable trade-offs in the design of adaptive experiments,
and researchers should choose relevant data-collection strategies based on their
goals. If the goal is to quickly roll out a policy and to immediately minimize
in-sample regret for study participants, then algorithms like Thompson sam-
pling provide a natural choice. If, however, a researcher also wants to use the
collected data to guide future policy, then using algorithms that are less aggres-
sive in how fast they taper the use of suboptimal arms is preferable [Bubeck
et al., 2009, Fan and Glynn, 2021]. We also note a large literature on designing
adaptive experiments such as to maximize our chance of identifying either the
best arm [Russol 2020] or a quasi-optimal arm [Kasy and Sautmann| 2021]
after T' time-steps.

6.3 Bibliographic notes

This line of work on bandit algorithms builds on early results from |Lai and
Robbins [1985] on the UCB algorithm. [Lai and Robbins| [1985] showed that
a variant of UCB achieves regret scaling of the form (6.5)), and that this be-
havior is asymptotically optimal. Finite-sample bounds of the type given in
Theorem are established in |Auer, Cesa-Bianchi, and Fischer| [2002], while
Agrawal and Goyal [2017] provide analogous bounds for Thompson sampling.
Thanks to its Bayesian specification, Thompson sampling can be generalized to
a wide variety of adaptive learning problems; see Russo et al.|[2018] for a recent
survey. We also note that UCB and Thompson sampling are by far not the
only available algorithms for this task; for example, Russo and Van Roy| [2018]
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propose information-directed sampling, another Bayesian heuristic which they
argue presents an attractive alternative to Thompson sampling.

In Section [6.1], we considered adaptive experiments that can quickly con-
verge on sampling the best of K available actions. The econometric setting
we used made 3 major assumptions that may not hold in applications: We did
not consider covariates X; that can be used to guide decision making; we only
considered in-sample regret as an objective; and we assumed that the sampling
distribution is stable over time. Each of these assumptions has been relaxed
in the literature. The literature on contextual bandits allows linking poten-
tial outcomes with covariates X, via either a parametric |[Bastani and Bayati,
2020, Goldenshluger and Zeevi, 2013] or non-parametric [Gur, Momeni, and
Wager, 2022, Hu, Kallus, and Mao, 20224, Perchet and Rigollet|, 2013] spec-
ification. The literature on best-arm selection was already discussed above
[Bubeck et al., 2009, Kasy and Sautmann, 2021} [Russo, [2020]. Finally, Bes-
bes, Gur, and Zeevi| [2019], Liu, Van Roy, and Xu [2023] and Qin and Russo
[2022] consider different models for how the reward distribution may change
over time, and propose algorithms tailored to this setting. There is also a large
literature on the adversarial model where, by analogy to the Neyman model, no
sampling assumptions are made on the potential outcomes and the only source
of randomness is in randomized action choice; see Bubeck and Cesa-Bianchi
[2012] for a review and references.

The line of work on inference with adaptively collected data via variance-
stabilizing weighting is pursued by a number of authors including |Luedtke and
van der Laan [2016], [Hadad et al. [2021] and Zhang, Janson, and Murphy| [2020].
One should note that this is not the only possible approach to inference in
adaptive experiments. In particular, a classical alternative to inference in this
setting starts from confidence-bands based on the law of the iterated logarithm
and its generalizations that hold simultaneously for every value of ¢; see|Robbins
[1970] for a landmark survey and [Howard et al.| [2021] for recent advances. One
can also build confidence intervals using diffusion approximations for adaptive
experiments motivated by weak-signal asymptotics [Hirano and Porter, 2023,
Kuang and Wager, [2024].

Finally, all approaches to adaptive experimentation discussed today are
essentially heuristic algorithms that can be shown to have good asymptotic
behavior (i.e., neither UCB nor Thompson sampling can be derived directly
from an optimality principle). In the Bayesian case (i.e., where we have an
actual subjective prior for F' rather than just a convenience prior as used by
Thompson sampling to power an algorithm with frequentist guarantees), it
is possible to solve for the optimal regret-minimizing experimental design via
dynamic programming |Gittins, |1979).
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Chapter 7
Balancing Estimators

The propensity score has played a central role in our presentation so far, in-
cluding in understanding identification of average treatment effects under un-
confoundedness, construction of efficient estimators of the average treatment
effect, and the design of adaptive experiments. However, although this presen-
tation makes it clear that the propensity score is important for causal inference,
it may still remain somewhat unclear why this is true.

Here, we will re-visit the propensity score as a statistical object, and argue
that a key function of the propensity score is to balance out—and thus elimi-
nate bias captured by—observed pre-treatment confounders. This perspective
will motivate the development of new propensity score estimators with better
end-to-end behavior when used for treatment effect estimation, and elucidate
connections between methods for average treatment effect estimation under
unconfoundedness and the broader literature on non-parametric and/or high-
dimensional inference. Note that this chapter will not consider any new tasks
in causal inference—rather, we will focus on the problem of average treatment
effect estimation under unconfoundedness and revisit the statistical principles
underlying the task. As such, this chapter may be skipped on a first reading.

The role of balance Working under our familiar basic unconfoundedness
setting from Chapter [3] recall the (oracle) inverse-propensity weighted (IPW)
estimator of the average treatment effect (ATE):

L (WY, (1—W)Y,
S— — =P\W,=1|X;,=x|. (7.1

Tew = ; (6(Xi> 1 —e(X;) ) el [ | o] (T
In Chapter [2| we showed that the oracle IPW estimator is unbiased for the
ATE, E [7/py] = 7 where 7 = E [Y;(1) — Y;(0)]. The proof given in Theorem
[2.2) was an abstract application of conditional independence and the chain rule
for expectations that immediately implied unbiasedness.
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In an effort to get a better understanding of the statistical function of the
propensity score, we start by revisiting the unbiasedness of IPW using a less
elegant—but more algorithmically explicit—argument. To this end, suppose
we can write the conditional expectation functions ji(,) () in terms of a basis
expansion, i.e.ﬂ

() (2 Z@ (7.2)

for some pre-defined set of basis functlon ¥;(-). Under reasonable regularity
conditions (and assuming unconfoundedness), we then have

T =My — M), M) = Z Bj(w) E [1;(X,)] - (7.3)

Given this setup, we can argue that IPW is unbiased as follows. Under uncon-
doundedness, Y; = pyw,)(X;) +¢; with E [a | X, WZ} =0, and so (again under
regularity conditions)

Eﬁ@ﬂ [ Z@
:E@MEW% } Z@ X,)] = may,

and similarly E [(1 — W;)Y;/(1 — e(X;))] = m(). This argument reveals that
IPW works by re-weighting both the treated and control samples so that the
weighted average of the basis functions 1;(X;) exactly matches the relevant
population averages.

Wi

+E %)

(7.4)

Population vs. sample balance Oracle IPW achieves unbiasedness by cre-
ating population balance across the treated and control groups for all basis
functions v;(X;):

Witi(X) | _ g1y, (A=W (X)] oy
E[ (%) :|—E[¢](Xz)]7 E[ ek ] E[4;(X;)]. (7.5)

In practice, we need to work with finite samples and need to estimate propensity
scores. However, following (7.5)), if the sample size n is large enough and the

40The existence of such basis representations is well known in many contexts; for example,
functions of bounded variation on a compact interval can be represented in terms of a Fourier
series. Here we will not review when such representations are available; instead, we assume
that an appropriate series representation is given.
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propensity score estimates é(X;) are accurate enough, then we may hope to
achieve approximate sample balance,

_ZW% Zw]
—z s m )

and for such sample balance in turn to imply consistency of IPW. This class
of arguments can be used to show that IPW is consistent for a wide variety to
consistent propensity score estimates é(X;).

The above argument is, however, incredibly loose. On the one hand, we
claim that IPW achieves consistency by creating balance in the 1;(X;); but on
the other hand, the above argument lets sample balance ([7.6]) emerge indirectly
as a consequence of consistent propensity score estimation. If we believe that
good sample balance is important, shouldn’t we put more thought into how we
estimate propensity scores and optimize for sample balance as in ? The
answer to this question is affirmative; and the covariate-balancing propensity
score methods that emerge from seeking to answer it provide a major improve-
ment over basic IPW methods that do not consider balance.

(7.6)

®>

7.1 Covariate-balancing propensity scores

We start by considering propensity score methods tailored to target covariate
balance under a finite-dimensional parametric specification. Suppose that X; €
R? take values in a finite-dimensional space, and that we have a linear outcome
model ji(,)(z) = x - B(w) and a logistic propensity model e(z) = 1/(1+ e™*?).
Because we have a linear outcome model, achieving sample balance just involves
balancing the raw covariates Xj.

The sample balance condition involves the “~” relation that we need
to disambiguate in order to proceed. Here, given that we're in a low-dimensional
setting, it’s reasonable to ask for exact balance, i.e., for to hold with equal-
ity. Then, using our logistic specification é(z) = 1/(1 + e=*?), becomes:

1< %0 _1g

E;(l—l—e XH)WXi—E;Xia (7.7)

LS (e a-mx -y 5)
i=1 =1
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Can we learn a parameter vector 0 for the propensity model such that the

balance conditions ([7.7)) and (7.8 hold?

These balance conditions are non-linear systems of equations that may at
first glance seem challenging to solve. However, it turns out that—under non-
degeneracy conditions—the solution to can equivalently be written as the
optimum of the following convex minimization problem,

0 = argming < — Y £, (X, Y, Wy) 3,
- {” Zl ol )} (7.9)
(Y (X0, Vi, Wi) = Wie ™0 4 (1 — W) X0,

so it can readily be solved via numerical methods such as Newton descent.
Meanwhile, the solution to (|7.8)) is equivalent to

R 1 &
f = argmin, {— Zﬁg)) (Xi, Vi, VVJ} )
n

i=1

(7.10)

Now, one subtlety here is that we may be interested in a parameter vector 0
that solves both and simultaneously. This, however, is not in general
possible (because it would require solving 2p equation using p free parameters),
but neither is it necessary: If the role of the propensity model is simply to create
balance, then if it’s convenient there’s no strong reason not to use two different
propensity models in the context of a single ATE estimator.

Putting all these pieces together to create an IPW estimator of the ATE
results in a covariate-balancing propensity score (CBPS) estimator:

R 1 <&
f(w) = argmin, {E ZgéW) (X3, Y, m)} , for w=0,1
i=1
(7.11)

1 & ; 1 )
ToBPS = i Z (1 + e‘Xi9<1)> WiY; — - Z (1 + €Xi9<o)> (1—W,)Y;.

1= 1=

The following result shows that, unlike the oracle IPW estimator which is unbi-
ased but with unnecessarily large variance (Theorem or generic IPW with
estimated propensity scores which is consistent but doesn’t necessarily have a
good rate of convergence, the above CBPS estimator has excellent statistical
properties: It is y/n-consistent with and asymptotically normal sampling dis-
tribution, and achieves the same asymptotic variance as the AIPW estimator

studied in Chapter
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Theorem 7.1. We have samples {X;, Y;(0), Yi(1), W;} P taking values in
RP x Rx R x {0, 1} such that we get to observe (X;, Y;, W;) where Y; = Y;(W;),
and that unconfoundedness holds, {Y;(0), Yi(1)} 1L W; | X;. Suppose there is a
c > 0 for which the following exponential moments are ﬁm’te,@

el Xilly el Xl
E le—] < o0, ]E[ ¢

(X =) < 0, (7.12)

and that the feature covariance matrixz has full rank, E [X?Q} > 0. Suppose
furthermore that both the linear outcome model pi)(x) = = - f(w) and the
logistic propensity model e(z) = 1/(1+e~"?) are well specified with ||0], < oo,
and that the conditional variances o2 (x) = Var [Yi(w) | X; = x| are uniformly
bounded, o2 (x) < M. Then 7cpps is consistent and

o2 (X;) o?(X;)
fopps —7) = N (0, Var [7(X;)] + E | —> 2~ + | ). (713
\/E<TCBPS 7_) N ( , var [T( )] + |:1 _ B(XZ) + G(XZ) :|) ( )
Proof. We start by examining the loss functions 6((,1)(:1:, y, w) given above, and
its expectation

Lin(8) = E [ (X., ¥, W)

The analysis of Eéo) (z, y, w) and L)(-) is essentially identical, and so we do
not carry it out here. First, note that

V2D (2, y, w) = we P ¥ = 0,

i.e., this loss functions are convex as claimed. Next, assuming that the logistic
propensity model is well specified (with true parameter value ), we see that
for any ¢’

€ i0 ’
L 8/ —F | — X;(6-6") —Xzel
(1)( ) 1+6_Xi96 + 1+€Xi€ )

which, because E [e“l*l2] < oo thanks to (7.12)), is finite for any ' such that
16 — 0|, < c. Finally, at the true parameter value 67

VLu)(0) =0, V’Ly(0) =E [e(X;) X*] = 0,

i.e., 0 is in fact a minimizer of Ln)(+); and, by convexity of Lél) and strong
convexity at 6, it is the unique minimizer Lq)(-).

41This exponential moment condition is generally weaker than the strong overlap assump-
tion made in Chapter Note that, under the propensity model used here, strong overlap
would follow from assuming that || X;|| is uniformly bounded.

“2The fact that E [6(Xi) Xfw] > 0 follows immediately from our assumption that
E [X?Q] >~ 0 and the fact that 0 < e(X;) < 1 almost surely in our setting.
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Given these preliminaries, we can use standard results for convex empirical
risk minimization [e.g., Van der Vaart, [1998, Theorem 5.7 and Example 19.8]
to check that 9(1 is consistent, i.e., 9 )y —p 0. Thus, in particular, we see that

é(l) must be finite with probablhty going to 1. It must thus (with probability
going to 1) be a critical point of the loss function,

IEN ~Xif) 7
= e T+ (1 — Wi) X0 =0,
V (n ;:1 Wie (1= Wi)Xiby | =0

which in turn is equivalent to é(l) solving ([7.7)).

Applying an analogous analysis to 6y and plugging these balance condi-
tions into ([7.11]), we can use well-specification of the linear outcome model to
verify that on the with-probability-tending-to-1 event where 6,y solves (7.7)

and é(o) solves (|7.8)),

TCBPS = ! Z < (6(1) —Bo ) (2W; — 1) (1 + e_(ZWi_l)Xié(Wi)> 8i> ;

22 (o0 )
= — T 81'— g
i1 7; 1_€(Xz)
L~ ([ xi 7X~9) 1~ [ xid X0
— T —em ) Wie; — — ( . ) 1 —Wi)es,
+n‘ (e e € nz e e ( )e

=1 1=

where ¢; = Y; — X;Bw,). Now, the first summand above is familiar from our
earlier discussions (e.g., in Chapter [2)), and satisfies .

It remains to check that the last two terms are asymptotically negligible on
the 1/4/n scale. To this end, note that this term is mean-zero conditionally on
{X;, W;} (and thus also the é(w)), and that

2
1< 5
E (=3 (e — e wiey | | (X, Wi
n (n; e e g | | {Xi, Wi}
== Z ( —Xiba) _ e—Xi9>2 Wiat (X))
. 2
(e

= — Z (e 9 9(1 — 1)2 672X¢9Wi.

| /\
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We know that, by consistency, ||6 — 9(1) |2 < /2 with probability tending to 1
for any 0 > 0, and so, again with probability tending to 1, the above expression
is bounded by

n

Z (65\\Xz‘||2 + 1) €*2X¢9Wi

o (]rgl[(e(;”X” + 1) 6_2){1-9/ (1 + 6—Xi9):|)
— Op (E [%ilz (1 4+ X)),

2M
< 7

where the steps above were by Markov’s inequality on the 2nd line and by
direct algebraic manipulations on the 3rd line. This expression is finite for any
0 < ¢ by (7.12); and tends to 0 as 6 — 0 by continuity. Thus, by consistency
of 0(1),

n

2
1 R
TL]E <_ Z <6_Xi9(1) — G_Xlﬂ) erl) | {X'm VI/Z} _)p 07

n-
=1
and so by Chebyshev’s inequality this term is on the 1//n scale as we sought
to show. Applying an analogous argument to the term involving o) completes
the proof. O

Thus, if we believe in a linear-logistic specification and want to use an
IPW estimator, then we should learn the propensity model by minimizing the
covariate-balancing loss function rather than by the usual maximum likelihood
loss used for logistic regression. Maximum likelihood is asymptotically optimal
from the perspective of estimating the logistic regression parameters 6, but
that’s not what matters here. When estimating the ATE via IPW, what we
need from the inverse-propensity weights is for them to create balance as in
; and we achieve good results with IPW when using covariate-balancing
propensity scores that directly target this goal.

Exercise |8|in Chapter 16| expands on the result given above, and also estab-
lishes double-robustness properties for 7cppg that hold if only one of the linear
or logistic models is well specified. Exercise [0 studies a covariate-balancing
propensity score estimator that targets the average treatment effect on the
treated.

Remark 7.1. The estimator ([7.11]) is not the first covariate-balancing propen-
sity score estimator encountered in this book. In Chapter [2] we considered a
setting where the feature space X is discrete, and found that the natural strat-
ified estimator 7srrar could be interpreted as an IPW-estimator with a smart
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choice of estimated propensities that enable efficient large sample behavior; see
Theorem and . Further examination reveals that the propensity scores
underlying 7srrar achieve exact sample balance for indicators 1 ({X; = x}) for
all z € X', and that Tgrrar is equivalent to Toppg for a saturated model. Thus,
conceptually, we can think of covariate-balancing propensity score methods as
the natural generalization of stratified treatment effect estimation for when X
takes on continuous values.

7.2 Approximate balance and augmented estimators

We established above that, when working in a low-dimensional parametric set-
ting, propensity score methods that target exact finite-sample balance as in
and have a number of good statistical properties. In some set-
tings, however, achieving exact balance may not be realistic. In some modern
applications, the covariates X; € RP may take values in a high-dimensional
space with p > n (e.g., X; may represent a patient’s genome); and in this
case it’s generally not possible to find weights on n samples that exactly solve
p covariate-balancing moment conditions. Or, as in our motivating example
[7.2] we may be interested in a setting where we use an infinite sieve to ap-
proximate a non-parametric function, and in this case we have infinitely many
covariate-balancing moment conditions to worry about.

Thankfully, even when exact balance is unachievable, we can still obtain
good results via propensity-score methods that aim for approximate balance

1 With(X5)
" (1= W) (X)) (7.14)
1 — Vi) YA
13 5; 1—é(X;) — (X)) <,

for some small tolerance parameter . When working with approximate balance,
plain IPW-type estimator as considered above may dominated by bias and no
longer work well; however, using augmented IPW-type estimators can address
the issue. The reason augmented estimators help with approximate balance is
closely tied to the (strong) double robustness of augmented IPW discussed in
Chapter [} A reasonably accurate regression adjustment can mitigate the bias
due to non-exact balance without introducing excess errors in doing so.

A comprehensive review of approximately balancing methods for high-
dimensional and/or non-parametric treatment effect estimation problems is
beyond the scope of this presentation. Instead, we will here summarize one ap-
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proach tailored to the high-dimensional setting with a sparse, linear outcome
model, and present references for further reading at the end of the chapter.

Suppose that the basic unconfoundedness model from Chapter 3| holds with
high-dimensional controls X; € R?, where p may be much larger than n. Sup-
pose furthermore that the outcome model is sparse and linear, ji()(x) = =+ By
with [|Bllo < k for some reasonably small bound on the number of non-zero
parameters k, where |[v||p counts the number of non-zero entries in 0. Note
that we are not making any parametric assumptions on the propensity model
here, and simply assume strong overlap n < e(X;) < 1—n.

Given this setup, Athey, Imbens, and Wager| [2018b] consider learning
weights 4; by directly minimizing an approximate balance criterion:

1
51 — aremin — 24 (nt?
Y gmIN, g >0 n m;l v +¢

(7.15)

(Wi = 1) X;

i=1

subject to <t forall j=1,...,p,

SRS

and %) is derived analogously. Conceptually, we can interpret these weights
as “1/e(X;) = %(1),,7 etc., but here the weights aren’t derived from a paramet-
ric propensity model. We can then use these approximate balancing weights
to derive an augmented balancing estimator modeled after the AIPW con-
struction,

Fap = % i X (B = B ) + Wial? (¥ - Xib (7.16)

— (1= WA (Yi - Xz'B(O)) ;

where the B(w) are estimated via some method applicable to sparse, high-
dimensional data such as the lasso [Tibshirani, 1996]. The key motivation
behind this construction is the following lemma.

Lemma 7.2. Under unconfoundedness and SUTVA, suppose furthermore that
Pw)(T) = T+ By, and that By is an estimator of B,y with Li-norm estimation
error bounded by C,y for w =0, 1:

p
B =B, < Cars ol =D Il (7.17)
j=1

93



Then, the augmented balancing estimator (7.16)) satisfies

R 1 Zn . .

TAB = — Xi (5(1) — 6(0)) + Wi’}/i(l)Ei — (1 — VVZ')%(O)&?Z' + E,
i (7.18)

|B] < Gy + Cyt™,

where the ) are the bias parameters in the solution to the optimization prob-

lem (7.15) and e; =Y; — Xiﬁ(Wi)'

Proof. Thanks to linearity of ji(,)(z), we immediately get that the first line of
(7.18) holds with error term

p-1 Z X (B = o)) = X: (B0 = o)
+ WA X, (B — Bw) — (1= WA X, (o) — B
S (s
- %; (1= =W)X (B~ o)

An application of Holder’s inequality then gives

1 & () .
Bl (=S (1-wal) x| 8oy -
Bl <~ Z:: ¥ By = B,
1 <& R R
+ 52(1—(1—Wi)7§°)> X Hﬁm—ﬁ(m‘ o
=1 o0
which is equivalent to the bound we seek to show. O]

The upshot is that, ignoring the error term F, the expression for 745 given
in has the familiar form obtained with efficient estimators of the ATE in
Chapter . Thus, if we can show that F is negligible on the 1/y/n-scale, this
result strongly suggests that we should expect good statistical behavior from
7ag. One wrinkle that’s beyond the scope of this presentation is to provide
a precise characterization of what the 4(*) converge to; however, one simple

43See Hirshberg and Wager| [2021] for conditions under which the 4(*) are consistent for the
inverse-propensity weights, and thus |E| < 1/1/n together with Lemma imply efficiency
in the sense discussed in Chapter @
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observation is that if we can control the average second moment of the 4(®)
(as will be done below), then together with an error bound |E| < 1/y/n
implies that 74p is \/n-consistent and asymptotically unbiased.

It now remains to establish conditions under which £ is bounded. Under
a widely used assumption on the covariate distribution called the “restricted
eigenvalue condition” and under a sparsity bound ||Buw)llo < k (ie., and as-
sumption that the true parameter vector has at most k£ non-zero entries), the
lasso can achieve 1-norm error [e.g., Negahban et al. 2012]

B(w) — 5@;)”1 =0Op (k: 1Og(p)> ) (7.19)

n

Meanwhile, the imbalance of approximate balancing weights can be controlled
via the following result.

Lemma 7.3. Suppose that strong overlap holds, n < e(X;) < 1—mn for some
n > 0, that the features X; are bounded |X;| < M. Then, with probability
at least 1 — 0, the solution to the approximate balancing program with
tuning parameter ¢ = 1/(4log(p)) has a solution satisfying

% S (0) =0, =0y ( @) . (7.20)
W;=1

Proof. Consider the value of the objective function in (7.15)) if we were to
plug-in the true propensity scores 77 = 1/e(X;). This choice would induce a
worst-case imbalance

%;n; (G(W);i) - 1) b -

Now, for every j =1, ..., p, we have E [(W;/e(X;) — 1) X;;] = 0 and, thanks to
strong overlap and boundedness, we have |(W;/e(X;) —1)X;;| < M/n. Thus,
we can use Hoeffding’s inequality and a union bound to verify that,

P [ M [4log(p)

" =

> —
n n

2
<Z
p

A second application of Hoeffding’s inequality to the first part of the objective
and plugging in our choice for ¢ then shows that,

P[%iﬂ—l—nﬁ(t*)ZzE[ ! ]+i 210g(p)+%2]§

4
— *(X;) e(Xe)] n " T
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Now, the true inverse-propensity scores 7y are simply one feasible solution to
the optimization problem , whereas ) was chosen such as to make the
optimization objective as small as possible. Thus, by monotonicity, we must
also have

1 A 2 N 1 1 /21 g( ) M?
P13 () ) 2 [ P 28

W;=1

4
<=
p

The desired conclusion follows by noting that all terms in the objective are

non-negative, and so must also be individually controlled by the given upper
bound. O

Putting together the pieces, we can use (7.19) and (7.20)) to show that, under
a sparsity bound ||Bw)|lo < k, the error term E in Lemma is bounded to
order |E| = Op (klog(p) / n). It is thus negligible on the 1/y/n-scale whenever
the sparsity level is controlled as k < +/n/log(p). This sparsity condition
is familiar from the literature on high-dimensional inference |[Javanmard and
Montanari, 2014, [Zhang and Zhang, 2014], and corresponds to the weakest
sparsity condition under which debiased lasso methods enable valid inference
without further assumptions knowledge about the distribution of the covariates
X;. This connection is not an accident, and the augmented balancing method
presented here is in fact closely connected to debiased lasso methods for high
dimensional inference; see Athey, Imbens, and Wager| [2018b] for a discussion
and further references.

Remark 7.2. We earlier made a claim that, when we have weights that achieve
approximate (but not exact) balance, augmented estimators of the form ((7.16])
should be used. We are now in a position to substantiate this claim: Suppose
that we are in a high-dimensional setting and use weights to form an
IPW-type estimator

= =3 (WAl - (1= WY (7:21)
n

i
i=1

We can then use Lemma to control the bias of this estimator; however,

the resulting bias bound will generally be of order y/log(p)/n, and this bound

dominates the error of the estimator when p can grow with n. Thus, our

analysis only yields y/n-consistency in high dimensions when approximately

balancing weights are used in an augmented estimator.

Remark 7.3. In comparing different methods discussed in this chapter, one nat-
ural question to ask is: What happens if we apply the direct balance-seeking
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strategy (7.15) in a low-dimensional setting, and target exact rather than ap-
proximate balance? This results in treated weights

A~ : 1 1 -
¢U:M@m%m{ﬁ Efﬁ:g§ WW}4L&:0}, (7.22)
W;=1

i=1

and analogous control weights; note that this optimization problem will gen-
erally only be feasible when both the number of treated units and the number
of control units is greater than p. If we have exact balance, then using an aug-
mented form as in ([7.16|) is no longer necessary; in fact, exact balance means
that the regression adjustment term gets exactly canceled out and so the aug-
mented estimator is numerically equal to a non-augmented one [Robins et al.)

2007) 7]

7.3 Bibliographic notes

The key role of covariate balance for average treatment effect estimation under
unconfoundedness has long been recognized, and a standard operation proce-
dure when working with any weighted or matching-type estimators is to use
balance as a goodness of fit check [Imbens and Rubin, [2015]. For example,
after fitting a propensity model by logistic regression, one could check that the
induced propensity weights satisfy a sample balance condition of the type
with reasonable accuracy. If the balance condition is not satisfied, one could
try fitting a different (better) propensity model.

The idea of using covariate balance as an idea to guide propensity esti-
mation (rather than simply as a post-hoc sanity check) is more recent. Early
proposals from different communities include (Graham, Pinto, and Egel| [2012]
Hainmueller| [2012] and [Imai and Ratkovic [2014]; a unifying perspective on
these methods via covariate-balancing loss functions is provided by [Zhao| [2019).
Zubizarretal [2015] proposed learning weights that achieve balance without go-
ing via an explicit application of IPW in the context of a parametric propensity
model. Tacus, King, and Porro [2012] proposed coarsening a continuous covari-
ate space into a finite number of regions, and then applying a stratified esti-
mator over these regions to achieve balance.ﬁ The term “covariate-balancing

441t is also interesting to note that, if we use the exact balancing construction (7.22)
and omit the positivity constraint 7; > 0, then the induced IPW-type estimator (|7.21)) is

numerically equivalent to the interacted OLS regression estimator . This connection
can be proven directly using elementary techniques; one can also argue for this connection
by noting that it is equivalent to the Gauss-Markov theorem.

450ne finite-sample consideration with this approach is that one may end up with regions
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propensity score” was coined by Imai and Ratkovic| [2014], while our presen-
tation given in Chapter most closely builds on |Graham, Pinto, and Egel
[2012] and Zhao| [2019].

Our presentation in Chapter was adapted from Athey, Imbens, and
Wager [2018b], who showed that approximately balancing weights and aug-
mented estimators can be used for inference about average treatment effects
with high-dimensional controls under a sparse, linear outcome model. Tan
[2020] pairs an augmented construction with a lasso-penalized variant of the
covariate-balancing propensity score estimator to estimate average treat-
ment effects in a high-dimensional linear-logistic specification. Kallus| [2020]
and [Hirshberg and Wager| [2021] consider balancing (and augmented balanc-
ing) methods in a non-parametric setting, and derive weights that approxi-
mately balance all functions in an infinite-dimensional space (e.g., all functions
in a given smoothness class). In particular, Hirshberg and Wager [2021] show
that if the class of balanced functions is not too large and spans the true
inverse-propensity weightin functions 1/e(-) and 1/(1 + e(-)), then augmented
approximately balancing estimators of the average treatment effect are efficient
in the sense of Chapter under weak conditions.

Finally, the principles behind balanced estimation apply more broadly than
to average treatment effect estimation, and can in fact be used to estimate
a wide class of econometric targets. The Riesz representer theorem gives
conditions under which estimands 6 that depend linearly on the sampling
distribution—this includes quantities such as average derivatives and average
partial effects—can be characterized as weighted averages 0 = E [v(X;, W;) Y]
for a weight function 7(-) called the Riesz representer. In the case of ATE
estimation under unconfoundedness and with a binary treatment, the Riesz
representer is y(z, w) = w/e(x) — (1 —w)/(1—e(z)), and thus IPW for ATE es-
timation is in fact a special case of Riesz-representer weighting. |Chernozhukov
et al.| [2022a] use this perspective to develop doubly robust estimators for a
wide class of targets by replacing the propensity-estimation step with esti-
mation of the Riesz representer. Hirshberg and Wager| [2021] show that the
balancing weights construction effectively yields a penalized empirical
Riesz representer, and thus their method (and results) directly extend to the
general setting of |(Chernozhukov et al.| [2022a]. |Chernozhukov, Newey, and
Singh| [2022b] provide a general recipe for machine-learning based estimation
of Riesz representers that can be used to automate the construction of double
machine learning estimators for generic linear targets.

with only treated (or control) observations, and such regions cannot be balanced. Thus, data
in such regions needs to be discarded, resulting in a loss of power—and potentially also bias.
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Chapter 8
Regression Discontinuity Designs

The cleanest and most straight-forward approach to treatment effect estimation
is using approaches justified by random treatment assignment—where random-
ization can either be explicit (as in randomized controlled trials) or implicit (as
in observational study analyses under an unconfoundedness assumption). All
methods discussed in the book so far fall within this category.

In applied work, however, there’s also often interest in drawing causal in-
ferences using data where it is not realistic to assume that treatment is as
good as random (even after controlling for observed pre-treatment covariates),
and there exist a number of widely used econometric methods for identifying
and estimating causal effects in settings without random treatment assignment.
This chapter—as well as the following ones—will provide a brief introduction
to such quasi-experimental approaches to causal inference. We use the term
“quasi experimental” to emphasize that these approaches are still framed us-
ing concepts from randomized experiments—such as potential outcomes and
average treatment effects—but require econometric innovations to compensate
for the lack of random treatment assignment.

Setting and notation This chapter is about the regression discontinuity
design (RDD), which is a simple and widely used quasi-experimental design.
In a simple RDD, we are interested in the effect of a binary treatment W;
on a real-valued outcome Y;, and posit potential outcomes {Y;(0), Y;(1)} such
that Y; = Y;(W;). However, unlike in a randomized trial, we do not take the
treatment assignment W; to be random. Instead, we assume there is a running
variable Z; € R and a cutoff ¢, such that W; = 1 ({Z; > ¢}). This setting could
arise, e.g., in education, where Z; is a standardized test score and students
with Z; > c are eligible to enroll in an honors program, or in medicine, where
Z; is a severity score, and patients are prescribed an intervention once Z; > c.

Qualitatively, the main idea of a regression discontinuity is that although
treatment assignment W; is not randomized, it’s almost as good as random
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when Z; is in the vicinity of the cutoff ¢. People with Z; close to ¢ ought to
all be similar to each other on average, but only those with Z; > ¢ get treated,
and so we can estimate a treatment effect by comparing people with Z; right
above versus right below 0.

Example 7. [Lee| [2008] studies incumbency advantage in US House elections
by examining close elections. He compares the probability that a given political
party wins a House seat in an election cycle when they just barely won that seat
in the previous cycle vs. when they just barely lost. Validity of this approach
hinges on an understanding that results of close elections are unpredictable
and subject to idiosyncratic factors (e.g., perhaps a rain storm on election day
caused differential attrition in turnout that moved the two-party vote share by
a small amount), and that congressional districts where one party won, say,
51% vs. 49% of the two-party vote should have roughly the same distribution of
potential confounding factors. Then, once we’ve established that such congres-
sional districts are ex-ante comparable, we can obtain valid causal estimates
via the regression-discontinuity approach.

Why propensity score methods can’t be used in RDDs Before dis-
cussing methods for estimation in regression discontinuity designs, it’s helpful
to consider why our previously considered approaches (such as IPW) don’t ap-
ply. As emphasized in our discussion so far, the two assumptions invariably
required for propensity-score methods to work are:

{vi(0), vi(1)} L W; | Z, unconfoundedness, and (8.1)
0<P[W;=1|%] <1, overlap. (8.2)

Taken together, unconfoundedness and overlap mean that we can view our
dataset as formed by pooling many small randomized trials indexed by differ-
ent values of Z;; then, unconfoundedness means that treatment assignment is
exogenous given Z;, while overlap means that randomization in fact occurred
(one can’t learn anything from a randomized trial where everyone is assigned
to to the same treatment arm).

In a regression discontinuity design, we have W; = 1({Z; > ¢}), and so
unconfoundedness holds trivially (because W; is a deterministic function of Z;).
However, overlap clearly doesn’t hold: P [VVZ =1 | Zi = z} is always either 0 or
1. Thus, methods like IPW that involve division by P [I/VZ =1 | Zi] , etc., are not
applicable. Instead, we’ll need to compare units with Z; straddling the cutoff
¢ that are similar to each other—but do not have contiguous distributions.
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8.1 Local linear regression

The most prevalent way to formalize the qualitative argument underlying RDD
is by invoking continuity. Let i) (z) = E [Y;(w) | Z;]. Then, if y0)(2) and
t1)(2) are both continuous, we can identify the conditional average treatment
effect at 2 = ¢, i.e., 7. = py(c) — pe)(c), via

Tc:liinE[YHZi:z} —hgnE[mZi:z}, (8.3)
provided that the running variable Z; has support around the cutoff ¢. In other
words, we identify 7. as the difference between the endpoints of two different
regression curves; the above figure provides an illustration.

Estimation via local linear regression A simple and robust approach
to estimation based on (8.3)) is to use local linear regression, as illustrated in
Figure We pick a small bandwidth A, — 0 and a symmetric weighting
function K'(-), and then fit p,(2) via weighted linear regression on each side
of the boundary,

%c:argmin{ZKC - C')
i=1 n

< (Yim =W = o (2= o) = By (2 00.)* |

(8.4)

where the overall intercept a and slope parameters 3, are nuisance param-
eters. Popular choices for the weighting function K(z) include the window
function K (z) = 1 ({|z| < 1}), or the triangular kernel K (z) = (1 — |z|),.

Consistency, asymptotics and rates of convergence It is not hard to
see that, under continuity assumptions as in , the local linear regression
estimator (8.4) must be consistent for reasonable choices of the bandwidth
sequence h,,. However, in order to move beyond such a high-level statement
and get any quantitative guarantees, we need to be more specific about the
continuity assumptions made on ji(oy(2) and g1y (2).

There are many ways of quantifying smoothness, but one of the most widely
used assumptions in practice—and the one we’ll focus on today—is that the
) (2) are twice differentiable with a uniformly bounded second derivative

d?
5 Hw)(?)

T < Bforall z€ R and w € {0,1}. (8.5)
z
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Figure 8.1: Illustration of the local linear regression estimator in RDD. The
solid blue line denotes the cutoff ¢, and the dashed lines are at ¢ &= h,,. The
local regression lines are in red, and the difference between the regression lines
at ¢ yields the estimate 7.

One motivation for the assumption (8.5)) is that it justifies local linear regression
asin (8.4): If we had less smoothness (e.g., fi() () is just taken to be Lipschitz)
then there would be no point doing local linear regression as opposed to local
averaging, whereas if we had more smoothness (e.g., bounds on the k-th order
derivative of ju(,)(2) for £ > 3) then we could improve rates of convergence via
local regression with higher-order polynomials.

Given this assumption, we can directly bound the error rate of . The
following result gives the rate of convergence of local linear regression along
with a proof sketch. We refer to Imbens and Kalyanaraman| [2012] for a more
precise argument, along with guidance on how to choose the scale parameter
k for the bandwidth h,,.

Proposition 8.1. Consider an RDD where the running variable has a continu-
ous distribution around the cutoff, and Var [Yi ‘ Zi= z] < o2 for all z. Suppose
furthermore that holds for some B > 0. Then, the local linear regression
estimator with bandwidth h, = kn='° for some k > 0 is consistent, and
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has errors scaling as
fo=T.+ Op (n7/%). (8.6)

Proof sketch. We start by taking a Taylor expansion around ¢, which yields

1
P (2) = aw) + By (2 =€) + 5o (2 =), |p)(x)| < Bz?, (8.7)

while noting that 7, = a(1) — a(p). Moreover, by inspection of the problem ({8.4)),
we see that it factors into two separate regression problems on the treated and
control samples, namely

d(l), B(l) = argmina,g {Z K (‘Zih— C’) (Y; —a—0 (Zi - c))2} 7 (8.8)

Z;>c n

for the treated units and an analogous problem for the controls, such that
T = agy — ).
Now, for simplicity, we focus on local linear regression with the basic window

kernel K(x) = 1({|z| < 1}). The linear regression problem (8.8) can then be
solved in closed form, and we get

]/E(l) L(ZZ — 0)2} — E(l) [/\Zz — c] . (Zz — C)
E(l) [(ZZ — 0)2] — E(l) [ZZ — C]Q

CAl(1)= Z 7Y, = ) (8-9)

c<Z;i<c+thn

where IE(U (Zi = = Xeczcorn, (Zi — )/ {i 1 ¢ < Zi < c+ hy}l, ete., denote
sample averages over the regression window. Direct calculation reveals that

chzigchhn v =1 and chzigchhn Yi(Z; — ¢) = 0, and so by (8.7)

agy = aqy + Z Vi P(l)(Zz‘ —c)+ Z Vi (Yz' - M(l)(Zi))u (8.10)
c<Z;<c+hnp c<Z;<ct+hn
curvattlrre bias sampli\nrg noise

J/

and a similar expansion holds for (. Thus, recalling that our estimator is
7 = a() — G(o) and out target estimand is 7. = a(1) — a(p), we see that it suffices
to bound the error terms in (8.10)).

Given our bias on the curvature, we immediately see that the “curvature
bias” term is bounded by BhZ. Meanwhile, the sampling noise term is mean-
zero and, provided that Var [Y; | Zi] < 02, has variance bounded on the order of
o2y e Zi<ethn 72. Finally, assuming that Z; has a continuous non-zero density
function f(z) in a neighborhood of z, one can check that

2 Z 2 40 z402 1
o Hiie<Z <c+hy}t  fle)nh,

c<Z;i<c+thn

g

(8.11)
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The squared bias of 7 thus scales as h%, while its variance scales as 1/(h,n).

The bias-variance trade-off is minimized at h, ~ n~/%, resulting in (8.6). O

Remark 8.1. The n=2/° rate is a consequence of working with bounds on the
2nd derivative of ji(,)(2). In general, if we assume that fi(,)(2) has a bounded
k-th order derivative, then we can achieve an n~*/(%*1) rate of convergence
for 7. by using local polynomial regression of order (k — 1) with a bandwidth
scaling as h,, ~ n~"/ (2k+1) Local linear regression never achieves a parametric
rate of convergence, but can get close if fi(,)(2) is very smooth.

Remark 8.2. While Proposition provides bounds on the estimation error of
local linear regression, it does not directly induce a method for inference about
T.. This is because, when using a bandwidth that scales at the estimation-error-
optimal rate h, ~ n~'/%, both the bias and standard error of 7.. This means
that standard tools for building confidence intervals using linear regression—
which only account for variance but not bias—will understate the size of the
errors in 7, and generally not achieve nominal coverage rates. One simple way
to address this challenges is to rely on “undersmoothing”, and pick h,, < n=/°
so that variance dominates bias. This strategy, however, is generally not rec-
ommended, as undersmoothing results in larger-than-optimal estimation error;
and furthermore it is challenging to choose an undersmoothing bandwidth in
such a way as to credibly get good coverage in finite samples. A better approach
is to use bias-corrections that leverage higher-order smoothness; discussing how
to do so is however beyond the scope of this presentation, and we instead refer
to |Calonico, Cattaneo, and Titiunik| [2014] for details on this approach.

8.2 Optimized estimation and bias-aware inference

We showed above that the conditional expectation functions have bounded cur-
vature as in and Z; has a continuous non-zero density around ¢ (meaning
that there will asymptotically be datapoints with Z; arbitrarily close to c),
then local linear regression can estimate 7, in an RDD with errors that decay
as n~2/°. Now, while this result is helpful conceptually and also motivates a
simple estimator, some applications have features that preclude direct applica-
tion of this result. First, the asymptotic argument underlying relies on
observing data Z; arbitrarily close to the cutoff ¢. In practice, however, we
often have to work with discrete running variables (e.g., Z; is a test score that
takes integers value between 0 and 100), and in these cases the asymptotics

46This is an asymptotic scaling result, and not a finite-sample result. |Gelman and Imbens
[2019] consider practical, finite-sample behavior of higher-order local regression adjustments
and, based on their findings, caution against using such higher-order adjustments.
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underlying Proposition do not apply. Moreover, in many applications, we
need to work with more complicated cutoff functions (e.g., a student needs to
pass 2 out of 3 tests to be eligible for a program), and it is not immediately clear
how to adapt local linear regression to such settings in a way that preserves
statistical power.

Linear estimators for RDD In order to address these challenges and de-
velop estimators for a more general class of RDDs, we start with an abstract
observation. In the proof of Proposition [8.1, we noted that we can write the
local linear estimator as

7e(7) = Z%’Yi- (8.12)

for some weights v; that only depend on the running variable Z;; the specific
form of the weights induced by local linear regession with a window kernel
K(z) = 1({|z| <1}) is given in (8.9). We refer to estimators of this form as
linear estimators because they are linear functions of the outome vector Y [7]

Now, although the local linear regression estimator was motivated by
a regression problem, we didn’t make much use of this regression formulation in
studying 7.. Instead, for our formal discussion, we just used general properties
of that hold for all linear estimators of the form (8.12)).

For simplicity, consider for now a setting with homoskedatic and Gaussian
errors, such that Yi(w) = pw)(Z;) + &i(w) with g;(w) | Z; ~ N (0, 62). Then,
any linear estimator whose weights 7; are only functions of the Z; satisfies

TN {21, Za} ~ N(72 (), 0 )

) =D i (Z2), (8.13)

where W; = 1 ({Z; > ¢}). Thus, we immediately see that any linear estimator
as in (8.12)) will be an accurate estimator for 7. provided we can guarantee that

7 (y) = 7. and ||7|[; is small,

Minimax linear estimation Motivated by this observation, it’s natural to
ask: If the salient fact about local linear regression is that we can write it
as an linear estimator of the form , then is local linear regression the best
estimator in this class? As we’ll see below, the answer is no; however, the best

4TWe note an unfortunate naming collision: When we say that local linear regression (8.4
is a linear estimator (8.12)), we use the descriptor “linear” with two different meanings.
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estimator of the form can readily be derived in practice via numerical
convex optimization.

As noted in - the conditional variance of any linear estimator can di-
rectly be observed: it’s just o2 H'y||2 (again, for simplicity, we're working with
homoskedatic errors for most of today). In contrast, the bias of linear estima-
tors depends on the unknown functions fi(,)(2), and so cannot be observed:

Bias (7.(7) | {Z1, s Zn}) = Z%/ﬁwi(zi) = (ky(©) = e (e) . (8.14)

However, although, this bias is unknown, it can still readily be bounded given

smoothness assumptions on the ji(,(2). For example, if the curvature of pi,(2)
is assumed to be bounded by B as in ({8.5), thenﬁ

|Bias (7.(v) | {Z1, -, Zn})| < 15(7)
“ (8.15)
I(v) = sup {Z%MWZ»(Zz‘) - (N( () = oy(e ) }/’l’(w ‘ < B}

Now, recall that the mean-squared error of an estimator is just the sum of its
variance and squared bias. Because the variance term o2 ||y||5 doesn’t depend
on the conditional response functions, we thus see that the worst-case mean
squared error of any linear estimator over all problems with [u(,(2)] < B is
just the sum of its variance and worst-case bias squared, i.e.,

MSE (7(7) | {Z1, s Za}) < 0”5 + 15 (), (8.16)

with equality at any function that attains the worst-case bias
It follows that, under an assumption that |u(,,(z)| < B and condltlonally
on {Z, .. Z } the minimax linear estimator of the form (8.12)) is the one that

minimizes :
=) Y AP =argmin {® Iyl + I (v)} - (8.17)

One can check numerically that the weights implied by local linear regression
do not solve this optimization problem, and so the estimator (8.17) dominates
local linear regression in terms of worst-case MSE.

48There is no need for an absolute value inside the sup-term used to define Iz(7) because
the class of twice differentiable functions is symmetric around zero. This fact will prove to
be useful down the road.
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Deriving the minimax linear weights Of course, the estimator (8.17) is
not of much use unless we can solve for the weights vZ in practice. Luckily, we
can do so via routine quadratic programming. To do so, it is helpful to write

,u(w)(z) = Q(w) + B(w) (Z - C) + p(w)(z)a (818)

where p(y)(2) is a function with p()(c) = p{,,(c) = 0 and whose second deriva-
tive is bounded by B; given this representation 7. = a1y — a(g).

Now, the first thing to note in (8.18) is that the coefficients a(,y and B,
are unrestricted. Thus, unless the weights v; account for them exactly, such
that

ZVZW@ = 1, Z’}/l = 0, ZV@(Z’L — C)+ = 0, ZV&ZZ — C), = 0,
=1 i=1 i=1 =1

we can choose a(,) and f(,) to make the bias of 7.(y) arbitrarily bad (i..,

Ip(y) = o). Meanwhile, once we enforce these constraints, it only remains to
bound the bias due to pq,)(z), and so we can re-write (8.17)) as

{7", t} =argmin  o® |5 + B**

subject to: Z%VVipu)(Zi) + Z%(l —Wipwoy(Z:) <t
i=1 i=1
for all pew)(+) With p)(c) = pl,(c) =0

1

and |p'(/w) (2)] < (8.19)

Z%’Wizl, Z%:O,

=1 i=1

Z%Wi(zi —c) =0, Z%(Zi —¢c)=0.
1=1 i=1

Given this form, the optimization should hopefully look like a tractable one.
And in fact it is: The problem simplifies once we take its dual, and it can
then be well approximated by a finite-dimensional quadratic program where
we use a discrete approximation to the set of functions with second derivative
bounded by 1; see Imbens and Wager| [2019, Section I1.B] for details.

Bias-aware inference The above discussion suggests that using an estima-

tor 7, (”yB) = > vPY; with weights chosen via (8.19) results in a good point
estimate for for 7. if all we know is that |uf,)(2)] < B. In particular, under
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this assumption and conditionally on {Z;, ..., Z,}, it attains minimax mean-
squared error among all linear estimators. Because local linear regression is also
a linear estimator, we thus find that 7, (”yB ) dominates local linear regression
in a minimax sense.

If we want to use 7, (VB) in practice, though, it’s important to be able
to also provide confidence intervals for 7.. And, since 7, (VB) balances out
bias and variance by construction, we should not expect our estimator to be
variance dominated—and any inferential procedure should account for bias.

To this end, recall (8.13), whereby conditionally on {Z1, ..., Z,}, the errors
of our estimator, err := 7. — 7, are distributed as

err | {Z1, .., Zu} ~ N <bias, o’ H’yBH§> : (8.20)

Furthermore, the optimization problem (8.19) yields as a by-product an upper
bound for the bias in terms of the optimization variable ¢, namely |bias| < Bt.

We can then use these facts to build confidence intervals as follows. Because
the Gaussian distribution is unimodal and symmetric,

Pllerr| > (] <P [|Bt+o|7"|,S] >¢]. S~N(0,1). (8.21)
Thus, we obtain level-a confidence intervals as follows:

Plr. €L, | {Z, ..., Zo}] 2 1 —q,
To = (7. (V) = ¢2, 7. (4°) + ¢F), (8.22)
(Z=inf{¢:P[|Bt+o|+"],S]>¢ <a S~N(0, 1)}.

In addition to formally accounting for bias, note that these intervals hold con-
ditionally on Z;, and so hold without any distributional assumptions on the
running variable. This is useful when considering regression discontinuities in
non-standard settings.

Application: Discrete running variable A first example of the usefulness
of having conditional-on-Z; guarantees is when the running variable Z; has
discrete support. In this case, the regression-discontinuity parameter 7. is in
general not point-identified under only the assumption |u{,,(2)] < B because
there may not be any data arbitrarily close to the boundary.@ And, without

““When Z; has a discrete distribution, the definition of 7. via needs careful
interpretation—as we need to be able to talk about g, (z) at values of z that do mnot
belong to the support of the running variable. All guarantees provided here hold if we define
i (w)(2) outside of the support of z to be an arbitrary function that interpolates between the
support points of z while satisfying |u{,, (2)| < B.
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point identification, any approach to inference that relies on asymptotics with
specific rates of convergence for 7. as discussed in the previous lecture clearly
is not applicable.

In contrast, in our case, the fact that Z; may have discrete support
changes nothing. The confidence intervals have coverage conditionally
on {Zy, ..., Z,}, and the empirical support {71, ..., Z,} of the running vari-
able is always discrete, so the question of whether the Z; have a density in the
population is irrelevant when working with . The relevance of a discrete
Z; only comes up asymptotically: If Z; has a continuous density, then the con-
fidence intervals will shrink asymptotically at the optimal rate discussed
in last lecture, namely n=2/>. Conversely, if the Z; has discrete support, the
length of the confidence intervals will not go to 0; rather, we end up in a partial
identification problem. In this context, we also note that the bias-aware in-
tervals corresponds exactly to a type of confidence interval for partially
identified parameters proposed in Imbens and Manski| [2004].

Application: Multivariate running variable So far, we have focused
on regression discontinuity designs where treatment is determined by a single
threshold: W; = 1({Z; > c¢}) for some Z; € R. However, the ideas discussed
here apply in considerably more generality: One can let the running variable
Z; € R be multivariate, and the treatment region be generic, i.e., W; =
1({Z; € A}) for some set A C R¥. For example, in an educational setting,
Z; € R3 could measure test results in 3 separate subjects, and A could denote
the set of overall “passing” results given by, e.g., 2 out of 3 tests clearing a
pass/fail cutoff. Or in a geographic regression discontinuity design, Z; € R?
could denote the location of one’s household and A the boundary of some
administrative region that deployed a specific policy.

The crux of a regression discontinuity design is that we seek to identify
causal effects via sharp changes to an existing treatment assignment policy; and
we can then apply the same reasoning as before to identify treatment effects
along the boundary of the treatment region A. That being said, while the
extension of regression discontinuity designs to general multivariate settings
is conceptually straight-forward, the methodological extensions require some
more care. In particular, it is not always clear what the best way is to generalize
local linear regression to a geographic regression discontinuity design.ﬂ

The minimax linear approach, however, extends direction to a multivariate

50When working with geographic regression discontinuities, some authors have tried to
collapse the problem by only considering a univariate running variable that codes distance
to the boundary of A. Such an approach, however, is sub-optimal from a statistical point of
view as it throws away relevant information.
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setting. When working with a multivariate running variable, one can essentially
write down verbatim, and interpret the resulting weighted estimator
similarly to before. The resulting optimization problem is harder (one needs to
optimize over multivariate non-parametric functions with bounded curvature),
but nothing changes conceptually.

Beyond homoskedaticity So far, we have focused on estimation and in-
ference in the case where the noise ¢; = Y; — ,u(Wl.)(ZZ») was Gaussian with a
known constant variance parameter o2. In practice, of course, neither of these
assumptions is likely to hold. The upshot is that the conditional Gaussianity
result no longer holds exactly; rather, we need to invoke a central limit
theorem to argue that

7.(7) ‘ {Zy, ..., Z,} = N <%: (7), Z”yf Var [V; ‘ Z, WJ) . (8.23)

=1

However, provided we’re willing to make assumptions under which the Gaussian
approximation above is valid, we can still proceed as above to get confidence
intervals. Meanwhile, we can (conservatively) estimate the conditional variance

in (8.23) via
Vo= 08 (Y= oy (Z) (8.24)
=1

where, e.g., fiw,)(Z;) is derived via local linear regression; note that this bound
is conservative if jiw,)(Z;) is misspecified, since then the misspecifiaction error
will inflate the residuals.

That being said, one should emphasize that the estimator is only
minimax under homoskedastic errors with variance o?; if we really wanted
to be minimax under heteroskedasticity then we’d need to use per-parameter
variances o? in (8.19). Thus, one could argue that an analyst who uses the
estimator but builds confidence intervals via and is using an
oversimplified homoskedastic model to motivate a good estimator, but then out
of caution and rigor uses confidence intervals that allow for heteroskedasticity
when building confidence intervals. This is generally a good idea, and in fact
something that’s quite common in practice (from a certain perspective, anyone
who runs OLS for point estimation but then gets confidence intervals via the
bootstrap is doing the same thing); however, it’s important to be aware that
one is making this choice.

Remark 8.3. Throughout this section, we assumed that the researcher knows
that (8.5 holds with some specific B, and proceeded accordingly. In practice,
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however, the researcher needs to choose B, and this is a delicate task. The
data itself cannot be used to learn B unless one makes further smoothness
assumptions |Armstrong and Kolesar, 2018]. Armstrong and Kolesar| [2020)]
and [Imbens and Wager| [2019] propose some heuristics for conservative choices
of B that rely on global estimation of higher-order polynomials. [Eckles et al.
[2020] consider a structural model for the running variable that, among other
things, implies a theory-driven bound B that can be used in ([8.5)).

8.3 Bibliographic notes

The idea of using regression discontinuity designs for treatment effect estima-
tion goes back to [Thistlethwaite and Campbell [1960]; however, most formal
work in this area is more recent. The framework of identification in regression
discontinuity designs via continuity arguments and local linear regression is laid
out by |Hahn, Todd, and van der Klaauw| [2001]. Other references on regression-
discontinuity analysis via local linear regression include |Cheng, Fan, and Mar-
ron| [1997] who discuss optimal choices for the kernel weighting function, Imbens
and Kalyanaraman| [2012] who discuss bandwidth choice, and |Calonico, Catta-
neo, Farrell, and Titiunik [2019] who discuss the role of covariate adjustments.
Imbens and Lemieux [2008] provide an overview of local linear regression meth-
ods in this setting, and discuss alternative specifications such as the “fuzzy”
regression discontinuities where W; is random but P [Wl =1 ‘ Z; = z} has a
jump at the cutoff c.

As noted in Remark [8.2 the construction of confidence intervals via local
linear regression is challenging because, when tuned for optimal mean-squared
error, the bias and sampling error of the local linear regression estimator are of
the same order—and so basic delta-method or bootstrap based inference fails
(because it doesn’t capture bias). Several authors have considered solutions to
the problem that rely on asymptotics. (Calonico, Cattaneo, and Titiunik [2014]
and |Calonico, Cattaneo, and Farrell [2018] proposed bias-corrections to local
linear regression to obtain valid confidence intervals. Meanwhile, Armstrong
and Kolesar [2020] showed that uncorrected local linear regression point esti-
mates can also be used for valid inference provided we inflate the length of the
confidence intervals by a pre-determined amount; for example, in the setting of
Proposition with an mean-square-optimal bandwidth, their proposal would
involve building 95% confidence intervals for 7, as 7, & 2.18 standard errors
(rather than the familiar £1.96 standard errors).

The study of minimax linear estimators as considered in Chapter goes
back to |Donoho| [1994], who showed to following result. Suppose that we want
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to estimate 6 using a Gaussian random vector Y,
Y=Kv+e e~N(00l), O=a-v, (8.25)

where the matrix K and vector a are know, but v is unknown. Suppose more-
over that v is known to belong to a convex set V. Then, there exists a linear
estimator, i.e., an estimator of the form 6 = > o 7:Y; whose risk is within
a factor 1.25 of the minimax risk among all estimators (including non-linear
ones), and the weights v; for the minimax linear estimator can be derived
via convex optimization. From this perspective, the minimax RDD estimator
is a special case of the estimators studied by |Donohol [1994], and in fact
his results imply that this estimator is nearly minimax among all estimators
(not just linear ones).

In a first application of this principle to regression discontinuity designs,
Armstrong and Kolesar| [2018] study minimax linear estimation over a class
of function proposed by Sacks and Ylvisaker [1978] for which Taylor approx-
imations around the cutoff ¢ are nearly sharp. Our presentation in Chapter
is adapted from Imbens and Wager| [2019], who consider numerical convex
optimization for flexible inference in generic regression discontinuity designs.
Kolesar and Rothe| [2018] advocate worst-case bias measures of the form ({8.15)
as a way of avoiding asymptotics and providing credible confidence intervals
in regression discontinuity designs with a discrete running variable. [Noack
and Rothe| [2024] extend methods for bias-aware inference to fuzzy regression
discontinuities.
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Chapter 9
Causal Inference with
Endogenous Treatments

When discussing methods for treatment effect estimation under unconfound-
edness, we have effectively assumed that—potentially after conditioning on
observed covariates—the treatment assignment is determined by as-good-as-
random factors that are irrelevant to the causal inference question at hand. In
other words, we have effectively assumed treatment assignment is exogenous
to the system we are studying.

In some applications, however, such exogeneity assumptions are simply not
plausible. For example, when studying the effect of prices on demand, it is
unrealistic to assume that potential outcomes of demand (i.e., what demand
would have been at given prices) are independent of what prices actually were.
Instead, it’s much more plausible to assume that prices and demand both
respond to each other until a supply-demand equilibrium is reached.

This chapter—and the next one—present basic methods and concepts for
causal inference in settings where unconfoundedness does not hold and treat-
ment assignment is instead endogenous, i.e., treatments are assigned in a way
that depends on the interplay of other variables within the system. We start
by introducing non-parametric structural equation models (SEMs) as a general
tool for reasoning about causal inference with endogenous treatment. In some
settings, SEMs can be used to prove that unconfoundedness holds (although
it may not have been obvious that it does a-priori), while in other settings
SEMs can be used to motivate new methods for causal inference without un-
confoundedness. Then, in Section we consider a class of semiparametric
SEMs where treatment effects are assumed to be constant, and introduce in-
strumental variables regression as a powerful and flexible method for causal
inference in such settings. Finally, in Chapter we revisit instrumental vari-
ables using a potential outcomes specification that’s more explicitly related to
the causal models we’ve used so far.
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9.1 Structural equation models and do-calculus

It is convenient to describe structural equation models using directed acyclic
graphs (DAGs). A directed graph with nodes indexed j = 1, ..., p is char-
acterized by a set of edges {E;;} where E;; = 1 denotes the presence of an edge
from node i to node j and E;; = 0 denotes lack of such an edge. Within
a directed graph, a directed path is an ordered set of at least two nodes
i1y G2, ..., i € {1, ...,p} such that E;;, = Ei,;, = ... = E;_,;, = 1; the
definition of an undirected path is analogous except it only requires that either
ijijn = Lor By ;=1 along the path. A directed graph is acyclic (i.e., a
DAG) if it contains no directed cycles, i.e., directed paths with i; = ix. Within
a DAG, we say that that a node i is upstream of j (and that j is downstream
of 1) if there exists a directed path starting at ¢ and ending at j. We define the
set of parents of node j as the set of nodes ¢ with E;; =1
Now, let (Z1, ..., Z,) denote a set of p random variables relevant to a system
we want to make causal queries in. Some of the variables Z; may be observed
by the researcher, while others may not. We say that Z is generated by a
structural equation model (SEM) if there exists a DAG G with nodes
corresponding to Zi, ..., Z, and with edge set { E;;} such that

Z; = fj (paj, €5) (9.1)

where pa; stands for the parents of Z; in the graph G (i.e., pa; = {Z; : E;; = 1})
and the €; ~ Fj are mutually independent noise terms. The key assumption
here is that relationship holds regardless of the distribution of the ¢;, i.e.,
that this model describes the structure of the data-generation process and not
just its correlational structure.

Given a SEM , a causal query involves exogenously setting the values
of some nodes of the graph G, and seeing how this affects the distribution of
other nodes. Given two disjoint sets of nodes W, Y C Z, the causal effect of
setting W to w on Y is written P [V | do(W = w)], and corresponds to deleting
all equations used to generate W in (9.1) and plugging in w for W in the rest@

In the case where we intervene on a single node Z;, one can verify that

P(Z] /P [Z; = z|pa;] if Zj =2

0 else.

P[Z|do(Z; = )] = { (9.2)

One of the major goals of (non-parametric) structural equation modeling is to
provide general methods for answering causal queries in terms of the observed

5IThere is a slight abuse of notation here: P [Y ‘ do(W = w)] is strictly speaking not a
conditional distribution; rather, again, it is the unconditional distribution of Y in the SEM
where we’ve replaced the equations for W with hard-coded values.
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distribution of X using only information provided by the structural model
(9.1). For now, we’ll not make any functional form assumptions on the model
; and, for concreteness, one may always assume that Z; is discrete and f;
indexes over distributions for Z; in terms of the values of its parents pa;. In
Chapter we’ll discuss how adding further semi-parametric structure to a
SEM can be used to justify instrumental variable methods.

Example 8. Meinshausen et al.|[2016] use structural equation models to study
the relationship between the expression of different genes in the yeast saccha-
romyces cerevisiae. The authors have access to expression levels for 6,170 genes
and are interested in questions of the type: How will the expression of gene 7 in
the yeast be affected by inactivating gene j7 To formalize this question, they
posit that gene expressions can be modeled using a DAG, and posit a linear

SEM
Z; = Z Bij Z; + &,
Jjepa;
where Z; measures the expression level of the i-th gene; the statistical task
then reduces to estimating f3;; in this model. They estimate these quantities
using the method of Peters, Bithlmann, and Meinshausen| [2016] which assumes
cross-environment invariance of the SEM coefficients to identify causal effects.

The do-calculus One nice fact about non-parametric SEM is that there
exist powerful abstract tools for reasoning about causal queries. In particular,
Pearl [1995] introduced a set of rules, called the do-calculus, which lets us verify
whether causal queries are answerable based on the graph GG underlying .
To understand do-calculus, we first need to formalize how graphs encode
conditional independence statements in terms of d-separation. Let X, Y and
Z denote disjoint sets of nodes, and let £ be any undirected path from a node
in X to a node in Y. We say that Z blocks ¢ if there is a node W on £ such
that either (i) W is a collider on p (i.e., W has two incoming edges along &)
and neither W nor any of its descendants are in Z, or (ii) W is not a collider
and W is in Z. We say that Z d-separates X and Y if it blocks every path
between X and Y. The motivation behind this definition is that, if the joint
distribution P of Z can be factored in a way that respects a DAG G, i.e.,

p

PZ] = [1P[Z]pa,(@)], (9-3)

j=1

then we can deduce X 1L Y ‘ Z from (9.3)) if and only if Z d-separates X and
Y in the graph G [Geiger, Verma, and Pearl, [1990]. Motivated by this fact, we
write d-separation as (X LY |Z)q.
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Do-calculus provides a way to simplify causal queries by referring to d-
separation on various sub-graphs of G. To this end define G+ the subgraph of
G with all edges incoming to X deleted, G'x the subgraph of G with all outgoing
edges from X deleted, G - the subgraph of G with all outgoing edges from
X and incoming edges to Z deleted, etc. Then, for any disjoint sets of edges
X, Y, Z, W the following equivalence statements hold.

1. Insertion/deletion of observations: If (Y 1L Z|W, X) . then
w

PY|do(W=w), Z =z X =z

9.4
=P [V |do(W =w), X =2z]. (54)
2. Action/observation exchange: If (Y 1w } X, Z) o then
W
PlY |do(W =w), X =2, do(Z =z
Y [ dofi = ) =2 o5

=P[Y|W=w, X =z, do(Z = z)].

3. Insertion/deletion of actions: If (Y L W ‘ X, 7) ~ where W(X) is
W(X)Z

the set of W nodes that are not ancestors of any X node in G, then

P Y [do(W =w), X =z, do(Z = 2)]

=P [Y ‘ X =z, do(Z = z)} ) (96)
When applying the do-calculus, our goal is to apply these 3 rules of inference
until we’'ve reduced a causal query to a query about observable moments of P,
i.e., conditional expectations that do not involve the do-operator and that only
depend on observed random variables. As shown in subsequent work, the do-
calculus is complete, i.e., if we cannot use the do-calculus to simply a causal
query then it is not non-parametrically identified in terms of the structural
equation model; see |Pearl| [2009] for a discussion and references.

Back-door identification Suppose have disjoint sets of nodes X, Y, W, and
want to query P [Y | do(W = w)] . Suppose moreover that X contains no nodes
that are downstream for W, and that X d-separates W and Y once we block
all downstream edges from W, i.e., that

Y LW[X), - (9.7)
Then, we can identify the effect of W on Y via
PY[do(W=w)]=Y PX=2]P[Y|X=2W=w. (98
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To verify , we can use the rules of do-calculus as follows:

P[Y‘dO(W:w)}:ZIP’[X:x|d0(W:w)}IP’[Y’X:x,do(W:w)]
_ZIP P[Y|X =z, do(W = w)]

_ZIP’ Y‘X—x W—w}

where the first equality is just the chain rule, the second equality follows from
rule #3 because X is upstream from W and so (X L W)Gf, and the third
equality follows from rule #2 by (0.7).

The back-door criterion is of course closely related to unconfoundedness,
and the identification strategy exactly matches the standard regression
adjustment under unconfoundedness. To understand the connection between
and unconfoundedness, consider the case where Y and W are both sin-
gletons and W has no other downstream variables in G other than Y. Then,

blocking downstream arrows from W can be interpreted as leaving the effect
of W on Y unspecified, and (9.7)) becomes

Fy(w) L W|X, (9.9)

where Fy (w) = fy(w, pay, ey) leaves all but the contribution of w unspecified
in and pa, denotes the parents of ¥ in Gyw. The condition is clearly
analogous to unconfoundedness (although the underlying causal model is dif-
ferent).

One useful consequence of this back-door criterion result is that we can now
reason about the main conditional independence condition (9.7)) via the graph-
ical d-separation rule. Consider, the example given in Figure 9.1 By applying
d-separation above, one immediately sees that holds if we condition on
{X1, Xo} or {Xy, X3}, but not if we only condition on X5. In contrast, the
classical presentation based on unconfoundedness asks the scientist to simply
assert a conditional independence statement of the type (9.9), and does not
provide tools like d-separation that could be used to reason about when such
a condition might hold in the context of slightly more complicated stochastic
models.

Front-door identification Another simple application of do-calculus arises
in the graph illustrated in Figure [9.2] We still want to compute
P [Y } do(W = w)}, but now do not observe U and so cannot apply the back-
door criterion. However, if there exists a variable Z which, like in the graph
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Figure 9.1: In this DAG, X, Y and W are observed but U is unobserved.

Wr——1

Figure 9.2: A DAG where front-door identification can by used. W, Z and Y
are observed, but U is not.

below, fully mediates the effect of W on Y without being affected by U, we
can use it for identification.

We proceed as follows. First, following the same line of argumentation as
before, we see that

P[Y‘dO(W:w)}:Z]P’[Z:z|do(W:w)}IP’[Y’Z:z,do(W:w)}
=Y P[Z=z|W=w|P[Y|Z=z do(W=uw)]|,

where the first equality is the chain rule and the second equality is from the
back-door. We have to work a little harder to resolve the second term, however.
Here, the main idea is to start by taking one step backwards before proceeding
further:

PY|Z =z do(W=uw)] =P[Y|do(Z = z2), do(W = w)]
=P [Y |do(Z = z)]
=Y PW=uwP[Y|Z=2W=u],
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Figure 9.3: A DAG representing a setting where instrumental variable methods
may be used. An instrument Z, a treatment W, and an outcome Y are all
observed; but a confounder U remains unobserved.

where the first equality follows from rule #2, the second equality follows from
rule #3, and the last is just the backdoor adjustment again. Plugging this in,
we find that

P Y |do(W =w)]
:ZP[Z:Z‘W:w]ZP[W:w/]P[Y|Z:z,W:w'}. (9.10)

This result is called the front-door formula, and it allows for identification of
causal effects in the DAG given in Figure [9.2] even though nothing resembling
unconfoundedness holds. Interestingly, even though it queries about a do(W =
w) intervention, it still integrates over the observed distribution of P [W = w/].

9.2 Instrumental variables regression

One of the most widely used structural equation models in economics is repre-
sented by the DAG in Figure[9.3] We want to measure the effect of a treatment
W on an outcome Y. There’s an unobserved confounder U that rules out the
use of unconfoundedness-based methods. However, we do have access to an ex-
ogenous (effectively randomized) variable Z, called an instrument, that nudges
the treatment W without being affected by the confounder U.

Example 9. Angrist, Graddy, and Imbens| [2000] consider a demand esti-
mation problem where W; is the price of fish and Y; is demand, and we are
concerned that the association between W; and Y; may be confounded by un-
observed market factors. They then propose using weather conditions as an
instrument Z;: Stormy weather makes it harder to fish (and thus raises prices),
but presumably is unrelated to the confounding market factors.

The goal of instrumental variables methods is to use the effective random-
ization provided by the instrument to identify the causal effect of W on Y.
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Doing so, however, will require making further assumptions than those im-
plicit in the SEM in Figure 9.3 as the rules of do-calculus do not enable us
to identify P [Y | do(W = w)] in this non-parametric SEM. To see this, note
that if we omit the instrument Z from the SEM then P [V |do(W = w)] is
clearly not identified; and adding more nodes to a graph cannot help achieve
identification using do-calculus (since adding nodes can only make it harder to
satisfy the d-separation condition).

In order to enable progress, we further make the assumption that the struc-
tural equation for Y as in is linear:

Y=fHW Uey) =a+Wr+e, (9.11)

where ¢ is an error term that captures the contribution of both U and ey. This
is a semiparametric specification, in that we impose a linear relation between
W and Y but let the rest of the SEM be non-parametric. Instrumental
variables as illustrated in Figure [9.3| will prove to be very helpful in identifying
7 in the linear model 77

Linear structural modeling The easiest way to understand instrumental
variables regression is to work with a fully linear version of the SEM (9.1)
adapted to the DAG illustrated in Figure 9.3}

Y=a+Wr+e, 17

(9.12)
W =2Zy+n.

The fact that Z is uncorrelated with e (or, in other words, that Z is exogenous)
then implies that

Cov Y, Z] = Cov [TW + ¢, Z] = 7 Cov [W, Z], (9.13)
and so the treatment effect parameter 7 is identified as
7= Cov Y, Z] / Cov [W, Z], (9.14)

provided the denominator is non-zero.

52 Although the linear form ([9.11)) may look familiar, the standard linear regression esti-
mator is not consistent for 7 here. In the setting of Figure [0.3] U affects both W and the
error term €, and so Cov [g;, W;] # 0 in general. Thus, in large samples, the linear regression
estimator will not in general be equal to 7:

Cov D/Zv Wz] . Cov [TWZ + &4, Wz] Cov [Ei, Wz]

Var [W;,] Var [W;] =Tt Var [W;] s

TOLS —p
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The relation (9.14)) also suggests a simple instrumental variables (IV)
regression approach to estimating 7 as a ratio of sample covariances,

#rv = Cov [Y;, Z] / Cov Wi, Z]. (9.15)

To interpret this estimator, note that the simple linear regressions of Y and W
on Z respectively yield fitted regression coefficients

Byz=Cov|Y, Z] /Var [Z], Pwz = Cov[Wi, Z;) | Var [Z],

and so Ty = By z/ BWZ can be interpreted as the ratio of the linear regression
coeflicients of Y on Z over that of W on Z.

Identifying assumptions The derivation of 77y from the model was
so simple that it’s easy to miss some important assumptions made. Before
proceeding further, we here summarize three substantively meaningful assump-
tions backed into this identification strategy:

e The instrument Z; must be exogenous, which here means ¢; I Z;.

e The instrument Z; must be relevant, such that Cov [W;, Z;] # 0.

e The instrument Z; must satisfy the exclusion restriction, meaning that
any effect of Z; on Y; must be mediated via the treatment W;.

These three conditions can immediately be verified in the setting used here.
However, when we seek to use instrumental variables methods to identify treat-
ment effects in more complex settings, these conditions will prove to be helpful
guiding principles to understanding when instrumental variables methods work.

Optimal instruments The full linear structural model may be re-
strictive in practice: It not only specifies a linear relationship between W and
Y, but also asks the instrument Z to have a linear effect on W. This may be
problematic if we have potential access to multiple instruments that may all
nudge our target treatment variable, or believe that our instrument may act
non-linearly”] Thankfully, however, the above results on instrumental variables
regression extend immediately to the following more general specification,

Y=1W+e, elZ Y, WEeR, ZecZ, (9.16)

53For example, in the setting of Example E], we may be interested in using both wind speed
and precipitation as “storminess” instruments that can nudge prices. Furthermore, we may
believe that these instruments act non-linearly (e.g., below a certain threshold there’s no
effect, and above another threshold fishing becomes impossible).
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where Z may be, e.g., a high-dimensional space. By the same argument as in
(9.13)), we see that given any function w : Z — R that maps Z; to the real line
Cov [Y, w(Z)]

T =
Cov [W, w(Z)]

(9.17)

provided the denominator is non-zero (i.e., provided w(Z) in fact “nudges” the
treatment), resulting in a feasible estimator

Gz 3L (0 -T) (w(Z) - e(@) (9.18)
Y Cov W w(Z)] Ly (- T) (w(2) ~w(2)) |

where Y = %2?21 Y;, etc. In other words, if one has access to many valid in-
struments, the analyst is free to compress them into any univariate instrument
of their choice without worrying about linearity in the relationship between W
and w(Z). The following result verifies consistency and asymptotic properties.

Theorem 9.1. Suppose (X;, W;, Y;, Z;) are IID draws from a distribution sat-
isfying (9.16)), and let w : Z — R be such that Cov [W, w(Z)| # 0. Then, T1v
as given in (9.18) is consistent for T, and

_ Var [g;] Var [w(Z;)]

Vn(try —7) = N(0, V), Vi Cov [W;, w(Zi)]2 '

(9.19)

Proof. The estimator (9.18)) can be written as a Z-estimator, i.e., as the solu-
tion to n=t Y " ;() = 0 with

(w(Z;) — fiz) (Vi — oy — 7 (Wi — fiw))

(p\ _ Y — fiy
b (9) - W , (9.20)
w(Z;) — fiz

where § = (7, fow, fow, fiz) contains both our target parameter and the sample
means used to construct 7;,. Standard results for Z-estimation can then be
used to verify that’]

Vi (0-0) = N0, V), V=E[Ve:(0)] " Var [p(0) E[Vei(6)] . (921)

54 For example, this can be verified by applying Theorems 5.41 and 5.42 in [Van der Vaart
[1998], and noting that the moment condition (9.20) has a unique solution with probability
tending to 1 whenever Cov [W, w(Z)] # 0.
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In our setting, we have E [V;(0)] = —diag (Cov [w(Z;), W;], 1, 1, 1), and so
(9.21)) implies that (9.19)) holds with

_ Var [(w(Zi) — pz) (Yi — py — 7 (Wi — pw))]

Vi 5
Cov [w(Z;), W]
~ Var [(w(Z;) —E[w(Z;)])es]  Var [w(Z;)] Var [g]
COV [U)(ZJ, Wz]2 COV [U)(Zz), Wz]2 7
where the last step follows from independence of Z; and ¢;. O]

Now, since essentially any transformation w : Z — R yields a valid IV esti-
mator, it’s natural to ask which such transformation maximized the precision
of the resulting estimator, i.e., minimizes the variance in . It turns out
that the optimal instrument has a simple form,

w'(z) =K [W; | Z; = 2], (9.22)

i.e., w*(Z;) is the best prediction of W; from Z;.

Theorem 9.2. In the setting of Theorem suppose there exists a func-
tion w(z) such that Cov [W,w(Z)] # 0. Then, the variance V,, in is
minimized by setting w(-) to be w*(+), or an affine transformation thereof. Fur-
thermore, writing Try+- for the IV estimator with an optimal instrument,

_ Var [g;]
Var [E [W; | Z]]

\/ﬁ(%IV* - T) = N<07 V’w*)a V’w* (923)

Proof. For any instrument choice w : Z — R, we have Cov [W;, w(Z;)] =
Cov []E [Wl ‘ Zi} , w(Zi)]. Thus, any optimal instrument must solve

w(+) € argmax,, {COV [E [W;| Z], w'(Zi)}Q / Var [w'(Zi)]}. (9.24)

By Cauchy-Schwarz, this expression is maximized whenever w(-) is taken
to be (potentially an affine transformation of) E [W;|Z;]. When w(-) =
a+ GE [VVZ | ZZ-], we have Cov [E [VVZ } Zi} , w(Zi)} = [ Var [IE [VVZ | ZZ-H, and
then follows from ({9.19). O

Cross-fitting and feasible estimation Given the optimal instrument is
the solution to a non-parametric prediction problem, w*(z) = E [WZ ‘ Zi = z],
one might be tempted to apply the following two-stage strategy:

1. Fit a non-parametric first stage regression, resulting in estimate w(-) of

E [Wl ‘ Z; = z], and then
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2. Run (9.18)) with w(-) as an instrument.

This approach almost works, but may suffer from striking overfitting bias when
the instrument is weak, i.e., Var [E [VVZ | ZZH is small. The main problem is
that, if w(Z;) is fit on the training data, then we no longer have w(Z;) L ¢;
(because w(Z;) depends on W;, which in turn is dependent on ¢;). This may
seem like a subtle issue but, as pointed out by Bound, Jaeger, and Baker
[1995], can in fact be a major problem in practice. They exhibit an example
where the instrument Z; is pure noise, yet 7y with instrument w(Z;) converges
to an inconsistent limit, namely the simple regression coefficient OLS(Y; ~
W;) which—because of lack of unconfoundedness—does not match the target
parameter 7.

Thankfully, however, we can again use cross-fitting to address this issue.
We randomly split data into folds &k =1, ..., K and, for each k, fit a regression
") (z) on all but the k-th fold. We then run

#GF = Cov [v;, 0F)(Z,))] / Cov [Wi, @ FD(Z,)], (9.25)

where k(i) picks out the data fold containing the i-th observation. Now, by
cross-fitting we directly see that @(~*®)(Z;) I &;, and so this approach recov-
ers a valid estimate of 7. In particular, as shown below, if the regressions
WF@)(2) are consistent for E [I/VZ | Z; = z} in mean-squared error, then the
feasible estimator is first-order equivalent to (9.18)) with an optimal in-
strument.

Theorem 9.3. Under the conditions of Theorem let =R (-) be cross-fit
estimates of the optimal instrument with

% S (@P(Z) - w(Z)” =, 0. (9.26)
k(i)—k

Then, 75F also satisfies the central limit theorem (9.25)).

Proof. Starting from the explicit form (9.18]), we can write
o Cov [V 0 OZ)] AT (% - ) 602
Y Cov Wy, RO ()] i (Wi — fuw) @R (Z;)
Furthermore, by (9.11]), we can continue
i (Wi — faw) 7+ (e — fie)) 9 F(2))
. LY (Wi — fow) RO (Z;)
IR > MR A YCEIEA
TS (Wi — o) 2RO (Z,)
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where fiy, fiw and fi. are sample averages of Y;, W, and ¢; respectively. The
above identity holds algebraically for any estimator @ (~*)(-), including the per-
fect estimator (%) (-) = w*(-), and so we only need to show that errors from
an estimator (=) (-) that is consistent estimator in the sense of have a
negligible effect on the final expression above. To this end, it suffices to verify
that

IS~ (02— (2 — oo L
5 e ) (1702) —w(20) =or ()

o 1 (9.27)
23 00 = ) (0020~ w(20) =0 (72 ).

NG

which follows from cross-fitting and (9.26)) by the same argument as used in
(3.14) in the proof of Theorem O

Non-parametric instrumental variables regression At the beginning of
Chapter 9.2] we noted that instrumental variables methods cannot be justi-
fied via do-calculus alone, and so further structural assumptions are required.
Here, we have mostly focused on methods that are valid under the linearity
assumption ; however, we emphasize that this is not the weakest assump-
tion under which instrumental variable methods can be justified. One notable
generalization is the non-parametric instrumental variables problem,

Y, =« —i—g(Wl) + &, Z; 1L Eiy Y;', W; € ]R, Z; € Z, (928)

where ¢g(-) is some generic smooth function we want to estimate.ﬁ The model
is still stronger than the generic SEM because it requires the effect
of W; on Y; to be additive; however, unlike 7 it now allows this additive
effect to be modified by a non-linearity g(-).

Because Z; L ¢; and assuming without loss of generality that E [g;] = 0, we
can directly verify that

E[}Q‘Zi:z] :E[a—l—g(Wi)%—si’Zi:z}
:a—i—E[g(Wi)’Zi:z}

(9.29)
—oH—/Rg(w)f (w|z) dw,

where f(w ‘ z) denotes the conditional density of W, given Z; = z. This re-
lationship suggests a two-stage scheme for learning ¢(-), whereby we (1) fit a

55 As before, because W; is not independent of ¢;, we cannot learn g(-) by simply doing a
(non-parametric) regression of Y; on W;, i.e., g(w) # E [Y; | W; = w].
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non-parametric model f (w ’ z) for the conditional density f(w | z), preferably
using cross-fitting, and (2) estimate g(w) via a empirical minimization over a
suitably chosen function class G,

n

q() = argming.g {% Z (Y; — /Rg(w)f(—k(i)) (w ‘ Zi) dw — a) } . (9.30)

=1

In order to solve the inverse problem (9.30) in practice, one approach is to
. . . - 7

approximate g(w) in terms of a basis expansion, g;(w) = >_7_, Bj1;(w), where

the 1;(-) are a set of pre-determined basis functions and g;(w) provides an

increasingly good approximation to g(w) as J gets large. Then, (9.30) becomes

=1

2
A : 1 ~ (—k(i
= argmin,, 4 - Z (Yi — Zm§ D) (7, B — a) , where o)

w0 (7,) = / by(w) FRD (w) Z,) duw.
R

Conditions under which this type of approach yields a consistent estimate of
g(+) are discussed in Newey and Powell [2003]. In general, however, one should
note that solving the integral equation is a difficult inverse problem, and
so getting to work in practice requires careful regularization—and, even
so, one should expect rates of convergence to be slow.

9.3 Bibliographic notes

The use of structural models for reasoning about observed data has a long
tradition; early examples include the work of Wright| [1934] on path models
motivated by genetics and that of [Haavelmo| [1943] for reasoning about simul-
taneous equation models (e.g., for joint modeling of supply and demand).

Our presentation of non-parametric SEMs in Chapter [9.1 including the
examples of the front- and back-door identification formulas, is adapted from
Pearl [1995]. The do-calculus was proposed by [Pearl [1995]; a recent overview
of the literature on non-parametric SEM is given in [Pearl [2009]. One should
note that SEMs are not the only way of representing causal effects in complex
sampling designs using DAGs; other approaches have also been developed by
Robins| |[1986] and Spirtes, Glymour, and Scheines [1993]. In particular, the
approach of Robins [1986] builds on the potential outcomes framework; see
Robins and Richardson| [2010] for further discussion. For a broader discussion
of the role of non-parametric SEMs in econometrics see Imbens| [2019], Pearl
and Mackenzie, [2018], and references therein.
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Instrumental variable methods are widely used in modern applied econo-
metrics. The literature on efficient estimation with instrumental variables goes
back to|/Amemiyal [1974], Chamberlain [1987], and others. Newey| [1990] showed
that the optimal instruments in model can be understood as the solution
to a prediction problem, thus opening the door to deriving optimal instruments
via non-parametric prediction. The role of sample splitting in mitigating over-
fitting bias with instrumental variable methods was recognized by |Angrist and
Krueger| [1995], who refer to this technique as split-sample instrumental vari-
able estimation.

One question we've ignored today is the role of covariates for instrumen-
tal variables regression. Following our approach to unconfoundedness, one can
extend such that ¢; 1 Z; ‘ X;, i.e., the instrument is only exogenous
after conditioning on Xj;, and we have a heterogeneous treatment effect func-
tion identified as 7(z) = Cov [V;, w(Z;) | X; = x| / Cov [W;, w(Z) | X; = x];
see |Abadie| [2003] and Aronow and Carnegie [2013] for a further discussion.
Given this setting, one can then re-visit many of the questions we considered
under unconfoundedness. (Chernozhukov et al| [2022a] show how to build a
doubly robust estimator of the average effect 7 = E [7(X)] while Athey, Tib-
shirani, and Wager| [2019] propose a random forest estimator of 7(-); see also
Exercise [11] in Chapter [16]
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Chapter 10
Local Average Treatment Effects

Instrumental variable regression is commonly used to estimate the effect of
an endogenous treatment. In the previous chapter we saw how, given the
structural equation model depicted in Figure 9.3 and a linear specification
governing the effect of the treatment W, and the outcome Y;, we can
use an instrument Z; to identify the treatment effect parameter 7 as a ratio of
covariances,

7= Cov [Y;, Z;| / Cov [W;, Zj], (10.1)

and consistently estimate 7 via
#1v = Cov [V;, Z] / Cov [W;, Z). (10.2)

In general, however, researchers in causal inference are often skeptical of inter-
preting target estimands that are only defined and understood as parameters
in a linear model; and so, in this chapter, we will revisit our analysis of the in-
strumental variable estimator 77 without assuming linearity—or, equivalently,
under an assumption that may be misspecified.

Without linearity, the estimator 7y still converges to a large-sample limit

’7A'[V — TLATE ‘= Cov [Y;, Zz] /COV [VVZ, Zz} (103)

whenever Cov [W;, Z;] # 0; however, it is no longer immediately clear how to
interpret this limit. In this chapter, we will study what this limit quantity
is, and when it can be understood as a causal quantity. We will survey a
number of economic models where endogenous selection into treatment may
be a concern and find that—under fairly weak assumptions—this limit is a
weighted treatment effect with weights depending on (unobserved) attributes
that control how responsive each unit is to the nudge given by the instrument.
Following Imbens and Angrist| [1994], when these conditions hold, we refer to
this limit as the local average treatment effect (LATE), i.e., the treatment
effect “local” to those responsive to the instrument.
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10.1 Non-compliance in randomized trials

The simplest setting in which we can discuss non-parametric identification
using instrumental variables is when estimating the effect of a binary treatment
under non-compliance. Suppose, for example, that we've set up a randomized
study to examine the effect of taking a drug to lower cholesterol. But, although
we randomly assigned treatment, some people don’t obey the randomization:
Some subjects given the drugs may fail to take them, while others who were
assigned control may procure cholesterol lowering drugs on their own. In this
case, we hav

e An outcome Y; € R, with the usual interpretation;

e The treatment W; € {0, 1} that was actually received (i.e., did the sub-
ject take the drug), which is not random because of non-compliance; and

e The assigned treatment Z; € {0, 1} which is random.

A popular way to analyze this type of data is using instrumental variables,
where we interpret treatment assignment Z; as an exogenous ‘nudge” on the
treatment W; that was actually received[”|

If one believes in the partially linear structural model considered
in the previous chapter, then one can consistently estimate 7 via pro-
vided that assigned treatment in fact nudges the received treatment, i.e.,
Cov [W;, Z;] # 0. In practice, however, one may doubt the validity the con-
stant treatment effect assumption , and suspect that people who comply
with the treatment respond differently to the treatment than those who don’t
comply. For example, there may exists a class of patients who chose to com-
ply because they knew they’d benefit a lot from the treatment; or conversely
other patients may have chosen not to comply because they knew they had a
disproportionate risk of being hurt by it.

Potential outcomes under non-compliance A more careful approach
starts by writing down potential outcomes. First, because W; is non-random

56Note that the available data is richer if the trial design involves assigning placebo drugs
to the controls, as in this case compliance can be measured for both the treated units (did
they take the drug?) and controls (did they take the placebo?) [Efron and Feldman| 1991].

57Similar statistical patters can also arise outside of randomized trials. For example, in
order to study the effect of military service on long-term income, |Angrist| [1990] uses the
draft lottery as an instrument for the treatment of interest, i.e., military service. Both
the instrument and treatment are binary here, and so methods developed to understand
non-compliance in randomized trials can be directly applied to this setting.
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and may respond to Z;, we need to have potential outcomes for the treatment
variable in terms of the instrument, i.e., there are {WW;(0), W;(1)} such that
W; = Wi(Z;). Second, of course, we need to define potential outcomes for
the outcome, which may in principle respond to both W; and Z;: we have
{Yi(w, 2)}, .cq0,1y such that Y; = Y;(W;, Z;).

Given this notation, we now revisit our assumptions for what makes a valid
instrument:

e Exclusion restriction. Treatment assignment only affects outcomes
via receipt of treatment, i.e., Y;(w, z) = Y;(w) for all w and =.

e Exogeneity. The treatment assignment is randomized, meaning that
{Y;:(0), Yi(1), Wi(0), Wi(1)} L Z,.

e Relevance. The treatment assignment affects receipt of treatment,
meaning that E [IW;(1) — W;(0)] # 0.

Finally, we make one last assumption about how people respond to treatment.
Defining each subject’s compliance type as C; = {W;(0), W;(1)}, we note
that there are only 4 possible compliance types here:

W;(1)=0 Wi(l) =1
0 | never taker complier
1 defier always taker

Wi(0)
Wi(0)

Our last assumption is that there are no defiers, i.e., P [C; = {1, 0}] = 0; this
assumption is often also called monotonicity. Given these 4 assumptions, we
obtain the following simple characterization of the IV estimand (|10.3)).

Theorem 10.1. Consider a sampling distribution with a binary treatment W
and a binary instrument Z;, and satisfying the 4 assumptions given above (ex-
ogeneity, relevance, monotonicity, and the exclusion restriction). Then,

Trare = E [Yi(1) = Y;(0) | C; = complier] . (10.4)

Proof. With a binary treatment and instrument, the IV estimand ((10.3) can
be written as

E[Y|Z=1]-E[%]Z =0]
E[W;|Z=1] -E[W;| Z;=0]’

TLATE =
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and this ratio is well defined thanks to the relevance assumption. Furthermore,

E[Y|Z=1]-E[%|Z=0

=E [Vi(W;(1)) | Z; = 1] — E [Y;(Wi(0))| Z; = 0] (exclusion)
= E [Y;(Wi(1)) - Yi(W;(0))] (exogeneity)
=E [1({C; = complier}) (Yi(1) — Y;(0))], (monotonicity)

and similarly that
E[Wi|Zi=1] —E [W; | Z; = 0] = P[{C; = complier}].
The result (10.4) then follows by Bayes’ rule. ]

Although this is a very simple result, it already gives us some encouragement
that IV methods can be interpreted in a non-parametric setting: When the
constant treatment effect model doesn’t hold, the average treatment
effect Tarp = E[Y;(1) — Yi(0)] is clearly not identified without more data,
because we don’t have any observations on treated never takers, etc. However,
under reasonable assumptions, IV methods let us estimate the most meaningful
quantity we can identify here, namely the average treatment effect among those
who comply with the treatment as assigned by the experimenter.

Example 1 (Continued). In the example of Finkelstein et al.|[2012] on the Ore-
gon Medicaid lottery, introduced in Chapter [I} roughly 35,000 of 90,000 lottery
participants were allowed to apply for Medicaid. However, of the 35,000 lottery
winners, only about 30% in fact enrolled for Medicaid: Some didn’t complete
the application, and some hadn’t met the requirements for joining the lottery
to begin with (e.g., their income was too high). The average treatment effect
measured via the difference-in-means estimator thus does not directly quantify
the benefit of Medicaid enrollment here. But, because there are plausibly no
defiers here, we can divide the raw difference-in-means by 0.3 to get a local
average treatment effect, i.e., an estimate of the average benefit for those who
would in fact enroll for Medicaid if they win the lottery.

Multiple instruments In some applications, we may have access to data
from multiple randomized trials that can be used to study a treatment effect
via a non-compliance analysis. Consider, for example, a marketing applica-
tion where a company wants to study the effect of subscription to a loyalty
program (W;) on long-term customer revenue (Y;), and has access to multi-
ple randomized trials whose treatments (Z;) effectively nudge customers to
join the loyalty program and can thus be used as instruments. For exam-
ple, one randomized trial may offer discounts for joining the loyalty program
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(Z; = 1 ({customer received a discount})) while another may show advertise-
ments (Z; = 1 ({customer was shown an ad for the program})).

If we just focus on one of the instruments, then the methods developed
above can be applied directly. However, one may also be tempted to somehow
pool the instruments. In the previous chapter we saw that, under the linear
treatment effect model, multiple instruments could be combined into a single
optimal instrument, and the optimal instrument corresponds to the summary
of all the instruments that best predicts the treatment (Theorem [9.2)).

Without the linear treatment effect model, however, we caution that no such
result is available. Different instruments may induce difference compliance
patterns, and so the LATEs identified different instruments may not be the
same; and a pooled instrument produced using the construction in Theorem
may induce yet another compliance pattern. For example, in our marketing
example, the ATE for customers who respond to a discount may be different
from the ATE for customers who respond to an advertisement.

As such, when working without the linear treatment assumption (9.11)), if
there are multiple instruments to choose from a researcher may prefer to simply
use the instrument whose LATE most closely matches a policy-relevant effect of
interest. One could also run separate IV analyses using different instruments,
and use discrepancies between the resulting estimates to argue for heterogeneity
in treatment effects across different compliance groups.

10.2 Latent choice models

Instrumental variables regression is also used in many applications that go
beyond the binary-treatment-binary-instrument setting considered above. In
economics, there has been longstanding interest in models where agents make
choices (e.g., take a job, go to college, start a company) in a way that is
determined by latent and often unobserved attributes (e.g., skills, motivation,
risk tolerance), and these latent attributes also influence economic outcome
variables of interest (e.g., lifetime income) [Heckman) 1979, Roy, 1951].

Without access to further data or assumptions, it is generally impossible to
measure the causal effect of such choices because of the inherent endogeneity
(i.e., the dependence of treatment selection on latent attributes). Instrumental
variable methods, however, can provide a path forward in settings where we
have access to data on exogenous shocks that can be argued to nudge selection
into treatment in a quasi-random manner. We will here study the behavior of
IV regression in a number of such choice models, again without making the
constant treatment effect assumption (9.11) and instead allowing treatment
effects to depend on unobserved latent attributes.
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Supply and demand In many settings, it is of considerable interest to know
the price elasticity of demand, i.e., how demand would respond to price changes.
In a typical marketplace, prices are not exogenous—rather, they arise from an
interplay of supply and demand—and so estimating the elasticity requires an
instrument. This is an example of a latent choice model, as both supply and
demand are determined by individual choices shaped by market prices together
with unobserved factors (e.g., willingness to pay or production costs).

One can formalize the relationship of supply and demand via potential
outcomes as follows. For each marketplace ¢ = 1, ..., n, there is a supply
curve S;(p, z) and a demand curve Q;(p, z), corresponding to the supply (and
respectively demand) that would arise given price p € R and some instrument
z € {0, 1} that may affect the marketplace (the instrument could, e.g., capture
the presence of supply chain events that make production harder and thus
reduce supply). For simplicity, we may take S;(-, z) to be continuous and
increasing and Q;(-, z) to be continuous and decreasing.

Example 9 (Continued). In the setting of Angrist, Graddy, and Imbens| [2000]
one may argue that, on closer inspection, the DAG given in Figure does not
present a complete structural explanation for the interplay of supply, demand,
prices and weather; and that the above market equilibrium model (with weather
as the instrument) provides a better fit. The discussion below will show how we
can still make sense of the basic IV estimator 77, while framing causal effects
in terms of this equilibrium model.

Given this setting, suppose that first the instrument Z; gets realized; then
prices P; arise by matching supply and demand, such that P; is the unique
solution to the market equilibrium conditioﬂ Si(P;, Z;) = Qi(P;, Z;). The
researcher observes the instrument Z;, the market clearing price P; (“the treat-
ment”) and the realized demand Q; = Q;(P;, Z;) (“the outcome”). We say
that Z; is a valid instrument for measuring the effect of prices on demand if
the following conditions hold:

e Exclusion restriction. The instrument only affects demand via supply,
and cannot have a direct effect on it: Q;(p, z) = Q;(p) for all p and z.

e Exogeneity. The instrument is as good as random, {Q;(p), Si(p, 2)} L
Zi.

e Relevance. The instrument affects prices, Cov [P;, Z;] # 0.

58This type of model is also referred to as a simultaneous equation model, as P; is deter-
mined by simultaneously considering the supply and demand “equations” S; = S;(P;, Z;)
and Q; = Qi(F;, Zi).
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e Monotonicity. The instrument never increases supply, i.e., S;(P;, 1) <
Si(P;, 0) almost surely.

Given this setting, we seek to estimate demand elasticity via ((10.3)) ﬂ
Now, although this may seem like a complicated setting, it turns out that
the IV estimand where we use Z; as an instrument to measure the effect of P,

on (); is well behaved—and admits a characterization as a weighted average of
the derivative of Q;(p).

Theorem 10.2. In the above supply-demand model, suppose furthermore that
Qi(p) is differentiable and write Q'(p) for its dem’vative.@ Then,

TE[Qi(p)| P(0) <p< P(1)]P[P(0) <p< P(1)] dp
[P[R(0) <p < F(1)] dp ’

(10.5)

TLATE =

Proof. Because Z; is binary, we can write

E[Qi|Z =1] —E[Q:| Zi = 0]
E[P|Z=1]-E[R|Z=0]

TLATE =

Now, under the assumptions made here, i.e., that the instrument suppresses
supply and that the supply and demand curves are monotone increasing and

decreasing respectively, the instrument must have a monotone increasing effect
on prices: P;(1) > P;(0). Then,

E[Qi|2 =1 -E[Qi| 2 =0]
=E [Qi(P(1))| Zi = 1] —E [Qi(P:(0)) | Z; = 0] (exclusion)

—E[Q.(P(1) - QuPO)] (exogen.)
P;i(1)
/ Q;(p) dp
P;(0)

=K (monot.)

_ / E[Q/(p)| P.(0) < p < P()]P[P(0) < p< P(1)] dp,  (Fubini)

and the denominator in ((10.5)) can be characterized via similar means to obtain
(10.5). 0

59To be precise, when studying demand elasticity we’d actually run this analysis with
outcome log(Q);) and treatment log(FP;). Here we’ll ignore the logs for simplicity; introducing
logs doesn’t add any conceptual difficulties.

60The differentiability assumption on Q;(-) is only made for simplicity and is not actually
needed here: We've assumed that Q;(-) is monotone increasing so that the distributional
derivative must exist, and all arguments in the proof can be generalized to work with a
distributional derivative.
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The above result is not quite as interpretable as the one obtained in Theo-
rem [10.1], where the LATE was founds to exactly match the average treatment
effect for the compliers. However, as seen in the remarks below, the character-

ization ([10.5)) can still be helpful in understanding the practical behavior of IV
methods in applications involving supply-demand equilibrium formation.

Remark 10.1. Under the setting of Theorem [10.2, if individual demand func-
tions are linear in prices, Q}(p) = «; + B;p, then

Trare = B [5; (Fi(1) — Fi(0))] /E[P(1) — R(0)], (10.6)

i.e., the LATE matches the average price parameter weighted by how much
the price responds to the instrument. Furthermore, if we have approximate
linearity then Theoremimplies that also still holds approximately—
and can be used to quantitatively assess the effect of deviations from linearity.

Remark 10.2. Under the setting of Theorem [10.2] if individual demand
functions @;(p) are smooth and if the instrument only has a small ef-
fect on prices, ie., P;(0), P(1) =~ po for some stable price py, then
Trare ~ E[Q(po)(Fi(1) — Pi(0))] /E [P(1) — £(0)].

Threshold crossing models Another widely used class of choice models
arises when agents take a certain action W; (e.g., attend college) if their (un-
observed) utility U; from doing so exceeds the cost of taking the action. In
settings such as these, if we have an exogenous instrument Z; that can modify
the cost of taking the action (e.g., in the case of college attendance, a randomly
assigned tuition subsidy), then we may again seek to use this instrument to
estimate the effect of W; on a downstream outcome Y; (e.g., lifetime income).

The standard way to model this setting is via a threshold crossing model:
We assume that each subject has a latent and endogenous variable U; such that

Wi=1({U; = c(Z:)}), (10.7)

where ¢(z) gives the cost of treatment as a function of the instrument z, which
we will here allow to be continuous valued. This boundary crossing structure
yields a valid instrument under analogues to our usual assumptions:

e Exclusion restriction. There are potential outcomes {Y;(0), Y;(1)}
such that Y; = Y;(W;)

e Exogeneity. The treatment assignment is randomized, meaning that
{Y:(0), Yi(1), Ui} L Zi.
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e Relevance. The threshold function ¢(Z;) has non-trivial variation, i.e.,
P [Ui > c(Z;) ‘ Z; = z] is not constant in z.

e Monotonicity. The threshold function ¢(z) is non-increasing in z.

Finally, define the marginal treatment effect
7(u) =E [Yi(1) = Y;(0) | Ui = u] . (10.8)

Our goal is to show that IV methods recover a weighted average of the marginal
treatment effect 7(u). Below, for convenience, we assume that the instrument
is Gaussian, i.e., Z; ~ N (0, 1), as this allows us to apply Stein’s lemma; more
general results without assuming such Gaussianity are given in |Heckman and
Vytlacil [2005].

Theorem 10.3. Given the threshold crossing model discussed above, suppose
that U; has a distribution with density f(u) and CDF 1 — G(u), that T(u) is
uniformly bounded, and that Z; has a Gaussian distribution, Z; ~ N (0, 1).
Suppose furthermore that the threshold function c(-) is cadlag, i.e., c¢(z) =
lim,, c¢(a) for all z, and write c_(z) = lim, c(a). Then, there exists a non-
negative, Lebesque-measurable function ¢ (z) such that ¢(z) = co+ [~ ¢/ (a) da,
and

Vs (L2 ) S ) du) 9(2) = foys (e () Fe())E ()0 (2) dz
THATE T TS 5 (Ge(2) — Gle—(2)) 9(2) — Jns (2 (2) 9 (2) da

where S C R is the set of discontinuity points of c(-) and ¢(-) is the standard
Gaussian density.

Proof. The fact that ¢(z) has a distributional derivative follows immediately
from the fact that it is monotone (and thus has bounded variation). Now, in or-
der to establish the desired result, the key task is in characterizing Cov [Y;, Z;];
an expression for the denominator of can then be obtained via the same
argument. First, note that

where the first equality follows from the exclusion restriction, while the second
and fourth follow from exogeneity.
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Now, write H(z) = E [7(U;)1 ({U; > ¢(2)})]. Because Z; is standard Gaus-
sian, Lemma 1 of |Stein [1981] implies that

Cov [H(Z), Z)) = E [H'(Z)], (10.9)

where H'(Z;) denotes the distributional derivative of H(-). Furthermore, by
the chain rule [Ambrosio and Dal Maso, 1990, Corollary 3.1],

c—(2)
H(z) = (fc(z) T(u) f(u) du> 9, forzeS, (10.10)
—7(c(2)) fc(2))d (z)  else,
where 9, is the Dirac delta-function at z. The desired result follows. O

Remark 10.3. Under the setting of Theorem suppose that the threshold
function ¢(z) is constant with a single jump, i.e., ¢(z) = ¢ — 511 ({z > z1}).
Then compliance types collapse into three principal strata: Never-takers with
U; < cg — 61, compliers with ¢y — 01 < U; < ¢g, and always takers with U; > .
Furthermore, just as before, our estimand corresponds to the average treatment
effect over the compliers as in Theorem [10.1],

Trare = B [7(U)) | co— 01 < U; < ¢o) (10.11)
Remark 10.4. Building on the previous example, now suppose there are K
jumps, with cutoff function given by ¢(2) = ¢g — o0, 8,1 ({z > 2.}). Then,
K K
TLATE = ZE [T(U) ‘ c(z) < U; < c-(z)] e / Z’Yk,
k=1 k=1

= (Gle(zr) — Gle-(2))) ¢(2k)-

In other words, we recover a convex combination of average treatment effects
over compliance strata defined by the jumps in ¢(-). These weights depend on
the size of the stratum and the density function of the instrument at zj.

(10.12)

Remark 10.5. Under the setting of Theorem suppose ¢(z) has no jumps.
Then, the LATE corresponds to a weighted average of 7(c(Z;)),

TLATE:/RT(C (2)) f(c(2)) (2) ¢ (2) dz/ /Rf(c(z))c' (2) p(2) dz. (10.13)

The weights can be interpreted via f(c(z))d (2) = d/dz P [U; > ¢(2)], i.e., they
are proportional to the local strength of the instrument.

137



Estimating the marginal treatment effect Throughout this chapter,
we've taken it as a given that we're going to target the estimand , and
then have sought to interpret it in different settings. However, when we get to
work with a continuous instrument, it’s possible to target a wider variety of
estimands. A first key result is that, in the threshold-crossing model considered
above, the marginal treatment effect is identified at continuity points of
¢(z) via a simple “local IV” construction.

Theorem 10.4. Under the setting of Theorem suppose that c(z) is con-
tinuously differentiable at z with ¢(z) < 0 and U; has a density satisfying
f(c(2)) > 0. Then, the marginal treatment effec T(u) from (10.8) is identified

as

FE[Yi|Z =]
AP W, =1|Z =z

T(c(2)) = (10.14)

Proof. Under our threshold-crossing model,

Y;(1) = Yi(0)) | Z; = 2]

E[Y;|Z = 2] =E [Y:(0) + 1({U; > c(Z)}) (
) (Yi(1) — Yi(0))]

=E[Yi(0) + 1({Ui = c(2)}) (

—ENO]+ [ r@fdu
o(2)
where the first equality is due to ((10.7) and the exclusion restriction, the second
is due to exogeneity, and the third is an application of Fubini’s theorem. Next,
given that ¢(z) is continuously differentiable at z, we can use the chain rule to

check that
d

dz
Finally, applying the same calculation to the denominator yields (10.14). [

E[Yi| Zi = 2] = =7(c(2)) f(c(2)) (2). (10.15)

Once we have access to the marginal treatment effect, we can use it to
build estimators for weighted averages of E [y(u)7(u)], provided the weights
v(u) only take positive values at points u = ¢(z) at which ¢(z) is continuous.
Heckman and Vytlacil [2005] consider a variety of estimands of this type.

Example 10. |Carneiro, Heckman, and Vytlacil [2011] use the local IV method
to estimate returns to college attendance. The authors use data from the 1979
cohort from the National Longitudinal Survey of Youth (consisting of people
born between 1957 and 1964), set their outcome variable Y; to be log-income
in 1991, and set their treatment variable W; to be ever-enrollment in college
by 1991. They identify marginal treatment effects via instruments Z; that
shift the desirability of attending college, including the presence of a nearby
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college, tuition at nearby colleges, and local employment conditions at the time
when people turn 17. Their main finding is that, using our notation, 7(u) is
increasing in u, and that people who are more likely to attend college in the face
of adverse nudges (i.e., abstractly, with a higher willingness to pay for college)
in fact benefit more from college. Their results thus suggest that peoples’
choices under the model can at least directionally be rationalized via
private forecasts of future income benefits from college attendance.

10.3 Bibliographic notes

The idea of interpreting the results of instrumental variables analyses in terms
of the local average treatment effect goes back to [Imbens and Angrist| [1994].
Our presentation of the analysis of clinical trials under non-compliance follows
Angrist, Imbens, and Rubin| [1996]. We refer to Imbens [2014] for a review.

Latent choice models, where people make choices if their (private) value
from making that choice exceeds the cost, have a long tradition in economics.
In an early example, Roy|[1951] considered a model where workers pick a profes-
sion by considering their skills at different jobs and then choose the profession
that enables them to maximize their wages—and used it to argue that, if worker
skills are correlated across professions but productivity is more responsive to
skill in some professions than in others, then we should expect higher average
wages in professions with higher returns to skills. It has long been understood
that such models cannot be fit via standard linear regression; however, in the
early literature, such models were often approached via ad-hoc econometric
strategies rather than IV methods. For example, Heckman| [1979] considered a
parametric latent choice model, and achieved identification via joint normality
of latent variable U; and potential outcomes (as opposed to using an auxiliary
source of exogenous variation).

More recently, Heckman and Vytlacil [2005] have advocated for latent choice
models as a natural framework for understanding instrumental variables meth-
ods, and have studied methods that target a wide variety estimands beyond
the LATE that may be more helpful in setting policy. The identification result
for the marginal treatment effect via the local IV construction is due
to [Heckman and Vytlacil |[1999]. |[Kennedy, Lorch, and Small [2019] studies
semiparametrically efficient estimation of functions of the marginal treatment
effect. The goal of estimating average treatment effects over subpopulations
defined by conditioning on unobservables also arises in the literature on prin-
cipal stratification developed in biostatistics [Frangakis and Rubin [2002]. Our
presentation of the local average treatment effect under supply-demand equi-
librium is adapted from Angrist, Graddy, and Imbens [2000].
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Chapter 11
Spillovers and Interference

Throughout our discussions so far, we have relied on the SUTVA assumption
whereby the treatment given to one person only affects the targeted person and
not others. This assumption is reasonable in a number of setting, including
when, in medicine, we want to assess the benefits of a cancer treatment or
when, in marketing, we want to assess the effectiveness of a customer-retention
program. In other settings, however, this assumption is obviously fraught, and
cross-unit treatment spillovers are a first-order concern.

Example 11. Cai, Janvry, and Sadoulet|[2015] ran a randomized experiment in
rural China to understand whether take-up of government-subsidized weather
insurance could be promoted via information sessions that give a detailed pre-
sentation on how the insurance product works. The authors were interested in
both direct effects of the intervention on people who attend the information
sessions, and in spillovers onto the friends of those who attended. Asking about
spillovers reflects an underlying belief that information given to some people
may affect insurance take-up by others (namely their friends).

Example 12. Blattman et al.| [2021] report results on a randomized evalu-
ation of crime-reduction measures in Bogotd, Colombia. The city identified
1,919 streets as crime hot spots, and randomized them to receive either in-
creased police patrolling, increased municipal services, both interventions or
neither; the authors were interested in measuring any effect of these measures
on both violent crime or property crime. A concern in the analysis was that,
instead of suppressing crime, some localized interventions may only displace it
to neighboring streets; and the authors develop techniques for evaluating such
spillovers.

Example 13. Ride-sharing platforms seek to connect potential riders with
freelance drivers. Many existing platforms propose prices up front, i.e., they
first advertise trips to riders at a given price and then seek to connect with a
driver once a trip request is made. It is natural to run experiments to fine-tune
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these prices for healthy market behavior, but properly accounting for spillovers
is crucial in doing so. For example, if one were to randomize access to driver
incentives, it is expected that drivers with access to such incentives would earn
more per hour than those who don’t. However, as reported by Hall, Horton,
and Knoepfle| [2023], giving such incentives to everyone may not increase hourly
earnings for drivers—because the incentives may draw more drivers to work for
the platform, thus reducing utilization levels of existing drivers (i.e., existing
drivers might earn more per hour while actively transporting a driver, but have
this benefit be canceled out by an increased amount of time spent idle). In
other words, spillovers arise via market re-equilibriation.

Example 14. Infectious-disease vaccines provide two types of protection
against disease spread: Vaccinated people may be less likely to get infected than
unvaccinated people given comparable circumstances, and vaccinating a large
enough fraction of the population may create a herd-immunity phenomenon
that unvaccinated people also benefit from. The emergence of herd immunity
is a type of spillover that is relevant to assessing public-health benefits of vac-
cination; Ogburn and VanderWeele| [2017] discuss a modeling framework for
estimating these effects.

The spillover mechanisms in all examples above are different. The end re-
sult, however, is the same: SUTVA fails, and new ideas are needed to assess the
effects of an intervention. This chapter will introduce methods for modeling
and testing for the presence of spillovers and, more broadly, cross-unit inter-
ference (i.e., treatment given to one person affects others); in the next chapter,
we will then turn to questions of estimation and building confidence intervals.
For simplicity, we will focus on randomized controlled trial (RCT) settings in
this chapter and the next.

11.1 Exposure mappings

As in Chapter [, we assume that we have data on i = 1, ..., n people, each
of whom receives a randomized binary treatment W; € {0, 1} and then expe-
riences an outcome Y; € R. Under interference, however, it no longer makes
sense to only define two potential outcomes per unit; rather, each unit can
now have up to 2" potential outcomes {Y;(w) : w € {0, 1}"}, corresponding
to each possible treatment assignment for the whole study. The associated
potential-outcome consistency assumption is{a_T]

Y=Y, (W), W=, (11.1)

61Tn this chapter and the next, we will render vectors of observables across units in bold.
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While this notation is similar to that used in Chapter [I} the problem is now
substantively much harder and we have an apparent curse of dimensionality
to deal with, whereby the number of potential outcomes grows exponentially
faster than the study size.

Any approach to causal inference under interference needs to put some
structure on the potential outcomes in order to enable accurate treatment
effect estimation. Here, we will do so by assuming an exposure mapping: Each
unit has an exposure function H; : {0, 1}" — H; with the property that Y;
only depends on the full potential outcome vector W through H;(W).

Assumption 11.1. An exposure mapping is a set of unit-specific functions
H; : {0, 1} — H,;. The assumption that this this exposure mapping is well
specified is a claim that, for all pairs w, w’ € {0, 1}", we have

Yi(w) =Y;(w') whenever H;(w)= H;(w'). (11.2)

When there is no risk of confusion, we use overloaded notation such as Y; =
Yi(H(W)) or Y; = Yi(Hy).

The simplest type of exposure mapping to work with statistically is the
cluster-interference model. Under cluster interference, experimental units
are divided into non-overlapping clusters, such that spillovers can be essentially
arbitrary within cluster but there are no spillovers across clusters. Formally, in
the context of Assumption [I1.1] cluster interference posits H;(w) = (w);ec;,
where Cj; is the set of units in the same cluster as the ¢-th unit. The reason
cluster interference is easy to work with statistically is that we can simply re-
define these clusters as our experimental units of interest. Then, the fact that
there is no cross-cluster interference means that SUTVA holds at the level of
cluster; we can thus run a cluster-randomized experiment that we then analyze
using standard techniques.

Example 15. [Crépon et al|[2013] study community-level effects of job-search
assistance programs. Such job-search programs help program participants find
jobs; but the authors are concerned that they may be doing so at the expense of
non-participants. To measure community effects, they identify 235 independent
labor markets (e.g., cities), and randomize each market to receive different
saturation levels (0%, 25%, 50%, 75%, or 100%) of job-search assistance for
active job seekers. The authors then run an analysis where they compare
community-level outcomes across markets with different saturation levels, i.e.,
they analyze the data as an RCT where each labor market is a unit and the
treatment given to the unit is the saturation level of job-search assistance. The
exposure mapping underlying this analysis is the cluster-interference model,
with job seekers clustered by labor market.
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Other applications call for more complex exposure mappings. For example,
in the setting of Example the authors posit that a given farmers’ insurance
decisions may be affected by information received by their friends as well as
by them directly. This suggests using the framers’ social network to define an
exposure mapping, e.g., via the network-interference model below (with friends
acting as network neighbors).

Definition 11.1. Under the network-interference model, we assume that
each unit ¢ = 1, ..., n has a set of network neighbors N; C {1, ..., n}, with a
convention that i € Nj;, such that the following exposure mapping holds:

Vi = Yi(Hi(W)),  Hi(w) = (w;)jeqiyon:- (11.3)

In other words, the network-interference model is a generalization of the
cluster-interference model that allows for non-transitivity of spillovers, and the
network interference model reduces to the cluster interference model if we im-
pose transitivity {i} UN; = {j}UN for all j € N;. Under network interference,
we can in general no longer eliminate all spillovers via clustering (because the
underlying network may be fully connected); and more careful inferential tech-
niques are thus needed. We will return to the question of estimating treatment
effects under network interference in Chapter [12] Before doing so, however, we
will first discuss how to test for the presence of interference below.

11.2 Permutation tests

In Example Cai, Janvry, and Sadoulet| [2015] were interested in measuring
spillovers from information sharing in a social network. Suppose that for each
unit ¢ we know the friends N; who could plausibly affect their insurance choices.
What might the most parsimonious model for spillovers look like? The network
interference model from Definition provides one possible answer, but is
there evidence that the full generality of this model is needed?

In this setting, one could easily imagine a hierarchy of alternative exposure
mappings as follows::

e Hy: No causal effects. H;(w) = (), and Y; = Y;(0) regardless of treatment.
e Hy: No spillovers. H;(w) = w;, and Y; = Y;(W;) like in Chapter

e Hy: Anonymous network interference. H;(w) = (wj;, z;), where z; =
> jen; Wi/ [{Ni}| is the fraction of treated friends and Y; = Y;(W;, Z;).

e Hj: Network interference. H;(w) = (w;)jeun;, and Y; = Y;(H;).
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e Hy: Generic spillovers. H;(w) = w, and Y; = Y;(W).

The questions about the structure of treatment effects asked in the previous
paragraph can then be formalized via null-hypothesis testing. For example,
one might first want to test the null “Hj : no causal effects” and then, if that
test rejects, test “Hp : no spillovers”, etc., until one finds an exposure mapping
that is not rejected given the data at hand.

Our task is to develop methods for testing each of these nulls. Here, we
will do so via permutation testing. We will propose specific tests for Hy and
H,, and give a general result that can also be used to design tests more the
subsequent hypotheses.

The main idea of a permutation test is pick a test statistic, and then scram-
ble the treatment assignment in a way that shouldn’t affect the test statistic
under the posited null hypothesis. By construction, we should expect that—if
the null holds—then the test statistic evaluated on the original data should fit
comfortably within the range on test statistics obtained after scrambling; and
if the original test statistic is in fact an outlier we take this as evidence against
the null.

Remark 11.1. In our discussion below, we will develop tests for individual
hypotheses. It might seem that the program outlined above, i.e., where we
sequentially test hypotheses until one fails to reject, would require a multiple
testing correction. However, there is in fact no issue with multiple testing
here because all null hypotheses are nested, and sequentially running tests
on the most-to-least restrictive nulls until one of them fails to reject (and then
stopping) is simultaneously be valid against all nulls thanks to the closed testing
principle [Marcus, Peritz, and Gabriel, 1976].

Testing the sharp null We first consider the design of a permutation test
against the no-causal-effect null Hy. This is a “sharp” null in that it fully
specifies how treatment affects outcomes (i.e., in no way whatsoever), and so
it can be approached using the classical approach of [Fisher| [1935]: We first
choose a test statistic that is likely to take on a large value when the null
doesn’t hold, e.g.@

Z{i:wi:I}Yi . Z{i:wiZO}Y;

T W) = =T 1w =0} |

(11.4)

62This test statistic is simple, but from a large-sample theory point of view others may be
preferable; see the bibliographic notes at the end of this chapter for a discussion.
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and then reject the null if the test statistic as computed on the realized treat-
ment vector is unusually large relative to values it takes on alternative treat-
ment randomizations we could have (but didn’t) get. An important fact in
enabling this approach is that, under Hy, treatment has no effect on outcomes,
and so

T(Y,w)=T(Y(w),w) for all w e {0, 1}", (11.5)

meaning that—again under the null—we are able impute the actual test statis-
tic we would have computed under different treatment randomizations.

Assumption 11.2. Treatment is assigned according to a completely random-
ized design: There is a set of possible treatment vectors w over {0, 1}" such
that P [W = w] = 1/ |W)| for all w € W, independently of potential outcomes.

Theorem 11.1. Suppose that Assumption holds. Pick any test statistic
T(Y, W) and a number of permutations B < |W| — 1, and let W', ..., W
be drawn uniformly at random and without replacement from W\W. Then,
the permutation p—valudzf]

b= (1 +3 LT (Y, W) < T(Y. wg>}>) (1L.6)

is valid against the null, i.e., under Hy, P[p < a] <« for all0 < a < 1.

Proof. Let W = {W, W/, ..., W/} be the unordered set of considered per-
mutations. By Assumption [I11.2] under H,
1
PW=w|WeW, Y]:H—B for all we W' (11.7)

Thus, writing 7' = {T (Y, w) : w € W'} for the set of considered test statistics
we see that, conditionally on Y and the fact that W € W', the realized test
statistic value T (Y, W) is takes values uniformly at value within 7. It follows

that, under Assumption and Hy, p from (11.6)) takes values uniformly at

random over {1/(1+ B), 2/(1 + B), ..., 1} if there are no ties in 77, and ties
can only make p strictly larger. O
63The use of randomization is optional. Setting B = [W| — 1 will result in running a

permutation over all possible randomizations W, and recovers Fisher’s exact test.
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Testing for interference The next question is to design a test for Hy, i.e.,
to test whether SUTVA holds or instead there is evidence of spillovers. To
start, we again need to choose a test statistic that will have power to measure
deviations from the null-—and there are many ways of doing so. Following
Aronow| [2012], we here consider test statistics that first choose a set of fo-
cal units F C {1, ..., n}, and set T = T (Y, w) to be some pre-specified
functional that only considers outcomes within the focal set. For example, in
settings where we believe that spillovers will only really manifest themselves on
untreated units (e.g., with informational intervention as in Example , one
natural choice for T" would be use the z-coefficient in the regression

Tr(Y, w)=0LS (Y~ z:i € F,w;=0), 2=y w;/{N} (118)
JEN;

as our test statistic.

At this point, however, we face a challenge. When testing the sharp null,
enabled us to compute counterfactual test statistics for any treatment
assignment w under Hy. Now, however, treatment can affect outcomes under
H, (via the direct effect), and so we only have access to the weaker guarantee

T (Y, w)=Tr(Y(w), w) if w; =W, for all i € F. (11.9)

Thus, when designing a permutation test for H;, we can only consider those
treatment assignments w which match to realized treatment W on the focal
set. Doing so requires more delicate methods, which will follow from the general
result given below.

Remark 11.2. With any focal unit based approach, we need the set F of focal
units not to be either too big or too small in order for 7" to have power. If the
set of focal units F is too small the regression (|11.8) will be noisy; whereas
if the set of focal units F is too large the set of allowed permutations that
preserve treatment assignment over F will be too small, thus again resulting
in a loss of power. The optimal size of F will depend on the application.

Permutation tests for composite nulls In our setting, a composite null
is any null hypothesis that allows W to have some effect on Y, but restricts
how these effects can manifest themselves. To understand how to design per-
mutation tests for composite nulls, it is helpful to review the ingredients that
made our test for Hy work:

1. Our knowledge of the randomization design enabled us to create a set W'
of possible treatment assignments (which includes the realized one).
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2. Under the null hypothesis, T(Y(w), w) = T(Y (W), w) for all w €
W, and so we can impute the counterfactual test statistics 7(Y (w), w)

we would have observed under alternate randomizations using only the
observed outcomes Y =Y (W).

3. Conditionally on knowing that we chose the set W' in step 1, the distri-
bution of W is uniformly random over W'.

The key step here is step 2; and, under the sharp null Hy, it is easy to see that
we can always impute T(Y(w), w) from Y for any test statistic 7' and any
treatment vector w.

In contrast, under composite nulls, we will no longer be able to impute
any and all test statistics for all w because the treatment now can have some
(restricted) effects on the outcomes. We will still be able to make progress by
being more careful in our choice of T" and set W of considered treatments;
doing so, however, leads to subtle challenges in step 3 above.

The general roadmap for designing permutation tests for a generic compos-
ite null H involves first observing the realized treatment W, and then choosing
a set of alternate treatment assignments W’ that allows us to impute test statis-
tic T under H. The following result gives general guarantees for permutation
tests of this type.

Theorem 11.2. Suppose that we want to test a composite null hypothesis H

and that Assumption holds. After observing W, we choose a (poten-
tially random) set of treatment vectors W' C W with W € W', and a (poten-
tially random) test statistic with the property that, under H, T(Y (w), w) =
T(Y(W), w) for allw € W. Let

ow W, T)=P[W,T|W =w] (11.10)

denote the probability of selecting the treatment set W' and test statistic T' given
that the realized treatment vector was w. Then, the re-weighted permutation
p-value

Ywenw pw W, T)1T{T (Y, W) <T (Y, w)})
ZwGW’ Pw (W,7 T)

is valid against the null, i.e., under H, P[p < a] <« for all 0 < o < 1.

p= (11.11)

Proof. The pair (W', T') is chosen only based on knowledge of W, and under a
constraint that we must have W € W’ . Thus, under Assumption we can
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use Bayes’ rule to verify that, conditionally on knowing that W’ was selected
as the set of considered randomizations and that Y was observed,

P[W =w|W, Y] =g, W,T) / 3 o W, T) (11.12)

w/ew’

for all w € W’. The proof then follows exactly the same argument as used
in Theorem [II.I] Let 7 be as defined in the proof of Theorem [II.I} and
let Sy > Sy = ... = Sgwr) be order statistics of the test statistics, with
associated weights ¢y, ..., @w)) used in . If there are no ties in 7

k (W]
Plp<a|W, Y] =max t:Zgo(j)/ng(j):tga : (11.13)
j=1 j=1
and the presence of ties will again only make p strictly larger. O

Application: Testing H; We now return to the question of how to design a
permutation test for the presence of interference using the test statistic (11.8)).
Using notation from Theorem , the imputability property for fo-
cal unit based test statistics implies that we can use them together with the
permutation set

W (F)={weW:w; =W, forall i € F}. (11.14)

Theorem then applies directly. The remaining challenge is that we now
need to account for the weights oy (F) =P [.7-" ‘ W = W}, which measure de-
pendence between our choice of focal units and the realized randomization.
In principle, one could compute these quantities and apply directly;
however, in the existing literature, most proposals have sought choices of F
obviate the need to consider weights by construction.

One way to side-step this challenge, discussed by |Athey, Eckles, and Imbens
[2018a], is to choose the set of focal units F deterministically, without looking
at W. In this case, P [.7-" | W = w] =1, and the weights vanish and can thus
be ignored. Such an approach, however, may not be optimal in terms of power;
e.g., if we use as our test statistic, then there’s seemingly no value from
including any treated units in F (since they are ignored by the test statistic).

Basse, Feller, and Toulis| [2019] noted that in some settings we can also
construct randomized choices F for which the weights ¢y (F) vanish—and
that this can help with power. The main idea is that if we can guarantee that
ow(F) is constant for all w € W, the we can ignore the weights because they
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cancel out in . Consider, for example, a design where all units are first
divided into equally sized clusters C for k =1, ..., K, and then we randomize
n1 units to treatment such that at most one person per cluster is treated, i.e.,
we run a completely randomized experiment OVQI@

W=Swe{0,1}":) wi=n;, Y w;<lforalll<k<Kj). (11.15)
i {ieCy}

Then, if we construct F by selecting exactly one control unit per cluster, one
can check that in fact gy (F) is constant for all w € W'.

11.3 Bibliographic notes

The general approach of modeling causal effects under interference using an
extended set of potential outcomes goes back to early work by Halloran and
Struchiner| [1995], Hudgens and Halloran| [2008] and [Sobel [2006]. The use of
exposure mappings to mitigate the curse of dimensionality was introduced by
Aronow and Samii [2017] and Manski [2013].

The paradigm for causal inference used in Chapter[11.2] i.e., one focused on
testing various null hypotheses that restrict how treatment can affect potential
outcomes, is often called the “Fisherian approach” in recognition of the seminal
work of |Fisher| [1935] on permutation testing. The Fisherian approach is then
contrasted with the “Neymanian approach”, which is focused on estimating
average treatment effects (as opposed to exact restrictions on the potential
outcomes)—and is also the approach we have focused on in most of this book.
When the distinction needs to be made, the sharp null (e.g., Y;(0) = Y;(1) for
all 7) is often referred to as the Fisher null, while the usual (or weak) null (e.g.,
> (Yi(1) = Y;(0)) = 0) is referred to as the Neyman null; see Ding| [2017] for
further discussion.

Our discussion of permutation tests under interference is adapted from
Athey, Eckles, and Imbens [2018a] and Basse, Feller, and Toulis [2019]. One
aspect of permutation testing that we have not put much emphasis on in this
chapter is the choice of test statistic: We simply used point estimates of vari-
ous quantities likely to be non-zero under the alternative, e.g., the difference in
means in . Permutation tests are exact under the sharp null, regardless

64Basse, Feller, and Toulis| [2019] considered a different, two-stage design where we first
choose which clusters give to the treatments to uniformly at random, and then pick one
treated unit from each of these clusters—again uniformly at random. However, in the case
of equally sized clusters, their design matches the completely randomized one considered
here.
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of our choice of test statistic. However, the choice of test statistic matters in
terms of the power we get under various alternatives of interest, and here test
statistics based on point estimates of treatment effects, e.g., the difference in
means used in , can perform unexpectedly poorly.

To understand the power issue, consider the large-sample behavior of a
permutation test in a setting with

@E(B) NN((ZT) (%8 ff)) (11.16)

and ny/n =7 € (0, 1). The difference in means test static on the original data
has distribution Ty = N (1 — po, 0%/n) with 02 = 02/(1 — 7) + 0?/7. The
usual t-test would then reject the null when the ratio /nTy/or is far from 0.
On the other hand, because the permutation test jumbles the data, one can
check that the behavior of 7T, depends on moments of the pooled data instead,
and the permutation distribution can be approximated as [Romano [1990]

(1 — 7)ok + mo?

L(T}) =N (0, 03 /n), o3 = m(1 =) (jn — po)” + (1 —)

, (11.17)

thus implying that, effectively, the permutation test rejects the null when
V/nTy/oy is far from 0. We can then directly read out several unexpected be-
haviors of the permutation test from this comparison. If o2 = 0% and pu; # o
(i.e., the treatment shifts the mean but not that variance), then o > o%
and so the permutation test will be less powerful than the usual ¢-test. On
the other hand, permutation tests with a difference in means test statistic can
have non-trivial power in settings where the Neymanian null of zero average
effect holds, i.e., they are generally not valid (even asymptotically) against the
Neymanian null. To see this, note that when if u; = ug, 7 < 0.5 and 0? > o2,
then 0% < 02 and so the permutation test must have more power than the
usual ¢-test (which in turn has the nominal level here).

One can solve this problem—and generally improve the large-sample behav-
ior of permutation tests—by using studentized test statistics, e.g., a two-sample
t-statistic instead of , or a heteroskedasticity-robust regression t-statistic
instead of (11.8). [Chung and Romano| [2013] provide results implying that, at
least in the setting of Theorem |[11.1] a permutation test using a studentized test
statistic pairs finite-sample validity against the sharp (Fisher) null hypothesis
while matching the behavior of the usual test against the Neymanian null of
a zero average treatment effect in large samples. (Cohen and Fogarty| [2022]
discusses further results on unifying Neymanian and Fisherian approaches to
testing for the presence of causal effects.
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Chapter 12
Estimating Treatment Effects
under Interference

In the previous chapter, we introduced exposure mappings as a tool for mod-
eling cross-unit interference, and permutation-based methods for testing for
the presence of interference. The next natural question—and our focus in this
chapter—is: Once we’ve accepted that interference exists, how can we estimate
relevant treatment effects that account for interference?

Exposure effects For simplicity, we will here focus on a setting here As-
sumption holds with a finite-cardinality exposure with a shared domain.
Specifically, we will consider a setting where we have ¢ = 1, ..., n units with
outcomes Y; € R and treatment W; € {0, 1}. There can be cross-unit inter-
ference; however, this interference can be captured in terms of an exposure
mapping H; : {0, 1}" — H with a shared domain H with |H| < co. We thus
have potential outcomes with a consistency condition

{Y;‘(h)}he}t ) Y, = K(Hz(w)) (12.1)

Given this assumption, we can define various sample-average treatment effects
by comparing mean potential outcomes across exposure levels h, h' € H,

7(h, h') = 1 > (i) = Yi(h)). (12.2)

n -
=1

Our goal is to estimate these quantities and provide confidence intervals for
them.

Example 16. [Rogers and Feller| [2018] reports results on a randomized trial
to improve school attendance among students with high risk of absenteeism
by sending attendance information to parents. In some settings, a family had
multiple students eligible for the study, and the authors were interested in
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spillovers: Did sending attendance information about one student also affect
their siblings’ behavior? To study this question, the authors posited an ex-
posure mapping with 3 exposure levels: (1) student received treatment; (2)
student untreated by with treated sibling; and (:3) student in family with no
treatment. Then, one can define a number of natural estimands of the form
(12.2), such as a direct effect (1) vs. (3), and a spillover effect (2) vs. (3).

Unbiased estimation The setup considered here, i.e., with a randomized
trial executed on a set of n unspecified study participants, is closely related to
the setting of Theorem except that now of course SUTVA no longer holds
and we instead need to rely on a more complex exposure mapping to capture
interference. And it turns out that an analogue to Theorem still holds: We
can get unbiased estimates for the exposure contrasts essentially without
further assumptions.

The simplest way to construct unbiased estimators here is via inverse-
propensity weighting (IPW). Suppose that treatment is Bernoulli-
randomized,

W; ~ Bernoulli(e;), 0<e; <1, (12.3)
independently for all i = 1, ..., n, and let e;(h) = P [H;(W) = h| with treat-
ment generated according to (12.3]). The, the natural IPW estimator,

X n_ I~ (LUH(W) =1})Y, 1({H(W)=h})Y,
Trpw(h, B') = _Z ( es (W) - ei(h)

n

) . (12.4)

i=1
is unbiased for 7(h, h"). We use the notation of the type
By [frow(h, 1)) = E [t (0, )| Vi(W}ic,  nend] . (125)

i.e., where Ky denotes expectations over random treatment assignment while
holding potential outcomes fixed.

Theorem 12.1. Under assumptions (12.1) and (12.3)), suppose furthermore
that e;(h), e;(h') >0 for alli=1, ..., n. Then

IE:W [7A_IPVV<h7 h,)] = %(ha h,) (126)
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Proof. Invoking ((12.1)) and randomization yields

]EW [%[pw(h, ]’L,)]

_ 15~ (LHE(W) =MD Yi(h)  1({H(W) = h}) Yi(h)

=Ew n ZZI ( ei(h) ei(h) )

L (B P00 B UAO) =) i)
n < ei(h) ei(h)

= ST ) - Vi)

For the last equality we also used (12.3)) and the fact that e;(h), e;(h’) > 0. O

Inference and uncertainty quantification Where things get more chal-
lenging is in seeking confidence intervals. The result above was a generalization
of Theorem to settings with interference, with a proof following exactly the
same blueprint. In Chapter |1}, when we sought to move past unbiasedness
and establish inferential results, we added an extra assumption that poten-
tial outcomes are independently sampled from a broader population (see, e.g.,
Theorem [1.2)). However, while such an IID-sampling assumption is easy to
make under SUTVA, it is much more challenging to posit general sampling as-
sumptions for potential outcomes under interference. Units now interact with
each other (e.g., they are friends in a social network), and writing down credi-
ble generative models that capture such cross-unit relationships (e.g., writing
down credible generative models for friendship networks) is something that re-
quires deep subject matter knowledge and cannot easily be done at the level
of abstraction sought here.

In this chapter, we will pursue an alternate route and seek to establish
inference results that only depend on random treatment assignment—and do
not make any sampling assumptions on the potential outcomes. In the causal
inference literature, this approach is often referred to as the finite-population
approach, as it does not appeal to the existence of a superpopulation from which
units were drawn. We will start, in Section by reviewing finite-population
methods under SUTVA—and revisiting our discussion from Chapter [I] with-
out the IID sampling assumption. Then, in Section [12.2] we will extend this
discussion to settings with interference.
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12.1 Finite-population methods

Our goal here is to provide an alternative to Theorem that enables
inference in randomized-controlled trials under SUTVA without relying on
superpopulation-sampling assumption. Finite-population analysis of random-
ized trials, including the results given here, go back to Neyman| [1923]. The
following result presents what’s often called the Neyman-variance analysis in
the case of a Bernoulli designﬁ Under SUTVA, we are only interested in the
treatment-control contrast, and so will use short-hand 7 := 7(0, 1) for the
sample-average treatment effect (SATE), 77pw := 77pw (0, 1) for the estimated
treatment effect, and e; = e;(1) for the propensity score.

Theorem 12.2. Under the setting of Theorem|12.1], suppose furthermore that
SUTVA holds, i.e., H;(w) = w;. Then

n—\1-e e; (12.7)
1= (Yi(0)2 (1)
2 _ % i
o= ; (1 —e; + e; '
Furthermore, o admits an unbiased estimator,
- = I~ [((=-W)Y2 WY?
E [V]:az, V== ( Dy i) 12.8
w n ; (1 . 67;)2 612 ( )

Proof. Thanks to Theorem we have

nVarW [%[pw] = HEW [(f'[pw — 7_')2}

~ B (% S (- ) a o ma - 5@-(0)))

i=1 i=1

By SUTVA and because the W; are independent of each other, we can further

65Neyman| [1923] worked under complete randomization, i.e., where the number of treated
units is fixed a-priori; however, all the key insights are the same.
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expand this expression as
1 (W, 1-W, i
Ew [ =) ([—-1)Y(1) - (—"-1)Y
Wy <n2< ) - (=2 1) <o>)

(- ()}

_1! 'n ((1 - 1) Yi(1)? + ( ! - — 1) Y;(0)* + 2Yi(0>Yi(1)>

n‘ € l—e
S ]

where the second equality above follows by computing binomial probabilities
and the third by expanding out the square (Y;(1) — Y;(0))?. This establishes
(12.7). Finally, (12.8]) can be proven by following the argument used in Theo-
rem [12.1] O

The main observation is that, under the finite-population model, the vari-
ance o2 depends on differences of potential outcomes, and cannot generally
be estimated from data without further assumptions. However, the variance
admits a simple upper bound o2 that is identified from data—and in fact this
variance estimate corresponds to the usual variance estimate for 7;py under
IID sampling. Thus, exact inference for the ATE under IID sampling provides
conservative inference for the SATE in the finite-population model. This fact
will also show up under interference.

It remains to establish a construction for confidence intervals. Since we no
longer have access to an IID stream of data, we will no longer be able to invoke
a classical central-limit theorem; rather, we will need to rely on finite-sample
Gaussian approximation results. In the result below, we will also consider a
self-normalized version of IPW,

> i WiYi/e; B i (1= Wy)Yi/(1 — e) (12.9)

Tsipw = ST Wie: S (=W /(1 —e)’

as this generally improves large-sample performance (see, e.g., Exercise |1)).

Theorem 12.3. Suppose we have a sequence of randomized trials with growing
sample size n that all satisfy the conditions of Theorem and write 7, for
the SATE in each of these randomized trials. Suppose furthermore that there
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are constants n, M < oo such that n < e; <1 —mn and |Y;(0)|, |Y;(1)| < M for
all units, and that liminf, ., 62 > 0 with 62 as defined below. Then,

Vi (PR SN0, o) = 3 S iw), (12.10)

Tn
5 Lo [ (Y(0) = f(0)® (Y1) — fia(1))° 2
2= — (Yi(1) = vi(0
o nizj( . (Y(1) = Yi(0))* |,
Furthermore, the following variance estimator
) l-0-my 1 WY,
W)=Y ) == ,
fin(0) HZI e fin(1) n; .
o R ) o ) (12.11)
Op = — Z 2 + 2 )
o (1—e) €

is asymptotically conservative, imsup,,_, . 6,/0, <, 1, and usual normal con-
fidence intervals are valid

limsupP [|7sipw — 7ol < 6,/vn® 11— /2)] <1 -, (12.12)

n—oo

forany 0 < a < 1.

Proof. Thanks to self-normalization and SUTVA, we have an error decompo-
sition

R _ 1 ~1-W,
AO) %Z (- W) (340 - ju 0)) 1 Z fin(1))

- 1-— €; n
=1 =1

By Theorems and [12.2] we immediately get
Ew [A(1) — A(0)] =0, n Vary [A(1) — A(0)] = 72.

Furthermore, our boundedness assumptions imply that all summands compris-
ing A(0) and A(1) are bounded by 2M/n, and so the Berry—Esseen bound
implies that

sup (12.13)

z€R

On

P {\/W(A(l) —200) Z] _ (2] < 80524_%773




where ®(+) is the standard Gaussian cumulative distribution function and C'
is the Berry—Esseen constant; we also note that the right-hand side term of
goes to 0 with n because we have assumed that lim inf,, 6?1 > 0.

Meanwhile, again thanks to our overlap and boundedness assumptions, we
can use standard concentration arguments to verify that

I 1-—W; JRR 78 1
IS I g (1),
n; 1—e¢ n; e Vn

and also that

This implies that
. _ 1
TSIPW — Tpn — A(l) — A(O) + Op (g) >

and so (|12.10]) follows from (|12.13]). Finally, we can again use concentration
arguments to verify that

Y n 2 sz__nl ?
lim &% — o2 =, 0, ( ) ”(»),

n—00 1-— €; €;

and by Theorem _ 12.2| we also get 02 > 2. The claimed result then follows

— TL

because liminf, o, 72 > 0. O

Note that in the case of uniformly randomized trials (i.e., ¢; = 7 is the
same for all units), the final obtained confidence interval construction ({12.12))
is exactly the same as (1.11) from Chapter Earlier, we had shown (via a
simple argument) that @ is asymptotically exact for the ATE under 11D
sampling assumptions. It’s somewhat remarkable that, as found here, the same
confidence interval is also asymptotically conservative for the SATE without
making any sampling assumptions.

66Tn the variance estimate ‘A/D M in we used a normalizations ng/n and ni/n which
in are replaced with 1 — 7 and 7 respectively; however, this distinction is immaterial
under 1st-order analysis. The variance estimates are asymptotically equivalent, and either
of them can be used for confidence intervals when in the uniformly randomized setting with
e; = m for all units.
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12.2 Confidence intervals for exposure effects

We now return to our main task of interest, i.e., inference for exposure effects
as defined in ([12.2). In addition to assuming a finite-cardinality exposure
mapping, we will also assume network interference structure as in Definition
11.1} i.e., that each unit ¢ has a known set A; of influencer units (or, informally
friends), with ¢ ¢ N; C {1, ..., n}, such that

Yi(w) = Yi(w') whenever w; = w; and w; = wj for all j € N;.  (12.14)

In conjunction with , the condition (|12.14)) can be simplified to a require-
ment that H; only depends on w; and wy,.

The two assumptions we make on the exposure mapping, and ,
play different roles: ([12.1]) is primarily used to justify the estimands (and we
will invoke it in a SUTVA-like manner), whereas is used to control
correlations and establish convergence properties for sample averages. In par-
ticular, the network interference model induces a natural randomization de-
pendency graph G € {0, 1}"*" on potential outcomes,

Gij = LN U{i}} 0 AN; Ui} # 0, (12.15)

i.e., G;; = 1if and only if there is a unit k € {1, ..., n} whose treatment can
affect both Y; and Y; under (12.14)).

Under Bernoulli randomization ((12.3) and the network restriction ({12.14]),
one can immediately verify that whenever G;; = 0,

H,(W) 1L H;(W) andso Y; LyY, (12.16)

where the latter statement means that Y; is independent of Y; under ran-
domness from the treatment assignment (and either conditionally on potential
outcomes or treating potential outcomes as fixed).

Given these ingredients, we are now ready to generalize the results from
Section to settings with interference, and provide both an exact expression
for the variance of 77py (h, h') and a conservative but estimable bound for it.
Here, we will start down by writing our variance estimator; our target variances
will then be readily expressible in terms of moments of the variance estimator.

For any h € H, define inverse-propensity weights as [;(h) =
L({H;(W) = h})/e;(h), and let T'(h) € R™ be the vector of these weights
for all units. Given this notation and our exposure mapping,

n

Fupw(, 1) = =37 (V) ~TWYi), (1217)
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where only the weights I'; are taken to be random. This formulation, as well
as the network independence property of the I'; established in (12.16f), then
suggests estimating the variance of the IPW estimator via the following a “het-
eroskedasticity and autocorrelation consistent” (HAC) construction:@
1
&2(h, W) == (L)Y -T(h) oY) GTH)oY -THh) oY), (12.18)
n
where ® denotes elementwise product.@ The following result establishes that
this variance estimate is in fact conservative.

Theorem 12.4. Under the setting of Theorem [12.1, suppose furthermore
that (12.14) holds and that we consider a pair of exposure h, h' € H with
ei(h), e;(W) >0 foralli =1, ..., n. Write 0®(h, I/) := Ew [6%(h, I')] for the
variance estimate given in (12.18)), and 6*(h, I') := nVary [71pw (h, I')] for
the scaled randomization variance of the IPW estimator. Then,

a2(h, W) = o*(h, ') —n~' (Y(K)=Y(h) G(Y(K)=Y(h), (12.19)
and in particular 2(h, ') < o*(h, I').

Proof. Throughout this proof, we will use the shorthand T;(h) =
1({H;(W) = h}) /e;(h) for the inverse-propensity weights. Thanks to The-
orem [12.1] and ([12.1]), we have

52(h, 1) := n Varw [Frpw (b, B')] = nEy [(%[pw(h, By — 7(h, h')ﬂ
 nEy ((5 SR = Tu(h)) Vi - %Z (Yi(H) - m(h)))

i=1 =1

n n

— nEw (1 Z (Ty(K) — 1) Yi(I') — %Z (Ty(h) — 1) n(h))

We can simplify this expression in terms of the exposure-covariance matrices

Uij(h, ') = E[(Ti(h) = 1) (T3(A)) = 1)] = E [[3(h)T;(R)] = 1

67The HAC construction is only used to motivate the functional form of the variance
estimator below; its consistency in our setting will be established from first principles below.
See White| |[1984], Chapter VI.4] for a general discussion of HAC estimators for correlated
random variables, and Kojevnikov, Marmer, and Song| [2021] for recent results on HAC
estimators in a model with network correlation.

68As a sanity check one can verify that, under SUTVA (i.e., with G = I,,x,), (12.18)

exactly matches ((12.8]).
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and U(h) = U(h, h), etc., resulting in
2(h, M) ==n"tY(R)TUMR)Y(R)+n Y (R)TUR)Y(F)
—2n Y Y/(h)TU(h, )Y (K).

We next turn to studying the expectation of the proposed variance estimate
o2(h, h'). A direct calculation shows that

o*(h, 1) :==Eyw [6°(h, M')] =n~" Y (h)'E [['(h)"GT(h)] Y (h)
n ' Y(R)'E [L(R)TGL ()] Y(') +2n7 " Y (R)'E [T'(h)TGT(K)] Y (I').
Furthermore, we see from that
Uzj(h) = UU(h/) = Uij(h, h/) =0 whenever Gz‘j = 07

and so we can re-express o2(h, h') in terms the exposure-covariance matrices
used above as follows.

o?(h, W) ==n"Y ()" (UMR)+G)Y(h) +n* YY) (UR)+G)Y(R)
—2n ' Y(h)"T (U(h, M)+ G)Y(H).

We can now compare our expressions for o%(h, ') and 52(h, '),
o*(h, ) = a*(h, ) ==n""Y(h)'GY (L) + n ' Y () TGY ()
—2n 'Y (h)TGY (K)
=n"' (Y(I) = Y(h)' G(Y(R)=Y(h)),
and this quantity is non-negative because G is positive semi-definite. O

Following our approach in the SUTVA case, we next consider the self-
normalized estimator,

i Lih)Ys 3o, Ti(h)Yi
Y Li(h) i Ta(h)

and seek to establish a central limit theorem for it. As before, we work under
a sequence of randomized trials with growing sample size n, and write

TSJPW(h h)

(12.20)

ZY o(hy W) = fin(h') = fin(h). (12.21)
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We will also use a modified variance estimator that accounts for self-
normalization:

1n
in(h) = = 3 Ti(h)Y;
/"Ln() nlzl Z()'L?

Gahy 1) = (W) © (Y = jin(R')) = T(h) © (Y = f1(h)))" G
(LK) © (Y = fin(R')) = T(1') © (Y = fin(R)))

where Y — fi,(h) subtracts the scalar fi,(h) from all entries of Y.

(12.22)

Theorem 12.5. Suppose we have a sequence of randomized trials with growing
sample size n that all satisfy the conditions of Theorem. Write deg(G,,) for
the maximal degree of the randomization dependency graph in the n-th problem,
and assume that lim,_. n~"/*deg(G,) = 0. Suppose furthermore that there are
constants 0 < n, M, st < oo such that e;(h), e;(h') > n and |Y;(h)|, |Yi(h')| <
M for all units throughout the sequence of problems, and that, using notation
from (12.23)), we have G2(h, k') > s§ for all n. Then,

Tsipw (hy B') — T (b, B)

Vi (B ) = e

52 (h, 1) = 02(h, ) — (Y (') = ll) — Y () + g(1) G,
(Y ) — i) = Y () + (b)),

(12.23)

where o2 (h, ') denotes the randomization-expectation of an oracle version of
62(h, b') from with fi,(h) replaced with fi,(h), etc. Furthermore, our
variance estimator is asymptotically conservative, imsup,,_, . 6,/6, <, 1, and
usual normal confidence intervals are valid

lim SupP[ Fsrow (b, B) — 7y 1)
n—bo0 (12.24)
< Gu(h, W) V@1 —a/2)| <1—a,
forany 0 < a < 1.

Proof. We again start by noting that, thanks to self-normalization and our
assumed exposure mapping,

e (h, 1) = 7alh, W)+ A) [ £ ST ) = Ah) /3 Tl

A(h) =~ ST Tuh) (Y~ in(h)).

=1
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Theorems and immediately imply that, for all n,

Eu [AY) — A(R)] =0, Vary [A() — AR)] = T2 ),

n

Furthermore, Baldi and Rinott| [1989, Corollary 2| provide a Berry—Esseen
result for normal approximation of network-correlated random variables, which

in our setting implies that
2M deg(G,,
<32 (14 V6) ,/—3%.
ns; n

Our assumption on the degree of GG, makes the right-hand side go to zero, and

e ViAW) = A(h)
n —
= 0,1).
5 (h. ) MO
The remainder of the proof follows the blueprint of Theorem [12.3| and so is
omitted; in particular, we note that our overlap assumption immediately im-

plies that 2 " T;(h) —, 1. O

sup
z€R

VA (AG) ~ Ah)
R R

Remark 12.1. When G has block structure, the variance estimator
is equivalent to usual cluster-robust inference variance estimator that is typi-
cally motivated using IID sampling assumptions (i.e., that clusters are sampled
IID); see also Abadie et al|[2023]. Thus, we have recovered a conservativeness
phenomenon analogous to the one derived by [Neyman| [1923] under SUTVA:
Standard variance estimators motivated by IID sampling (here, of clusters) is
conservative for the finite-population variance that arises from treatment ran-
domization alone in the setting where potential outcomes are considered as
deterministic.

Remark 12.2. The overlap assumption e;(h) > 1 used in Theorem essen-
tially requires N; to be finite, even as the network grows (i.e., each unit is only
influenced by the treatment given to a finite number of other units). However,
even in this setting, the degree of G can grow large: This can happen if there
are some nodes that are very “popular”, in the sense that they influence many
other nodes (i.e., they belong to Nj for many other units j). In this context,
our assumption on deg(G,) is essentially an upper bound on the strength of
outward influence: We do not allow there to be a node whose treatment affects
outcomes for more than n'/* other units.
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12.3 Bibliographic notes

The finite-population model used in this chapter—as well as the approach to
inference via conservative, identifiable variance bounds—goes back to Neyman
[1923]. Here, we studied finite-population inference under Bernoulli trials; re-
sults under a number of different experimental designs is given in |Li and Ding
[2017]. We note that the variance bound used in Theorem is not the
only available bound; see |Aronow, Green, and Lee [2014] for alternate propos-
als. Furthermore, the finite-population approach discussed here can also be
extended to much more complex randomization designs, e.g., rerandomization
as in Morgan and Rubin, [2012].

Our approach to defining causal effects in terms of average outcomes un-
der different exposure types builds on |Aronow and Samii| [2017]. |Aronow and
Samii [2017] also provided bounds on the variance of treatment effect estima-
tors under the Neyman model; the bound we use in Theorem is due to
Leung [2022]. Building on this line of work, [Savje |2024] discusses interpre-
tation of exposure-averaging estimands when the exposure mapping may be
misspecified, while [Leung| [2022] provides inference results under an approxi-
mate network interference model, where interference effects decay (but do not
vanish) as units get farther from each other in a network. |Viviano|[2024] consid-
ers policy learning with interference under an exposure mapping assumption.
Ogburn et al.|[2024] consider inference from observational data under network
interference. Harshaw, Savje, and Wang| [2022] propose an algorithmic frame-
work for producing IPW-like estimators for a number of causal target under
wide variety models for interference.

Finally, we also note that there exist alternative ways of defining causal
effects under interference that do not rely on well-specified exposure mappings.
One such approach involves defining average direct and indirect effects of a
treatment, which effectively measure how a unit getting treated affects the
unit itself or others, while marginalizing over the treatment received by others
[Halloran and Struchiner, [1995| Hu, Li, and Wager, 2022b), [Savje, Aronow, and
Hudgens, 2021]

1 n
Tapp = > Ew [Yi(w; =1, Woy) =Y (w; = 1, W_;)],
- (12.25)

n

1
Tap =~ D B [V (wi =1, Woi) = Y (wi = 1, W),
i=1 j#i

where Y (w; = 1, W_;) denotes the outcome we observe for the j-th unit by
setting the i-th treatment to 1 but letting others be as they are under the ran-
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domization distribution. |Hu, Li, and Wager| [2022b] interpret these estimands
in the context of a number of models for interference, and connect them to
notions of total treatment effects. Savje, Aronow, and Hudgens [2021] provide
bounds for the average direct effect under a generic interference model, while
Li and Wager| [2022] give exact large-sample asymptotics for the average direct
and indirect effects under a random graph generative model. Munro, Kuang,
and Wager| [2021] consider large-sample behavior of the average direct and indi-
rect effects in a model where interference arises via equilibrium effects where in
a marketplace where prices align supply and demand; they also propose CATE-
like measures for treatment heterogeneity that can be used for spillover-aware
targeting.
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Chapter 13
Event-Study Designs

All examples considered in this book so far involve settings where we observe
a unit, they receive some treatment exposure (or not), and then reveal an
outcome. In applications, however, it is common to follow units over time and
to obtain multiple measurements from each unit. For example, when studying
the effect of a tax policy, we will often be able to follow a country over time—
and under different tax policies. Or, in medicine, we often follow a patient over
time as they go through a potentially complex treatment regimen.

This chapter—as well as the following two—will introduce methods for
causal inference in settings where units are followed over time. Data collected
in such settings is often referred to as panel data or longitudinal data. Incor-
porating full treatment dynamics—where treatment can toggle on and off, and
we need to reason about both long- and short-term effects of actions—will be
deferred to subsequent chapters. Here, instead, we will focus on the simpler
case of event studies where all units start in the control condition and then,
if they ever start treatment, they never stop. Our focus on event studies will
enable a gradual ramp-up in the technical tools required to work with panel
data, and allow us to introduce some widely used econometric methods.

Example 17. In 1990, all but one of 477 municipalities in Argentina had water
services that were either public or owned by non-profit cooperatives. By the
end of the decade, 137 of these municipalities privatized their water systems,
and transferred ownership to private for-profit entities. |Galiani, Gertler, and
Schargrodsky| [2005] use this panel dataset—and exploit the fact that some
municipalities are observed in the transition from public to private ownership—
to study potential community health effects from privatizing water resources.

Suppose we observe a panel of ¢ =1, ..., n units across t =1, ..., T time
periods. In each (i, t) pair the is in treatment condition W; € {0, 1} and
we observe an outcome Y; € R. Our event study assumption requires that
treatment can only ever switch off-to-on, i.e., that W;; < Wy for all t < t'.
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There are two treatment patterns that fall under the event study umbrella.

Definition 13.1. In the block-adoption design, there is a shared event
time 1 < H < T such that each unit either starts treatment right after H
or never does. Each unit as an adoption indicator D; € {0,1} such that
Wy =D;1({t > H}).

Definition 13.2. In the staggered-adoption design, each unit either has its
own event time 1 < H; < T —1 after which it starts treatment, or it never starts
treatment in which case we write H; = oco. We then have W, =1 ({t > H,}).

As usual, we will define our causal estimands in terms of potential outcomes.
As discussed in Chapter defining potential outcomes for general causal
inferefence problems requires considering the different possible treatment ex-
posures a unit may face. Without any restrictions, a unit who receives a binary
intervention in each of T time periods could experience 27 different treatment
trajectories, and one would then need to either define 27 potential outcomes
for each unit or define an exposure mapping for dimensionality restriction. In
event study designs, however, the off-to-on restriction on treatment assign-
ment restricts the number of possible treatment trajectories and simplifies the
definition of potential outcomes.

In the block-adoption design, a unit’s treatment trajectory is fully defined
by its adoption indicator, and so we can write potential outcomes

Yie(d) for d =0, 1, (13.1)

with a SUTVA assumption that Y;; = Y;(D;). In the staggered-adoption design
there’s a little more flexibility as there are now 7T possible treatment-start times;
natural potential outcomes are then

Yiu(h) for h=1,2, ..., T —1,00, (13.2)

with a SUTVA assumption Y;; = Yj;(H;). Throughout, we will assume tem-
poral consistency of actions, i.e., that future actions cannot affect past out-
comes.

Assumption 13.1. We assume that potential outcomes do not anticipate
treatment. Specifically, in the block-adoption design case, we assume that

Yi(0) = Yiyu(1) for t=1, ..., H, (13.3)
while in the staggered-adoption design case, we assume that

Yii(h) =Yy (h') for t =1, ..., min{h, h'}. (13.4)
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Assuming temporal consistency may seem innocuous when presented ab-
stractly, but this is in fact an assumption that may easily fail to hold in some
applications. For example, if we want to study the effect of a policy started
by a country ¢ at time H;, but some people were able to anticipate this policy
change and adapt their behavior in advance of it, then this non-anticipation
assumption would not hold. The non-anticipation assumption should thus be
carefully assessed before using any of the methods presented in this chapter.

13.1 Difference in differences

Under the block-adoption design, one natural estimand to target is the average
treatment effect on the treated (ATT). Assuming that units ¢ are independently
drawn from a population of units, the average per-time-period effect of receiving
treatment among treated units is
1 T
e 3 Yall) - Ya(0)] (13.5

t=H~+1

Tarr = E

How should we go about estimating this quantity?
A first natural estimator to try is the simple difference-in-means com-
parison in the post-event periods,

T T
2 - Z{i:Dizl} Zt:H—H Yit Z{i:Di:O} Zt:H—i—l Yit
DM = 77~ - T .
Hi:D; =1}|(T—H) |{i:D;=0}|(T—H)

This estimator, however, may seem wasteful in that it completely ignores avail-
able data from the pre-event periods. One popular way to leverage pre-event
data available in a panel is using the difference-in-differences (DID) esti-
mator:

# I S Z ;ZT:Y_AXH:Y
PP Di=1y T-H He

D;=1} t=H+1

1 1 T . . HY
_m{iz — > it—E; )

D;=0} t=H+1

(13.6)

(13.7)

In words, the DID estimator first uses pre-event data to construct a baseline
outcome that is subtracted from post-event outcomes, and then compares these
post-minus-pre differences across adopters and non-adopters.

As a first sanity check, both the simple difference and difference-in-
differences estimators can immediately be verified to be unbiased when adop-
tion is randomized.
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Proposition 13.1. If adoption is randomized, then E [Tpy] = 7. Furthermore,
if Assumption holds, then E [Tpip] = 7.

Proof. The first statement follows immediately from Theorem 1.1} The second
statement follows by noting that, under Assumption [13.1] incorporating the
pre-event data into the estimator has a mean-zero effect under randomized
adoption. O

In many practical event study applications, however, treatment cannot cred-
ibly be taken to be randomized. Consider, for example, a setting where our
units correspond to the n = 50 states in the United States. Some states choose
to adopt a policy (e.g., to accept Federal subsidies to expand Medicaid cov-
erage) while others don’t. We would like to use difference in differences, but

treatment here is clearly not randomized, and in fact the sampling assump-
tions used to define the ATT in don’t really make sense either—and so
Proposition does not apply.

Thankfully, it turns out that the difference-in-differences estimator has a
double-robustness-type property whereby it can also be justified via a func-
tional form assumption, namely parallel trends. The parallel trends assump-
tion, made formal in Assumption [13.2] states that all non-adopter potential
outcomes must evolve in parallel (but may start at different levels). When
parallel trends holds, DID can be verified to be on average unbiased for the
following sample average treatment effect on the treated (SATT),

Z{i:Di:I} Z;F:HH (Yit(l) —Y; (0))

TSATT = . , (13.8)
{i:D;=1}| (T — H)
without requiring any reference to population sampling assumptions.
Assumption 13.2. There exist 5y, ..., fr € R such that, for all units i =
1, ..., n, never-treated potential outcomes satisfy

Recall that we write never-treated potential outcomes as Y;;(0) under block
adoption and Yj;(co) under staggered adoption.

Theorem 13.2. In the block-adoption design suppose that some—but not all—
units are exposed to treatment (i.e., have D; = 1). Then, under Assumptions

and[13.3, E [7pip — Tsarr] = 0.
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Proof. A comparison of ((13.7) and ([13.8)) reveals that, under Assumption [13.1}

) 1 1 &
TDID — TSATT :m {i:z ( ) - ﬁ ;YMO))

1 T
7—m 2 YO
Dl':l} t=H+1
L S (i S p 3o
{i: D; = 0}] T—-H * H e
{i:D;=0} t=H+1 t=1
Furthermore, under Assumption [13.2
R 1 — R 1 «
E|lm—pg > Y0 =5 YaO)| =o—F > bi-5> 6
t=H+1 t=1 t=H+1 t=2
is the same for each ¢ = 1, ..., n. The contributions of the ; then cancel out
perfectly. O

The parallel trend assumption is a fairly strong functional form assumption,
and so guarantees obtained under this assumption are not generally compara-
ble to guarantees for causal inference available in randomized controlled trials.
They are, however, still valuable in practice, and DID type analyses have been
hugely influential in applied work. For example, in one early and influential
study of the empirical effects of raising the minimum wage on employment,
Card and Krueger| [1994] conducted a DID study comparing employment out-
comes across time in New Jersey, which raised its minimum wage during the
study period, to those in Pennsylvania, where the minimum wage remained
fixed. This study identified treatment effects by assuming parallel trends—
and still to date much of the empirical literature on minimum wage effects is
justified by various parallel-trends-type assumptions.

Staggered adoption Under the block-adoption design, all units who ever
get treatment start treatment at the same time. In practice, however, it is
often of interest to also consider the staggered-adoption design where units may
begin treatment at different times. For example, in the setting of Example [17]
municipalities actually privatized water systems at different times throughout
the 1990s: The privatization rate was essentially 0% in 1990, 10% in 1995, and
almost 30% by 1999.

The basic DID formula is no longer applicable under staggered adop-
tion. However, the parallel trends assumption (Assumption used to justify
it is still a natural assumption to make; and furthermore the SATT from
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generalizes to

rsarr = > 3. (YalHy) = Yaloo) / > (T—Hy),  (13.10)

which measures the average difference between realized potential outcomes
and never-treated potential outcomes for (i, t) affected by treatment. It is
then natural to ask: How can we estimate 7g4rr under parallel trends in a
staggered-adoption design? Before presenting a valid approach, we start by
discussing an alluring idea with unintuitive but notable failure modes.

Two-way fixed-effects regression One can readily verify that, under block
adoption, the DID estimator 7p;p from ((13.7)) is equivalent to the 7 coefficient
obtained by running a two-way fixed-effects linear regression:

Y;'t ~ oG+ ﬁt + WitT. (1311)

This connection is purely algorithmic, and does not rely on well-specification
of the linear model associated with . Mechanistically, we see that the
unit fixed effects «; absorb any additive unit-level baseline effects, and the time
fixed effects (3, absorb any additive time trends.

Now what’s interesting is that, while the original DID construction ([13.7)
does not immediately extend to the staggered adoption setting, the two-way
regression is something that can immediately be run with under any
treatment adoption design. Unfortunately, however, this simple idea does not
work under the potential outcome specification considered here. Under stag-
gered adoption, the coefficient 7 from the two-way regression is in general not
consistent for 75ar7r; and, in fact, it’s possible to construct settings where
Yii(H;) > Yiu(oo) for all pairs (i, t) with ¢t > H; (i.e., starting treatment al-
ways strictly increases outcomes), and yet the regression coefficient 7 from the
two-way model converges to a negative limit.

To understand the issue here, it is helpful to return to our discussions from
Chapter [§, where we observed that the output of any linear regression estimator
can always be written as a weighted average of the outcomes, 7 = >, 7uYi,
with the weights v;; that encode the regression model. The first two panels
of Figure plot the weights resulting from for both a block design
(in which case we already have an explicit expression for the weights thanks to
(13.7))), and for a staggered adoption design. The seeming paradox from the
previous paragraph arises because 7; can be negative for some treated (i, t)
pairs, and thus large positive values of Yj;(H;) — Yi;(oc0) for those (7, t) may
push 7 to be negative.
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block adoption staggered adoption staggered adoption
diff. in diff. two-way regression  saturated regression

Figure 13.1: Weights implied by the difference in differences estimator under
block adoption, the two-way fixed effects regression with a constant treatment
effect parameter under staggered adoption, and the two-way fixed effects re-
gression with saturated treatment effect parameter under staggered adoption.
We have n = T = 10. In the block design example Wy, = 1({i > 5, t > 5}),
whereas in the staggered adoption example Wy = 1({t > 13 —i}). In both
cases, 36 out of 100 cells have active treatment.

Averaged saturated regression There is, however, a simple fix to this
issue, recently proposed by [Borusyak, Jaravel, and Spiess [2024]. Instead of
running the simple two-way regression ({13.11]), one can run fit a saturated two-
way model where each (i, t)-cell under treatment gets its own 6;; coefficient,

Yie ~ o + By + Wil (13.12)

Then, in a second step, one estimates

Ppas = Y Fa) {Wa =1}, (13.13)

Wit=1

The individual 7;; coefficients in this regression will in general not be consistent;
however, their aggregate T sg is able to average out these errors in a way that
recovers consistencyﬁ The following result verifies that the 75,5 in fact has
similar properties under staggered adoption as those established for 7p;p under
block adoption.

Because 755 is a linear combination of regression coefficients, it can also
be expressed as a weighted average 7pjs = ZM YitYie; and examining these

69This phenomenon is conceptually related to what we observed in Theorem where the
asymptotic variance of the stratified estimator of the ATE did not get worse as we increased
the number of strata.
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weights can yield further insights about the behavior of the estimator. As
seen in the 3rd panel of Figure [13.1] the weights ~;; show that 75,5 does in
fact average information from throughout the panel in a stable-looking way.
Furthermore, we see that the weights for all treated time periods are equal
(and positive).

Theorem 13.3. In the staggered-adoption design, suppose that some—but not
all—units are never treated (i.e., have H; = o). Then, under Assumptions

and[13.9, E [tp5 — Tsarr] = 0.

Proof. Consider the well-specified linear regression model associated with
(13.12]) with homoskedastic errors,

Yie =i+ B+ Wby + €0, €| W ~N (0, 6%) . (13.14)

Write 7pys = >_;, Vi Yi, with the weights ~;, left implicit for now. By the
Gauss-Markov the7orem, Tpss 1s the minimum-variance unbiased estimator for
0= Zi’t Wi / Zi,t W, in this model. Now, one can check that any weighted
estimator will be unbiased for # here if and only if

T
Z%t =0foralli=1,...,n (so there’s no contamination from «;),
t=1
Z%t =0forallt=1,...,T (so there’s no contamination from f;),
i=1
Yie = 1/ Z Wi whenever Wy = 1 (to correctly capture the target),

it

and so by the Gauss-Markov theorem these equality constraints must in par-
ticular be satisfied by the weights underlying 75;5. The assumption that some
but not all units have H; = oo is necessary and sufficient for weights with these
properties to exist (and thus for 75,5 to be feasible) under staggered adoption.

We now argue that these constraints imply our desired result. (We proceed
under our originally stated assumptions; the normal errors assumption ((13.14))
was only used to derive the equality constraints above via the Gauss-Markov
theorem). First, the fact that v, = 1/ ), , W, for all treated units immediately
implies that, under Assumption [13.1], ’

n T
TBJS — TSATT = Z Z %‘tYit(OO)-

i=1 t=1
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Next, because Zle i = 0 for all ¢, we can subtract unit-baseline effects from
all terms in the sum above without changing the final result,

TBJS — TSATT = Z Z%t — Yii(00)).

i=1 t=2

Then, by Assumption [13.2] we get that

n T

E [TBss — Tsarr] Z Z Vit Bt

=1 t=2

Finally, swapping the order of summation and invoking the fact that > " v =
0 for all t verifies the desired claim. n

Going beyond Theorem to also prove consistency requires having the
number of units n grow so that the random error term in the proof above, i.e.,

> it (Ya(00) = Yig(00) = ) (13.15)

i=1 t=2

concentrates out; we omit details here. Finally, for inference—as with all DID-
type methods—it is recommended to use algorithms that treat all observa-
tions from the same unit as dependent, e.g., the unit-clustered jackknife; see
Bertrand, Duflo, and Mullainathan| [2004] for a discussion and examples.

13.2 Synthetic-control methods

Under the block-adoption setting, difference-in-differences provides a simple es-
timator of the SATT provided that non-anticipation and parallel trends hold.
The parallel trends assumption, however, is a fairly strong function form as-
sumption that can often fail to hold in applications. In this section, we will
briefly discuss synthetic-control methods, a class of methods introduced by
Abadie, Diamond, and Hainmueller| [2010] that allow extension of difference-
in-differences type methods to settings without parallel trends.

One observable implication of the parallel trends assumption paired with
Assumption is that, until the event time H, both adopting (or exposed)
and non-adopting (or control) units should on average evolve in parallel: Sub-
ject to a potential offset parameter a € R, we should have

Y, ~ Yy, t=1,.. H  (13.16
\{D PR “\{D—l}\z 'f (13.16)

{D =0}
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Synthetic control methods are focused on settings where we observe that in
fact parallel trends do not hold pre-event, yet would still like to proceed with
an event-study analysis. Generally, synthetic control methods seek to mitigate
bias from failures of parallel trends by carefully reweighting the control units.

Synthetic difference in differences (SDID) |Arkhangelsky et al., [2021]
is a synthetic control method that makes connections to DID explicit—and so
this is the variant of synthetic controls we will discuss here. The main idea of
SDID is to find non-negative weights ; with > p,—o Vi = 1 that restore average
parallel trends in the sense of (13.16] m,

Z 721/;15 Ro+ 7 D Z Kh t=1 [ARRRS] H? (1317)
{Di=0} |{
and then estimate the SATT via weighted difference-in-differences

. 1 -
TSDID:m{ZZ ( T 17 Z Yi — ;Yit>

:D;=1} t=H+1 (13.18)

There are a number of ways one could seek weights that achieve balance as in
(13.17]); one simple approach is to choose v; by minimizing squared-error loss:

2

‘ 1
Y= argmln%a { Z VZK(IH) ‘{D _ 1}’ Z Y(l H) — @
{Di=0} {Di=1} 2 (13.19)

{D;=0}

Arkhangelsky et al.|[2021] also consider re-weighting pre-event time periods for
improved robustness; however, we omit this step here for simplicity, and refer
to their paper for a full discussion.

To understand the motivation behind SDID note that, just like in the proof
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of Theorem under non-anticipation,

TSDID — TSATT

1 a 1
=77 m{lZ Ya0) = > 3Ya(0)

t=H+1 :D;=1} {i:D;=0} (13.20)

HZ D _1}|{ZZ Yiu(0) = > %¥a(0)

D=1} {i:D;=0}

Now, by the re-weighting , we know that the summands in the pre-event
term of the right-hand-side expression are all roughly a. If similar balance
also extends post-event to the unexposed potential outcomes, then summands
in the first term above should also all be roughly «, thus making the error
of 7sprp. The big question, of course, is in understanding when—and un-
der what conditions—weights obtained via (|13.19]) will also balance post-event
unexposed potential outcomes. The technical tools for doing so are beyond
the scope of this presentation. We instead refer to Abadie et al.|[2010] and
Arkhangelsky et al| [2021] for results of this type; see also |Arkhangelsky and
Hirshberg) [2023] for recent advances.

Numerical example We illustrate the relationship between basic difference
in differences and the synthetic control approach via a simple numerical exam-
ple. We simulate data for n = 50 units and 7" = 20 time periods under block
adoption with H = 10. Each unit has IID latent parameters a; and S; that
inform trajectory evolution as follows:

o, fi ~N(0,1), D;~ Bernoulli (1/(1+ 61751.)) :
BZ t——H)+ +ei, eu~N (O

4\

Y; = Oy -
fd) =i+ 3 10

1 (13.21)
2
This design satisfies non-anticipation as in Assumption [13.1, However, it does
not have random treatment assignment or parallel trends as in Assumption
13.2} Units with large values of ; both have more positive baseline trends,
and are more likely to take up treatment. The DID estimator is thus not
expected to be consistent here.

Figure m shows results from applying both the DID estimator and
the SDID implementation of the synthetic control approach as in on
one draw of data following . The DID estimator is confounded because

exposure D); is correlated with the latent factor (; that also affects trends;
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difference in differences (DID) synthetic difference in differences (SDID)

Figure 13.2: Results from applying DID and SDID on data simulated as in
. In each case, treatment effects are estimated by measuring divergence
of the average outcomes for the exposed units (in blue) to a comparison curve
given by potentially weighted averages of unexposed outcomes (in red). The
curved arrow denotes the resulting treatment effect estimate.

and in fact we observe that the average outcomes for exposed and unexposed
units do not evolve in parallel even before treatment. In contrast, SDID re-
weights unexposed units with the aim of restoring parallel trends. In our setting
the treatment effect is negative; and SDID correctly recovers the sign of the
treatment effect here whereas DID does not.

13.3 Bibliographic notes

Our presentation of event study designs fits within the tradition a broad litera-
ture on panel data methods in econometrics whose surface we’ve only scratched
here. |Arellano| [2003] and Wooldridge| [2010] provide broad textbook overviews
of the area. |Arkhangelsky and Imbens [2023] provide an extensive review of
recent developments in the area. The approach used here to define potential
outcomes and causal estimands is adapted from Athey and Imbens| [2022].
The topic of treatment heterogeneity in the context of two-way models
has been the focus of a considerable amount of discussion in recent years;
see |de Chaisemartin and D’Haultfoeuille| [2018§] for an early paper drawing
attention to the phenomenon and [Chiu et al.|[2023] for a recent discussion and
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review. Here, we restricted our analysis on estimating 7earr as in (13.10)).
However, under staggered adoption, parallel trends allow for identification of a
broader family of cohort-wise treatment effect estimates that may be relevant
in applications [Borusyak, Jaravel, and Spiess, 2024, (Callaway and Sant’Anna,
2021}, |Sun and Abraham, [2021]:

Toarr = ) (Ya(h) = Ya(oo)) / {i: Hiw = h}|. (13.22)
{i:H;t=h}

In particular, when there are no never-treated units as required in Theorem
[13.3] then 7garr is not identified under parallel trends, but some cohort-wise
effects will still be identifiable as long as there’s some variation in the treatment
start time.

The synthetic control method was introduced by |Abadie and Gardeazabal
[2003] and formalized by |Abadie, Diamond, and Hainmueller| [2010]. Exten-
sions of synthetic controls with double-differencing structure—including the
SDID method presented here—are discussed in Arkhangelsky et al. [2021], Ben-
Michael, Feller, and Rothstein| [2021] and |Shen et al.| [2023]. |Arkhangelsky and
Hirshberg [2023] study large-sample properties of synthetic control estimators
when exposure is non-random and depends on unobservables.

From a formal perspective, synthetic control methods are often studied
under an interactive fixed-effects model, where we posit

Yi=A B+ Wyt +ey, AR BeR™,  Eley|W]=0. (13.23)

Here, unlike in the standard two-way specification , the i-th unit has
a k-dimensional “type” A; that interacts with B, in the t-th time period.
In the context of this model, showing that synthetic controls work involves
proving that the y-weighting effectively eliminate bias due to imbalance in the
unobserved types A;.; see Arkhangelsky et al.| [2021] for formal results within
this paradigm.

An alternative approach to estimating 7 under the interactive fixed-effects
model involves fitting the full model (13.23)—including the unobserved base-
line term AB’—via low-rank matrix estimation methods. Examples of this ap-
proach include Bai| [2009], who use least-squares estimation, and Athey et al.
[2021], who use nuclear-norm penalization. |Agarwal et al| [2021], Lei and
Ross| [2023] and |Xu| [2017] consider a setting where a low-rank structure is as-
sumed on the never-treated potential outcomes, but we don’t assume additive
treatment effects as in . They then use matrix completion methods to
estimate this low-rank structure and impute never-treated potential outcomes
in the post-event periods; the SATT is finally estimated by comparing realized
and imputed outcomes in these periods.
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Chapter 14
Evaluating Dynamic Policies

In the previous chapter, we considered methods for event studies where some
units adopted a treatment (i.e., switched their treatment status from off-to-
on), and we wanted to measure the effect of making this switch. Results from
event studies can be helpful in informing whether other units might also benefit
from adopting the treatment. However, event-study designs—and associated
methods such as difference in differences and synthetic controls—are less helpful
for is in guiding dynamic decision making. Their limitations are perhaps best
understood in the context of examples.

Example 18. During a financial downturn, central banks sometimes use quan-
titative easing to mitigate the risks of a long-term recession. During quanti-
tative easing, the central bank seeks to increase market liquidity by purchas-
ing government bonds and other assets. Some quantitative easing may help
stimulate the economy and avoid a recession; however, too much quantitative
easing—or quantitative easing that lasts for too long—may lead to problems
with excessive inflation [Boehl, Goy, and Strobel, |2024].

Example 19. Antiretroviral therapy (ART) is a crucial drug in caring for
HIV-positive patients. It is understood that HIV reduces CD4 white blood cell
count, and that patients are at risk of contracting AIDS-defined illnesses once
CD4 count is low. The use of ART can help preserve CD4 counts and thus
prevent AIDS, but it is a very intensive form of medication with a number of
side effects. The topic of when to start ART has thus received considerable
attention in the medical literature. Traditional guidelines for treating HIV
recommend beginning ART only once CD4 count fall below a given threshold;
but recent evidence is in favor of starting ART as soon as HIV is diagnosed
|Group, 2015].

It is clear that a successful application of quantitative easing requires ju-
dicious consideration of when to start the intervention, how much liquidity to
provide, and when to stop. However, event-study methods provide very little
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guidance on questions of this type. The parallel trends assumption underly-
ing difference-in-differences methods effectively rules out the possibility that,
during a given crisis, there may be some countries that need quantitative eas-
ing (i.e., they would fall into a recession without intervention) and others that
don’t (i.e., even without intervention they would be OK). Synthetic control
methods could be used to study the effect of ART— or the initial effect of
quantitative easing—but do not readily give guidance as to when to start or
stop the interventions.

This chapter presents a fully flexible, potential-outcome based approach to
modeling causal effects over time that allows for arbitrary treatment assignment
dynamics and carryover effects. Throughout, we will assume that we have
data on i = 1, ..., n patients, observed at times ¢t = 1, ..., T. At each time
point, we observe a set of (time-varying) covariates X;; as well as a treatment
assignment Wy, € {0, 1}. Finally, once we reach time 7', we also observe an
outcome Y; € R. Throughout this chapter, we will take units ¢ to be sampled
IID from a superpopulation.

We model causal effects using the potential outcome specification below
that allows for arbitrary treatment dynamics. Note that this model implicitly
encodes the fact that time-t observables are only affected by actions taken up to
time ¢, and not future actions, thus generalizing the non-anticipation condition
(Assumption used in the event-study setting.

Definition 14.1. A dynamic decision process with time-horizon 7" is char-
acterized by outcomes time-varying covariates X;; € A; and outcomes Y; € R,
with potential outcomes that make each observable responsive to all past treat-
ment assignments. For each Xj;, we define 2/~! potential outcomes Xit(wlz(t_l))
such that X;: = Xit(Wi(1.(¢t—1))), while for the final outcome we have 27 potential
outcomes Y;(wy.r) such that Y; = X (Wia.ry).

Next, we need to define an estimand. In the dynamic setting, the number
of potential treatment allocation rules grows exponentially with the horizon
T, and so does the number of questions we can ask. One simple estimand
to consider is the expected outcome under some pre-specified treatment rule
w e {0, 1}, ie., V(w) = E[Y;(w)]. Such estimands, however, are often not
relevant to practice as they rule out dynamic decision making. Suppose, for
example, that we’re studying cancer therapy and are asking to estimate V (w)
for the treatment rule that starts chemotherapy one year after cancer diagnosis.
Then, if some patients enter remission through other means before they reach
the one-year mark, evaluating V' (w) would still require starting chemotherapy
at this point—even if it doesn’t make clinical sense.

In practice, it is often more relevant evaluate treatment rules that take into
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account time-varying covariates. For example, we might ask about the benefit
of starting chemotherapy one year after diagnosis among patients who have not
yet entered remission, or we might ask about starting quantitative easing at a
point when interest rates have hit 0 but economic activity is still weak. We
can define a number of relevant estimands of this type via the lens of policy
evaluation, in a generalization of our discussion from Chapter

Definition 14.2. A dynamic policy is a set of mappings m; : X; — {0, 1}
that prescribe a treatment m;(X;;) given the current state X;;. The value of
the policy 7 is

V(m) = E[Yi(m(Xi1), ma(Xi1, m1(Xi1), Xio(m1(Xi1)), .- 2)], (14.1)

i.e., it captures the expected reward from choosing treatment according to 7
in a dynamic decision process.

The intricate notation in highlights the complex causal structure
inherent to dynamic decision-making problems: The treatment decision taken
at time ¢ depends on Xj;, which in turn depends on the treatment decision
taken at time ¢ — 1 and thus Xj;_), etc., until we get back to the initial state
X;1. Thankfully, these statistical objects are amenable to tractable analysis
via a recursive, dynamic-programming-style approach.

14.1 Sequential unconfoundedness

In order to estimate the quantities defined above we need to collect data, and
to make assumptions on how the treatment is assigned in the experiment in
order to identify the estimands. Here, we will do so using a sequential uncon-
foundedness (or sequential ignorability) which posits that, at every time point,
treatment is as good as random given the data observed at the time:

{(potential outcomes after time )} L W;, | {(history up to time ¢)}. (14.2)

This condition is formalized below. Here, and throughout the rest of this
chapter, we will use the notational short-hand X;r11) :=Y; (i.e., the outcome
is the state variable measured after we cross the time-horizon 7T') in order to
simplify expressions.

Assumption 14.1. Given a dynamic decision process, we further assume that
our treatment sequence is sequentially unconfounded such that, for all ¢t =

180



1., T
{ X Wity 00}y L Wae] | {Xi, W, o Wi, X} (14.3)

Remark 14.1. In principle, one might also be interested in a design more di-
rectly comparable to a standard randomized controlled trial where treatment
is fully randomized,

{(all potential outcomes)} 1L Wi.p. (14.4)

This, however, can again lead to non-sense treatment assignments (e.g., again
in the case of a cancer trial, assigning a patient to chemotherapy after they have
already reached remission), and so the literature on dynamic treatment rules
has mostly focused on methods that work under the more flexible sequential
unconfoundedness setting.

The statistical consequences of sequential unconfoundedness are perhaps
easiest to express in terms of properties of a sequential factorization of the joint
distribution of (Xji, ..., Xir, Xjr41)) under the policy 7, where as discussed
above we write Xjry1) = Y;. As usual, we write E[-] and P[-] to denote
expectations and probabilities for the distribution we collect data from. We
can always sequentially factor this distribution as

T
PX1, Wi, ..., Wr, Xpa] =P[X1] [[P (Wi | S P [ X |[We, i), (14.5)
t=1
where Sy = { Xy, Wi, ..., Wi_1, X;} denotes all information until the period-¢
treatment is chosen. For the purpose of policy evaluation, it is convenient to
also introduce off-policy measures E, [-| and P, [-] to describe distributions
that would instead arise from assigning treatment according to 7 as in Def-
inition [14.2} Given this notation, we can concisely write the policy value as
V(m) = E, [X741]. We can also again sequentially factor the distribution

P, [ X1, Wi, ..., Wr, X4
r (14.6)
X T Bx (Wi | Si] Pr [Xisa [ W2, S
t=1

A key implication of sequential unconfoundedess is that it allows us to simplify
(14.6) by guaranteeing that some terms in the factorization do not depend on
the policy 7 of interest. The result below follows immediately from (|14.3)).

"ONote that, here, we are only enforcing unconfoundedness for potential outcomes consis-

tent with the trajectory we are already on, i.e., with w;(1.(4—1)) = Wj@:@—1))- The other
potential outcomes can no longer be reached, and so their distribution no longer matters for
policy evaluation given that w;1.:—1)) = Wiq.(t-1))-
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n Xil VVil XZ‘Q Wig Mean Y
2400 | O 0 0 0 84
1600 | O 0 0 1 84
2400 | O 0 1 0 92
9600 | O 0 1 1 52
4800 | O 1 0 0 76
3200 | O 1 0 1 76
1600 | O 1 1 0 4
6400 | O 1 1 1 44

Table 14.1: A synthetic two-period example reproduced from |[Hernan and
Robins| [2020, Table 20.1].

Proposition 14.1. Under sequential unconfoundedness, terms in the factor-
1zation that don’t integrate over Wy don’t depend on the policy =, i.e.,

Pr (X1 =P[X1] Pr[Xepr|Se, Wi] =P [Xps1 | S, Wi (14.7)

Treatment-confounder feedback Before introducing methods that work
under sequential unconfoundedness, it is worth highlighting a subtle difficulty
that arises in this setting not present in the basic (single-period) design, namely
treatment-confounder feedback [Robins, [1986]. To see what may go wrong,
consider the following simple example adapted from Hernan and Robins| [2020],
modeled after an ART trial with 7" = 2 time periods. Here, X;; € {0, 1}
denotes CD4 count (1 is low, i.e., bad), and suppose that X;; = 0 for everyone
(no one enters the trial very sick), and X;; is randomized with probability 0.5
of receiving treatment. Then, at time period 2, we observe X;, and assign
treatment X;» = 1 with probability 0.4 if X;» = 0 and with probability 0.8
if X;5» = 1. In the end, we collect a health outcome Y. This is a sequential
randomized experiment.

We observe data as in Table[14.1] wherethe last column is the mean outcome
for everyone in that row. Our goal is to estimate 7 = E [Y (1) — Y (0)], i.e., the
difference between the always treat and never treat rules. How should we do
this? As a preliminary, it’s helpful to note that the treatment obviously does
nothing. In the first time period,

E [Y;| Wi =0] =E [¥; | Wi = 1] = 60,

and this is obviously a causal quantity (since W;; was randomized). Moreover,
in the second time period we see by inspection that

E[Y;}VVzQ:O, I/Vﬂ:thiz:l"]ZE[YQ‘MQZLM/ﬂ:wl,Xiz:ﬂ,
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Wi=0 Wy=1
stable | X;p =0 X;2=0
responder | X;5 =1 X;0=0
acute | X;pp=1 Xp=1

Table 14.2: Responder types in the setting of Table .

for all values of w; and x, and again the treatment does nothing.

However, when targeting the total effect of always treatment vs. never treat-
ment, some simple estimation strategies that served us well in the non-dynamic
setting do not get the right answer. In particular, here are some strategies that
do not get the right answer:

e Ignore adaptive sampling, and use

F=E[Y|W=1]-E[Y|W =]
6400 x 44 + 3200 X 76 2400 x 52 + 2400 x 84
T 640043200 2400 + 2400
= 54.7 — 68 = —13.3.

e Stratify by CD4 count at time 2, to control for adaptive sampling:

=E[Y|W=1Xp=0-E[Y|W=0,X;=0]=76—-84=-38
H=E[Y|W=1Xp=1]-E[Y|W=0,X;p=1] =44 -52=-8
(3200 + 2400)7, + (6400 4 2400)7

= —-8.
3200 + 2400 + 6400 + 2400

;=

The problem with the first strategy is obvious (we need to correct for biased
sampling). But the problem with the second strategy is more subtle. We know
via sequantial randomization that

Yi(--) L Wi | X,

and this seems to justify stratification. But what we’d actually need for strat-
ification is:

}/z( : ) 1 (mla I/I/ZQ) |Xi27

and this is not true by design.
To see what could go wrong, imagine that there are 3 types of people
(stable, responder, acute), and tabulate their time-2 CD4 values as in Table
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[14.2] These types—often called principal strata—are are unobservable but can
still provide insightsﬂ For example:

o E [Y ‘ W=1, X = O] is an average over stable or responder patients,
whereas E [Y ‘ W =0, X;5 = O] is simply an average over stable patients.
So the difference 7y is not estimating a proper causal quantity.

o E [Y ‘ W=1, X = 1] is an average over acute patients, whereas in con-
trast € [Y ’ W =0, X;» = 1} is an average over responder or acute pa-
tients. So the difference 71 is not estimating a proper causal quantity.

In other words, in sequentially randomized trials, simple stratification estima-
tors do not successfully control for confounding.

Sequential inverse-propensity weighting Since stratification doesn’t
work, we now move to study a family of approaches that do. Here, we fo-
cus on estimating the value of a policy V() as in ; note that evaluating
a fixed treatment sequence is a special case of this strategy. To this end, it’s
helpful to define some more notation: Writing S; for the information available
at time ¢ as before, we define the value function”|

Vei(Sy) =Eq [Y | 5] (14.8)

that measures the expected reward we’d get if we were to start following 7
given our current state as captured by S;.

This notation lets us concisely express a helpful principle behind fruitful
estimation of V(7): By the chain rule, we see that

Er [V, 141(Si+1) | St] = Ex [Ex [Y| Siqa] | 5]
- Eﬂ— [Y | St] - Vﬂjt(St).

The implication is that, given a good estimate of V; 111, all we need to be able
to do is to get a good estimate of V; ;; then we can recurse our way backwards
to V(m). The question is then how we choose to act on this insight.

One simple way to do so is via an inverse-propensity weighting (IPW) con-
struction. If we had access to V; 111(S+1)) and many samples with S = s,
then applying the basic IPW construction from Chapter [2| under ((14.3]) would
suggest using

(14.9)

1 L({Wi = m(s0)})

N R

Vi t+1(5; ‘
{i:Si=s¢} P [Wit = m(st) | Sit = St} el (t+1))

"IThere is a close conceptual connection between these principal strata and the compliance
types for IV analyses discussed in Chapter [10.1}
"2Given this notation, the policy value itself can also be written as V. o = V(7).
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A recursive application of this principle results in the IPW estimator of the
policy value,

~ 1 &
Vipw () = EZ%T(W)Y;"
i=1

L({W; = m(Sh)})
P [W, = m(Sy) ‘ Sy’

(14.10)

Yit () = Yige—1)(7)

where 7,0(m) = 1. This estimator averages outcomes whose treatment trajec-
tory exactly matches m, while applying an IPW correction for selection effects
due to measured (time-varying) confounders. We show below that the IPW
estimator is unbiased if we know the inverse-propensity weights ;7 exactly,
and give an expression for its asymptotic variance.

Theorem 14.2. Consider a dynamic decision process as in Definition [14.1
with data collected under sequential unconfoundedness as in Assumption [1].1]
Suppose furthermore that we seek to evaluate a policy w for which strong overlap
holds, 1i.e.,

P [Wt = 7Tt<St) | St} Za.s. 7, (1411)

and that our outcomes are almost surely bounded, |Y| <, M for some M <
o0o. Then, the IPW estimator from (14.10)) is unbiased with and asymptotically
normal sampling dz’stm’butz’on,@

E [Vipw(m)| =V(m), Vi (View(r) = V(m) = N (0, Fpw)

T (14.12)
v? / TLB Wi = m(s)| 51

otpw = Ex — V().

Proof. We verify unbiasedness via backwards induction, starting from ¢t = T,
and argue that

V() ]
Vee(Sy) =E Y |S 14.13
s =& | 2y |5 (1113
forallt =0, ..., T, where we use Sy = () and v_1(7w) = o(w) = 1. The base
case, with ¢ = T', corresponds exactly to the unbiasedness result in Theorem
2.2 while the final step with ¢ = 0 corresponds to our desired claim. For the

"3Unlike in the rest of the book, we here use o2 instead of V* for the asymptotic variance
as we follow the standard convention in the reinforcement learning literature of writing the
value function as V.
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inductive step, suppose that ({14.13)) holds for £ 4+ 1. Then, we can verify that

e[ 15 - 77(7571)152 2 1] 15]

= L ({Wy = m(S¢)})
=K _]P> [Wt — Wt(St) | St} Vﬂ.’tJrl(StJrl)
_ g | LW =m(S)})

_]P’ [Wt (S | St} E, [YT ‘ St+1]]

B, (B, [V | S]] = Vaa(S),

where the first equality follows because 7;(7)/v:—1(m) is Si-measurable, the
second follows by invoking the inductive hypothesis and by definition of
V() /7i—1(7), the fourth equality follows by sequential unconfoundedness, and
the third and last are just .

Given unbiasedness and IID sampling of units, the central limit theorem
immediately follows with

O-?PW =E [7%(77)}/2] - V2(7T)7

and it only remains to derive an explicit expression for the 2nd moment term
above. Now, by repeating the same IPW argument as used above,

E [2(m)Y?] = E, [yr(n)Y?] .

Under the off-policy measure E, [-], we always have W} = m;(S;), and so

Yr(m) = 1/ HP [Wt = T (St) | St}

almost surely, thus providing the expression claimed. O]

Remark 14.2. As discussed in Chapter 12, we can often improve the asymptotic
precision of IPW via self-normalization:

Vsipw (1) = Z%T(W)Yé/ Z%T(W)- (14.14)
i=1 i=1
Under the conditions of Theorem (14.2

Vn <‘751PW(7T) - V(”)) =N (O’ U~291PW)
(14.15)
UE‘IPW = Ex

(v =V(m) [ TIP[We=m(S) ]S
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This result can be established by following the same proof strategy as in, e.g.,
Theorem [12.3, The change in precision from self-normalization is

t=1

otpw — 0spw = | Ex <HP [Wt = me(St) ‘ St]) —1| V3n)
(14.16)

. -1
+2Cov, |Y, (HP (W = m(Sh) | St])
t=1

The first summand is always positive (and often large); however, the second
summand can be negative—and could in principle be negative enough to make
self-normalized IPW less precise than the basic IPW estimator.

14.2 Doubly robust estimation

Like in the single-period case discussed in Chapter [3] it is possible to improve
the precision and robustness of IPW by augmenting it with a regression adjust-
ment. Here, we show how to construct an augmented estimator for dynamic
treatment rules, and verify that the resulting estimator is has a strong double
robustness property: It can trade off accuracy of the regression and propensity-
score models and achieve the parametric 1/4/n-rate of convergence even if input
non-parametric regressions converge at slower rates.

Backwards regression adjustment Like in Chapter [3| our doubly robust
construction starts by using sequential unconfoundedness to motivate an al-
ternative, regression-based approach to estimating the value of a policy 7w. By
combining sequential unconfoundedness (and in particular its implication high-

lighted in Proposition [14.1)) with (14.9)), we see that
Ve it(s) =E [Vi, 11 (Sei1) | Se = s, Wi = m(s)] . (14.17)

Thus, if we know V. ;11(+) or have a reasonably accurate estimate of it, we can
estimate V; () via non-parametric regression with V; ;,11(-) as the outcome.

This structure suggests the following backward regression approach to es-
timating the policy value:

e First, using samples i that exactly follow the target policy, i.e., with W;, =
w(Sy) for all ¢ = 1, ..., T, learn V; r(-) via non-parametric regression
Y; ~ Vﬂ',T(S'L'T)-
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e Next, iteratively fort =T -1, T -2, ..., 1:

— Using samples 7 that exactly follow the target policy up to time ¢,
ie., with Wiy = 7(Si) for all #' =1, ..., ¢, learn V; 4(-) via non-
parametric regression Vy 111 (Si41)) ~ Vi, ¢(Sit)-

e Finally, form the regression estimator for the value of 7

Vago(m Z Vi1(Sn) (14.18)

This backwards-regression approach can be implemented via generic machine
learning. However, tailored models may also be helpful; for example, structural
nested mean models [Robins| [1994] are designed to avoid spurious detection of
causal effects under a null where the intervention has no effect.

A regression-augmented estimator Where there’s an IPW and a regres-
sion based estimator, there’s going to be a doubly robust estimator also. In
the the last step of the backward-regression estimator , we averaged
time-1 value-function estimates V. 1(X;) to obtain Vgpa(7). Now, given the
backward-regression construction, it’s likely we trust the time-2 value function
estimates V; o a little more than the time-1 estimates; and in this case we may
consider using the basic augmented IPW (AIPW) construction from Chapter
to leverage these V; o estimates for improved precision:

~ 1 S/~ ~ ~

V(m) =~ 3 (Vaa(Xi) + 701 (7) (Ve 2(Xit, War, Xio) = Vea (X)) ).

i=1
Qualitatively, the idea here is that on the event where W;; matches 7 in the
first step, we can use VTr 2 to debias V7r 1; here, the v;; are the inverse-propensity
weights as in ((14.10)).

Then next natural question, of course, is why not debias ‘77(72 using ‘Afmg
when W;, also matches 7w in the second step? And once we do so, why not
proceed until the end of the time-horizon when we can observe the realized
outcome Y7 This recursive construction in fact works, and yields a natural
generalization of the AIPW estimator of [Robins, Rotnitzky, and Zhao [1994]
discussed in Chapter |3| to the dynamic setting:

~ 1 < [~
VAIPW(W) = E Z <V7r,1(X1

i ( 41 (Sie1)) — ‘Zr,t(sit)) ),

188

(14.19)



where we used a notational convention that \A/W,TJrl(Si(TH)) =Y, since by time
T + 1 the final outcome has been revealed.

Below, we analyze large-sample properties of this estimator under the dou-
ble machine learning framework, and see that it preserves the strong double
robustness property discussed in Chapter 3} The estimator has good properties
if the product of the mean-squared errors for the 4;(m) model and for the V; ,
decay fast enough. For simplicity, we assume that that the estimators for these
nuisance components are obtained using independent training data; however,
as in Chapter [3] the argument generalizes immediately to K-fold cross-fitting
at the cost of some extra notation.

Theorem 14.3. Under the conditions of Theorem suppose furthermore
that we estimate the nuisance components in (14.19) on independent training
data such that, for allt =1, ..., T,@

E [(%‘t(”) - %t(ﬂ))Q] =op (n_m”) )

V ? 14.20
E {(Vﬂ,t(si ) — Vit (S )) } = op <n72av) ( )
for constants oy, ay > 0 with a, + ay > 1/2. Then,
Vn <‘7AIPW(7T) — V(7r)> = N (0, 0% o)
Tarpw = Var [B- [V X,]] (14.21)

T
+) E.
t=1

Proof. As in the proof of the single time-step AIPW result in Chapter [3, we
first consider properties of an oracle estimator with correct nuisance estimates,
and then show asymptotic equivalence of the feasible and oracle AIPW esti-
mators under rate-of-convergence assumptions and with exogenous nuisance
estimators. In our setting, the oracle is

v (2. [V 5] 8] / T2 e = o5 51

t'=1

‘A/;IPW(W) = %Z (Vﬂ,l(Xil)
= (14.22)
+ Z it (7) (Vm tH(Si(tH)) - Vw,t(Sit)) )7

" The expectations below are taken over the test data; and the requirement is the training
produces on separate data achieve, with high probability, estimates with good test-set mean-
squared error.
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with V. +(Sicr41)) = Yi. Now, by (14.9) we know that E. [th—l—l(si(t—i-l)) ‘ S’it} =
Ve +(Sit). By sequential unconfoundedness (and in particularly the property
highlighted in Proposition [14.1)), this implies that under the data-collection
measure,

E [Vz,t41(Sitt+1)) ‘ Sits Wir = 7(Sit)] = Vi, 1(St)- (14.23)

Furthermore, recalling that ~; () is a function of Sy and W;;, and ~;(7w) # 0
only when W;;, = 7(S;), we see that

E [vit(m) (V131 (Siceey) = Vi o(Sit)) | Sir] =0, (14.24)

i.e., the terms ~; () (Vw,t+1<5i(t+1)) — th(Sit)) for a given unit ¢ form a mar-
tingale difference sequence. Thus

T
Var |V 1(Xa) + Z Vit () (Vw, t+1(Sic41)) — V(S ))

t=1
T

= Var [V 1(Xa)] + Zval" [Yite () (Vi 51 (Sie1)) — Vi, e (Si)) | -

t=1

One recovers the variance expression in by moving to the off-policy
measure as in the proof of Theorem [14.2] and then plugging in the definition of
the value function from . Finally, given IID sampling of unitsz =1, ..., n
our strong overlap and boundedness assumptions, the central limit theorem

14.21] follows immediately for the oracle estimator ((14.22]).

Now, to show asymptotic equivalence of the feasible and oracle AIPW es-
timators, we introduce some convenient short-hand. We write the time-¢ value
function updates as

Eip = Vﬂ,t+1(si(t+1)) - Vfr,t(Si )
fort =0, ..., T, and the value function errors as
dit = Ve, 1(Sit) — Vi 4(Sir)

fort =1, ..., T. We also drop the explicit 7 dependence in 7; (7). Given this
notation, we have

n T
~, 1
VAIPW(W) - V(W) = n Z Z Yit€it

i=1 t=0
1 n T

Varpw (1) =V (m) = o Z Z’%t <5it + Oi(t41) — 5it) )
i=1 t=0
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yhere we have 5,0 =0 (because VO » doesn’t appear in the construction of
Varpw () so without loss of generality we make no errors there) and 52(T+1) =0
(because V. o 7+1(Sir11)) = Yi). Thus,

n

vAIPW( ) — VAIPW ZZ (Yit — it) €it
1 o =1 t=0 1 o
+ — n Z Z/yzt ( i(t+1) ) + — n ZZ ’th ’th ( i(t4+1) — 51,5)
i=1 t=0 =1 t=0

We now bound each term separately as in the proof of Theorem [3.2] The first
term is a martingale in ¢ by the same argument as used above, and so by 11D
sampling of units

1 n T 1 T
" Z Z Vit — Vit é?zt] = o Z]E [(”Ath - ’Yz‘t)2 Var, [51'15 ‘ Sz‘t“
i=1 t=0 t=1
1
=0 (5 > E[(fa - W]) ,
t=1

and so by (14.20) £ >°" | S (Bit — it) € = 0, (1/4/n). For the second term,

we can rearrange the sum:

n T
il Z Z%t ( (t+1) — > = % Z (Z (%‘(t—1) - %'t) Sit + ’Yz‘Tgi(TH) - %o&o) )

i=1 t=0 i=1 t=1

Var

where the last two terms can be ignored because 5; 0 = (5 (r+1) = 0. Given the
definitions of v;; and 5”, this term can be further simplified as

Wi = 7(Si =
T ZZ% v ( ) [<v{v - w(s(m |);3t]> (Vrd5) = VastS).

7,1t1

By sequential unconfoundedness, the inner sum is again a martingale in ¢, so

( HERC mmn))Q

i=1 t=0

- —P Wi =7(Su) | Si] (5 o ,
_ g E [%t VP Wi = 7(Sa) | Si] (Vﬂ,t(sﬂ) —Vﬂ(sn)) ]

1 T

=~ ; n' 2R [(vmt(sﬁ) —~ vm<sit>)2] = 0p(1/n)
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by (14.20]), and the term itself is again 0,(1/4/n). Finally, for the 3rd term, we
can swap the order of summation and apply Cauchy-Schwarz:

1 <N A )
=1 t=0
T Lo T —
= n Z (i = 7a)” n Z (5z‘(t+1) - 51'1&) =op (n_(aw-i-av)) '
=0 =1 i—1

This establishes that
Varew (1) = Vigpw (1) = op (1/V/) ,

thus concluding the proof. O]

14.3 Bibliographic notes

The approach evaluating dynamic decision rules presented here, i.e., with
nested potential outcomes and with identification obtained via under sequential
unconfoundedness, goes back to |[Robins [1986]; see Richardson and Rotnitzky
[2014] for a survey of this line of work, and Hernan and Robins| [2020] for a
textbook treatment. One of the most widely used algorithms from this line of
work, called marginal structural modeling, involves estimating the value of a
parametrized policy class via inverse-propensity weighted linear regression [see
Robins, (1999, for an overview|. The AIPW estimator (14.19) is discussed in
Jiang and Li [2016], Thomas and Brunskill [2016] and |Zhang, Tsiatis, Laber,
and Davidian, [2013].

Causal inference in dynamic settings is a broad topic, a comprehensive
discussion of which would go beyond the scope of this book. Van der Laan
and Robins| [2003] and [T'siatis [2006] offer comprehensive textbook treatments,
including discussions of efficiency. In particular, one consideration that’s im-
portant in many applications is the problem of censoring: Some units may
leave the study before we get to observe the final outcome, and the methods
discussed in this chapter need to be extended to accommodate such censoring
(see Exercise [14]in Chapter [16]for one example of a result with censoring). An-
other interesting direction is the extension of our discussion on policy learning
from Chapter[5]to the dynamic setting [Robins,[2004]. Finally, our discussion of
dynamic policy evaluation is closely related to the literature on reinforcement
learning; see Sutton and Barto| [2018] for a textbook treatment.
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Chapter 15
Markov Decision Processes

In the previous chapter, we considered dynamic treatment rules in a general set-
ting without modeling assumptions on how treatment effects play out over time,
and introduced a set of methods for policy evaluation that only required sequen-
tial unconfoundedness for identification. The flexibility of these methods, how-
ever, comes at a cost of precision. The discussed inverse-propensity weighted
method can only leverage trajectories whose assigned treatment matches the
policy prescription in all T' time periods and involves weights whose magni-
tude generally scales exponentially in the time horizon T'; and the augmented
method faces a similar “curse of horizon”.

Here, we will study how judicious use of modeling assumptions can help
mitigate this curse of horizon. The key insight is that, in many applications,
any intervention we take is relevant for some amount of time, but its effect
eventually washes out. And, if we believe that actions taken long ago are
no longer relevant, then one may hope that it’s possible to meaningfully use
trajectories for policy evaluation even if they deviated from the target policy
at some point in the far past. The following example has this structure.

Example 20. Many ride-sharing platforms implement some kind of surge pric-
ing mechanism, which involves temporarily raising prices in areas experiencing
localized demand spikes [Castillo, Knoepfle, and Weyl, 2024]. Activating surge
pricing at a given location allows the platform to rapidly shed demand at that
location, and also to increase supply by encouraging idle drivers to relocate to
the area with surge pricing. This helps the market rebalance itself, and avoids a
situation where the platform is unable to fulfill ride requests at posted prices.
In order to choose between algorithms and/or calibrate the parameters of a
given algorithm, platforms often run experiments that toggle between surge
algorithms in a given marketﬁ]

">When a platform runs a number of independent markets, they can also run experiments
by randomly assigning treatment across markets. However, the effective sample size (i.e.,
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How should we analyze data from an experiment as described in the above
example? This problem clearly involves complex treatment dynamics, and so
event-study methods are not applicable. On the other hand, while surge pricing
algorithms obviously have intricate short-term effects (e.g., by moving the dis-
tribution of drivers in the system), one should expect any such effects wash out
(after temporarily suppressed demand has been able to re-emerge and drivers
have a chance to return to their usual configuration). This suggests we should
be able to develop analytic techniques that can extract meaningful insights
from a long-horizon (say, multi-week) surge pricing experiment without suffer-
ing the curse-of-horizon phenomenon incurred my methods from the previous
chapter.

The question, then, is how to specify a flexible and credible model that
enables this type of forgetting. Here, we will do so by assuming Markovian
structure. We assume that we observe a single unit over a long trajectory
t=1,2,...,T, with a state variable X;, actions W; and outcomes Y;. Our
Markovian assumption, formalized below, is that at time ¢, any effect of past
actions on future observables is mediated by the current state X;. Such Marko-
vian structure induces forgetting—and enables consistent policy evaluation
from a single trajectory—as long as the state variable X, has relevant “mix-
ing” properites that prevent it from holding information about past treatment
assignments for excessively long times.

Definition 15.1. A Markov decision process (MDP) is characterized by
a series of state-transition distribution P; such that, for all ,

Xt+17 Yt ~ Pt (Xta Wt) <151)

conditionally on all information available up to time ¢, i.e., conditionally on

X17 Wb }/la X27 R Xt7 Wt-

In the context of the ride-sharing example, one could define X; as the
current number of drivers in each neighborhood, and W; as whether an exper-
imental surge algorithm is currently active downtown. Then, our Markovian
assumption would require positing that the effect of any past surge-pricing
decisions is mediated by the current driver distribution, while a mixing as-
sumption will essentially imply that, if we return to our default algorithm for
a long enough period of time, drivers return to their usual patterns.

the number of treatment randomizations) with this strategy is the number of markets, and
so this approach is usually only attractive when it’s possible to experiment across a large
number of markets.

194



15.1 The long-run average value

We start our study of MDPs by revisiting the setting of policy evaluation
under sequential randomization, and see how Markovian modeling assumption
can enable precision improvements relative to methods from the previous chap-
ter. We work under the long-horizon, 7" — oo seek to estimate the long-run
average value produced under a time-homogeneous target policy

1 T
T2V

under an assumption that this limit exists. We assumption that we have data
collected under a sequentially unconfounded design,

V(r) = lim E, , m:X—={0,1}, (15.2)

Wi~e(Xy), e:X—(0,1), (15.3)

conditionally on all past information, and we will assume that e(z) is known.
We also make the following regularity assumptions on the MDP throughout:

e The MDP is time homogeneous, i.e., the state-transition distributions P,
from Definition satisfy P, = P for all ¢.

e The state-variables X; observed in our study, i.e., with treatment gener-
ated following , form an irreducible, aperiodic Markov chain with
stationary distribution F. The process is initialized from this stationary
distribution, i.e., X; ~ F.

e The X; observed in our study satisfy the p-mixing condition [see Bradley),
2005, for a survey of mixing conditions and their relationships],

[e.o]

sup |Corr(f(X1), 9(Xy))| < oo. (15.4)

e The state-variables X; generated from the MDP under our target policy
7w converge weakly to a stationary distribution F}, and also satisfies the
p-mixing condition (|15.4)).

e The distributions /' and F; are equivalent measures.

Notice that, writing pu,(x) =Ep [Yt } Xi=a, W, = W(l‘)}, the second-to-
last assumption implies that our target exists and can be expressed as

V(m) = Ep, [1=(X)].
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Given this setup, we can write down a doubly robust estimator for V() in
terms of the excess reward function

Qr () Ih—EEOE Z V(m)) ‘X1 =z, (15.5)

which measures the size of the expected (non-scaled) excess reward under 7
from starting from a specific state x rather than from a random draw from Fj,
and the stationary distribution ratio

wr(x) = dF,(x) /| dF(z). (15.6)

Given estimates of these two quantities, and assuming that e(-) is known (as
it would be in a sequentially randomized experiment), then the estimator

‘7 ( ) Zﬂ;ll <Y} + @Tr(Xt-i-l) - @n(XQ) "Dﬂ(Xt) %
DR\T) = T-1 o W, =r (X,
tm1 Wr(Xy) %

(15.7)

is consistent for V(m) and (strongly) doubly robust in the sense discussed in
Chapter |3l Above, we have used the notational short-hand e, (z) = w(x)e(z) +
(1 —7(z))(1 — e(z)) to denote the conditional probability of following 7(-).

The remainder of this section will be devoted to proving this result. For
simplicity, we will not rely on cross-fitting, and will instead assume that the es-
timates W, (+) and @, () have been obtained on a separate training set; however,
we do note that given appropriate mixing assumptions a cross-fitting argument
across long, consecutive segments of the time series (X, Y;, W;) would also be
possible. Finally, as in the rest of the book, we will defer to the statistical learn-
ing literature for methods on estimating the functions w,(-) and Q(-); see|Liao
et al.|[2022] and [Uehara, Huang, and Jiang [2020] for recent proposals.

We start establishing two results motivating the form of the estimator
(15.7). Note that these two results together already imply weak double ro-
bustness of the estimator.

Lemma 15.1. Under our stated assumptions and with Varg, [p.(X)] < oo, the
excess reward function Q(X;) is absolutely integrable under Fy, almost surely
finite under X; ~ F', and satisfies the Bellman conditions

Eﬂ' [Y;f + QW(Xt+1) | Xt] - QTI’(Xt) - V(ﬂ-)7

E, 1 ({VV;:)QgXt)}) (Y; + Qn(Xei1)) | Xi| — Q- (Xy) =V(n),

(15.8)

almost surely.
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Proof. Given time-homogeneity of our system, an application of the chain rule

to ((15.5)) implies that

T
[QnXtH ‘Xt—x = lim E, Z Y — (W))’Xlzx

T—oo
t=

The first Bellman equation then follows immediately from basic algebraic
manipulations—provided we can show that Q. (X;) is almost surely finite under
Xy ~ F. In order to verify this, we will show below that

D Exier, [[Ex Y= Vi(m) | X]|] < oo (15.9)

it then follows from Fubini’s theorem that @, (X}) is absolutely integrable under
Fr, Ex,~r, [|Q(X1)|] < oco. This also implies that Q.(X;) is almost surely
finite under X; ~ F since F' and F, are equivalent measures. Meanwhile, the
second Bellman equation follows from the first by the standard IPW argument
under sequential unconfoundedness as used in the proof of Theorem

We now turn to verifying under our p-mixing assumption. Write

ph=sup |Corr(f(X1), 9(Xy))],

f7g€L2(F7\')

and recall that our assumption is that these .~ pt < co. Now, by applying
Jensen’s inequality

1
Er [|Ex [Yi = V(m) | X][] < B [Ex [V = V(m) | X3]°] " = Varg [Ex [ X)),
where we have left the fact that X; ~ F, implicit. Furthermore,

Var, [E, [V, | X1]] = Covr [u(Xy), Br [Y2 ]| X1]]
= Corr, (uﬂ(Xt), Ex [Y; ‘ Xl])
X Vary (X)) Var, [B [v; | X,]]%,

and so L2 t s
Var, [E, [V, | Xa]] "7 < pl Varg, [u-(X)]/°.

Putting everything together, we get

ZEXINFW HEW [Y; — V(m) |X1} H < Varg_| 1/2 pr < 00,

as claimed. 0
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Lemma 15.2. Under our stated assumptions, for any time t and any measur-
able function h(X),

LW = n(X0)})

EO Wr (Xt> h (Xt+1> eﬂ_(Xt)

= Eo [wr (X¢) b (X3)], (15.10)

provided all stated expectations exist and are finite.

Proof. Starting with the right-hand side expression, we can invoke stationarity
as well as a change-of-measure argument to check that

Eo [wr (X0) b (X1)] = Ep [wr (X) b (X)] = Ep, [2 (X)].

Meanwhile, for the left-hand-side, we the standard IPW argument under se-
quential unconfoundedness implies that

]Eo {h (Xt+1) 1 ({VV;FT)QSXt)}> |Xt:| =E, [h (Xt+1> |Xt] ’

and so an application of the chain rule yields

1({W, = W(Xt)})]
ex(Xt)

B [ue (X0) 1 (Xo11)

=E, {wﬁ (Xy) Eo {h (Xi41)

= Eo [wr (X¢) Ex [h (Xis1) | Xi]]
=Ex,p [wr (X¢) Ex [h(Xi11) | X4] ]
— B (B[4 (o) | X]] = B (300,

]

where the 3rd and 5Hth equalities leveraged stationarity. O]

Theorem 15.3. Under our stated assumptions, suppose furthermore that we
estimate the nuisance components in (15.7)) on independent training data such
that, for allt =1, ..., Tm

op (T*QO{Q) :

Br |(0:(0) - @(0))’]
Er [(@r(X) = wr(X))*] = op (T72)

(15.11)

"6The expectations below are taken over the test data; and the requirement is the training
produces on separate data achieve, with high probability, estimates with good test-set mean-
squared error.
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for constants ag, o, > 0 with oy, + ag > 1/2. Then,

VT (VDR(W) - V(ﬁ)) = N(0, %)

w2(X1)

z:Ethzymﬁm+Qw&w4%uﬂ—vw»Ixﬂ,

(15.12)

provided that X is finite.

Proof. Our estimator has a self-normalized form, and so its errors can be ex-
pressed as

_ (Y Qr(Xun) = Qr(X) — V() ) () HLYZZG0N
VDR<7T)—V(7T) =

T—l ~ 1 Wt:ﬂ' Xt
Dt Wn(X1) w

We start by considering the denominator. By stationarity,
1({W; =n(X 1({W, = n(X
EO Ww(Xt) ({ t ( t)}):| :]EO [ww(Xt)E0|: ({ t § t)}) ‘Xt:|:|
t

ew(Xt> €7r(X
= Eo [wr(Xo)] = Ep [we(X)] = 1,

and so we can apply the ergodic theorem [e.g., Durrett} 2019, Chapter 6.2] to
verify that

% ;ww(Xt) 1 ({M/;:)SXt)}) 1. (15.13)
Furthermore, we see that
1 . 1({W, = m(X)})
Eo T_1 - (Wr (X)) — wa(Xt)) ex(X2) “
] = ) ,
< B [T e -
1

by respectively invoking Cauchy-Schwarz, overlap, stationarity, and Lo-

consistency of w(-), thus implying that (15.13) also holds for w(-) replaced
with ().
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Meanwhile, the numerator can be decomposed as A + B + C' + D with

N
-

1({W: =7(Xy)})

(Y;f + Qﬂ‘(Xt+1) - Qﬂ(Xt) - V<7T>> wﬂ(Xt) ew(Xt> )

I
I
1M

~
L

1L({W, = 7(X)})

B=) (Yi+Qx«(Xet1) — Qr(Xy) = V(7)) (0r(Xi) — wr(Xy)) e (X)) >
€ =3 (i) = Qu(Xern) = (@06 = Qu(X0)) o) HHLELZTEIN
D= : (@w(XtH) — Qr(Xp41) — (@w(Xt) - er(Xt)>>
. 1({W; = n(Xy)})
x (@n (X)) — wr (X)) e AR
We will show below that
A/NT=N(0,%), |B|,|C|,|D|=op (ﬁ) (15.14)

Thus, given what was shown about the denominator above, we can establish
(15.12)) via Slutsky’s lemma.

Now, starting with the (dominant) term A, we note that the second Bellman
equation in Lemma [15.1 immediately implies that

1 ({VVt = W(Xt)}) ‘Xf} -0

Eo |(Yi + Qr(Xit1) — Qr(Xe) — V(7)) wr(Xy) ex(Xt)

almost surely for all ¢, and so the term A is mean zero. Furthermore, by our
assumed Markov property, the summands forming A are a martingale difference
sequence, because conditioning on X; is equivalent to conditioning on the full
past. Given this set up, we can study large-sample behavior of A via the
martingale central limit theorem. A key ingredient in doing so is to study
the conditional variance of the individual martingale difference terms. We can
again apply the ergodic theorem to verify that

T-1

1
ZV&I‘O [At,t—i-l ‘Xt} —p EX1~F [Varg [ALQ } Xl}} R
t=1

T-1

1({W, =m(Xy)})
ex(Xt) ’

Ap iy = (Y + Qr(Xig1) — Qr(Xy) — V(7)) wr(Xi)
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provided the right-hand side limit is finite. Furthermore,

Er [Varo [Ar| X1]] = Er [E [A7,] X,
= EF [EQ [1 ({Wl = W(Xl)}) AiQ ‘ Xl”
= EF [eﬂ(Xl)EW [A%’Q ‘ Xl“ = E,

where the 2nd equality is true because A}, = 0 whenever Wi # m(X1), the
3rd equality is true by sequential unconfoundedness, and the 4th follows by
direct algebraic manipulation. Now, we have assumed that ¥ < oo in the
theorem statement; thus the ergodic theorem in fact applies. The fact that
A/VT = N (0, ¥) then follows from the martingale central limit theorem
le.g., Durrett], 2019, Theorem 8.2.8].

Next, moving to the lower-order terms, Lemma [15.1| implies that

Eo[ (Vi + Qr(Xip1) — Qn(Xy) = V()

< (@a(X0) — w0 R EI ] o,

and so the term B is mean-zero. Furthermore, it is again a martingale, and
so its variance is equal to the sum of the expected variance of each martingale
difference term; thus, by stationarity,

Var [B] = (T - 1) EF Val'o |: ()/1 + QW<X2) - QW(Xl) - V(ﬂ'))

X (Wr(X1) —wr(X4)) ! ({VV;WTXigXl)}) |X1H
(@r(X1) — wae(X1))?
671—(X1)

=0 ((T - 1) Er [((Dﬂ(Xl) - WW(Xl))ZD = OP<T)a

=(I' - 1)Ep

Var, [V + Qx(X2) | Xl}]

and so B = 0,(VT).
Meanwhile, we can verify that the term C'is mean zero using Lemma [15.2;

1({W: = 7T(Xt)}>]
ex(Xt)

B [(@06000) — Qe(Xian) = (@) = Qu(X0)) (1)

1({W; = W(Xt)}):|
ex(Xt)

= Eo [(@w(XtH) - Qn(XtH)) wr(X¢)
~Eo [ (0x(X0) = QulX)) wr(X0)] =0
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To calculate the variance of C', it is helpful to split it into two parts:

Cr = TZ (B [@r(Xie1) = Qu(Xen) | X W] = (@e(X0) - @x(X0)))
X wr(X¢) ! ({M/(;T)ggXt)D,

Cr =3 (@n(Xe1) = @n(Xe1) ~ B [Qr(Xio1) = Qe(Xic1) | X i) )
X wr (X)) 1 ({M/;WT)ggXt)})

The latter term, Cy is a martingale and so can be can be shown to be 0,(v/T) by
a similar argument as used with B. The term C}, however, is not a martingale,
and so cross-terms matter. By stationarity,

1({W ==(X1)})
ex(X1)

Var [C4] = (T — 1)Varp {wW(Xl)

% (B [Q(X2) = Qa(X2) | X1, W] = (1) - QN@))}

1({Wi ==(X1)})
ex(X1)

X (E [Q\W(Xﬁ — Qr(X>) ‘Xh Wl] — <@7r(X1) - Qw(X1)>> ;

1({Wy =7(Xs)})
ex(Xa)

% (B |Qnl(Xs) = Qu(Xs) | Xo, Wa] = (Qul(X2) = Qu(X2))) }
+(T'-3)...

+ (T —2)Covp [w,r(Xl)

wr(X2)

Then, given our p-mixing assumption, we can upper-bound this term as

1({W =7(X1)})
ex(X1)

Var [C4] < (T'—1) ipt Varp [wﬂ(Xl)

X (IE [@W(X2> — Qx(X3) | X1, W1] — (@W(Xl> - Qw(Xl))) }7

recalling that we’ve assumed Y oy pr < 00. Given our Lo-consistency assump-
tion on ) and boundedness assumptions on w(X;) and 1/e,(X;), this implies

that Cy = 0,(V/T).
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Finally, as already done in many proofs term D can be bounded via Cauchy-
Schwarz,

~

-1

<@W(Xt+1) — Qr(Xt41) — (@w(Xt) - QW(Xt>>>2

1

D] <

I |~

t

S

ST @ () — (X))

t=1

1
2

- 00 (=02 [ (0.0 00) ] B 0030 -]
= Op(ﬁ)v

where the second line follows by stationarity along with Markov’s inequality
and the last line follows by ([15.11]). O]

N

15.2 Switchback experiments

We showed above how—at the expense of some mathematical complexity—it is
possible to estimate policy values in Markov decision processes using data col-
lected under a generic sequentially randomized design. In practice, however, it
may be easier to change the data-collection procedure to more directly accom-
modate the problem structure, thus enabling more straight-forward analyses.

One such design is the switchback experiment. In principle, any experiment
that measures treatment effects by repeatedly toggling treatment on-and-off at
the system level can be referred to a switchback. In systems with temporal
carryovers, however, switchbacks are typically understood to be experiments
that set treatment to a given level, wait for the system to re-equilibriate, and
only then toggle it again. When running switchback experiments, the goal is
typically to estimate the total treatment effect,

rror = V(1) — V(0) (15.15)

i.e., the long-run average difference between the always-treat and never-treat
policies.

There are a variety of switchback designs considered in practice. The sim-
plest (and most widely used) switchback design has a fixed treatment window of
length L, and toggles treatment after every L time periods [Bojinov, Simchi-
Levi, and Zhao, 2023]. Here, we will consider an alternative “memoryless”
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switchback design, as it allows for a particularly simple analysis in the context
of the Markovian model used in this chapter. See Hu and Wager| [2022] for
a discussion of standard (i.e., fixed-length) switchbacks under the Markovian
model, as well as results in a time-varying setting (i.e., with the P, in Definition
15.1| changing over time).

Definition 15.2. A memoryless switchback with switch rate 0 < A < 1 is

a design that sequentially assigns treatment W; € {0, 1} for t =1, 2, ... such
that W, ~ Bernoulli(0.5) and, for t > 1,

Wiy1 ~ Bernoulli (1 — M)W, + A(1 — Wy)). (15.16)

The core fact about switchback experiments is that, if the typical amount of
time between treatment switches is long enough (i.e., in the case of memoryless
switchbacks, if the switch rate A is low enough), then the raw difference in
means estimator

1 1
Top — —————— E Y, — — E Y, 15.17
Tsp Wy =1 &~ ' [W,=0], & ( )
{t.Wt—l} {t‘Wt—O}

is consistent for the total effect. In practice, the behavior of this estimator can
be improved by removing burn-in samples right after a switch and other algo-
rithmic modifications [Bojinov, Simchi-Levi, and Zhao| 2023, Hu and Wager,
2022[; here, however, we will focus on the basic estimator (15.17)).

To study switchback estimators, we will work in the “tabular” setting where
the covariates X; € X take values in a discrete space with |X| = k, meaning
that we can write the full treatment-dependent state-transition matrices as
Pv € R** where PY, = P [Xtﬂ =ux ‘ X,y=2, W, = w]. Our analysis also
applies directly to non-tabular settings; however, the discrete setting consider-
ably simplifies notation.

We will further assume geometric mixing whereby the state-transition
operator is a contraction:

1P (v = w)lly < e v = v, (15.18)

for any measures v, V' over X, i.e., for vectors over [0, 1]* with v, =1 and
likewise for /; this condition immediately implies existence of a unique sta-
tionary distribution and geometric convergence to the stationary distribution
with a mixing time t;.

Theorem 15.4. Consider a time-homogenous Markov decision process satis-

fying (15.18), and suppose furthermore that |Yy| < M almost surely. Then,
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writing Tsg(\) for the long-run average of Tsp under a Markovian switchback
with switcha rate \, we have

‘TSB()\) - TTOT| S 4M N (1 + to) . (1519)

Furthermore, if we run a sequence of memoryless switchbacks with horizon T
and switch rate \p, then Tgg —, Tror whenever Ay — 0 and T'Ap — 00.

Proof. First, as a preliminary, we note that the mixing condition implies
that there are stationary distributions ©° and v! that can be characterized
as the unique solutions to P“v" = v" over the k-dimensional simplex; and
that the long-run average value of the always- and never-treat policies are
Vw) =Y, vWE[Y;| X, =z W, =w].

Now, moving to the switchback: Our assumptions that (X, Y;) are from a
Markov decision process while W; is randomized in a memoryless way as given
in imply that (X;, Y, W,) together form a Markov chain. Writing v*(\)
for the distribution of X; conditionally on W, = w under stationarity, the fixed-
point condition underlying the stationary joint distribution of (X;, W;) is

(20N = (T 2 ) () s

Furthermore, the long-run average expectation of the difference-in-means esti-
mator is

rsa(N) = SV NE [Yi| X = 2, W, = 1]

T

ver (15.21)
) ANEY | X =2, W, =0],

TEX

and so by boundedness we immediately see that
17s5(N) — Tror| < M (||v°(\) — uoHl + || (N = ylHl) : (15.22)

It remains to bound the right-hand side of the above expression, and we use
mixing for this.
Focusing on the case w = 0, the top half of (15.20) can be re-written as

(I —P°)°(\) =X (P (X) = PPO(N)),

0

and because 1 is a fixed point of P° we thus also have

(I—=P°) (V°(N) =) = X (P (N) = PYO(N)).
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Combining this expression with ((15.18]), we get

[°0) = = A (P = P )|, = [P () =)
< el [°(N) —v

and so by the triangle inequality
(1L=e ) [0 =l < AP ) = PO -

The statement (15.19) follows by noting that (1 — e~/ to)_l < 1+ ty and
| P (N) — POU°(N)||, < 2. Finally, the consistency claim follows because
Ar — 0 implies that bias goes to 0 by the above, while the condition AT — oo
implies that there are a diverging number of switches, and so 7sp —7(Ap) —, 0
thanks to mixing as in (15.18]). O

15.3 Bibliographic notes

Markov decision processes have been an object of sustained study in the rein-
forcement learning literature for decades. Our discussion in this chapter fits
within the area often referred to as off-policy learning in that literature, as we
seek to use data collected under one (randomized) design to predict rewards
under a different (target) policy. The off-policy setting is contrasted with the
on-policy setting, where we have access to a simulator that can be used to
explore states on demand [Sutton and Barto, 2018]. Some notable off-policy
algorithms developed in this literature include the temporal-difference learning
algorithm which seeks to estimate the discounted value function

[e.e]

nyth‘Xo:x], 0<y<1, (15.23)

t=0

Viy(z) =E;

of a target policy by focusing Bellman equations like those given in Lemma [15.1
[Sutton) (1988, Tsitsiklis and Van Roy), 1997”7_7] and the Q-learning algorithm
for finding the welfare-maximizing policy [Watkins and Dayan|, 1992, Murphy,
2005)].

The approach taken in this chapter builds on a line of work by Kallus and
Uehara| [2020] who emphasized the role of Markovian assumptions in mitigating
the curse of dimensionality that affects the generic methods for dynamic policy
evaluation discussed in the previous chapter, and [Liao, Klasnja, and Murphy

""Working with vy-discounted rewards rather than long-run average rewards results in sim-
ilar but different Bellman equations.
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[2021] who showed how Markov decision processes enable identification of the
long-run average value from sequentially unconfounded data. The approach
to doubly robust estimation of the long-run average value presented here is
adapted from [Liao et al. [2022]; a similar approach to estimating discounted
policy values (rather than long-run average values) is discussed in Kallus and
Uehara [2022]. Setting where the density ratio w,(X) may be heavy tailed and
3 as given in Theorem [15.3] is infinite is considered by Mehrabi and Wager
[2024]; the authors show that 1/v/T-consistent estimation is no longer possible
in this setting, but a properly truncated version of the doubly robust estimator
from Theorem [15.3] can still achieve the minimax rate of convergence.
Switchback experiments are increasingly becoming a core part of the stan-
dard toolkit for causal inference in dynamic systems; |Bojinov, Simchi-Levi,
and Zhao| [2023] provides a comprehensive overview of the design. The analy-
sis presented here, i.e., with switchbacks used for policy evaluation in Markov
decision processes, is adapted from |Hu and Wager| [2022]. One important prac-
tical distinction between the doubly robust estimators from Section and
switchback experiments is that the former require observing (and use of) the
state variables X;, whereas switchbacks do not. One can ask what happens to
optimal inference in the setting of Section [15.1]if we no longer get to observe X,
and instead need to just rely on mixing ([15.18)) as we did for switchbacks. This
setting is considered in [Hu and Wager| [2023], who show that 1/+/T-consistent
estimation is in general not possible in this setting, and that switchback-like
truncated IPW estimators achieve the minimax (slower-than-1/v/T) rate.
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Chapter 16
Exercises

Exercise 1. Consider a randomized controlled trial under the assumptions of
Theorem [1.2| We already know that the difference-in-means estimator,

T W Z Y; — W_ T > v (16.1)

{i:W;=0}

TODM =

is consistent and satisfies a central limit theorem in this setting. However,
following our discussion in Chapter [2, one might also consider the inverse-
propensity weighted estimator for 7,

Wiy, (1-W)Y;
= . 16.2
TIpWw = nz . ( 6 )

l1—m

1=
The purpose of this question is to understand the relationship and relative
benefits of these two estimators.

(a) State and prove a central limit theorem for 7;py (you may make any
regularity assumptions that are convenient for this purpose). Compare the
variance of 7;py to the asymptotic variance of 7py; given in Theorem

(b) What is the joint distribution of 7pys and 77pw? Based on your findings,
would you recommend using 7;py in a randomized study?

Exercise 2. Chapter [l|discussed the behavior of linear regression adjustments
in randomized trials, and showed that such adjustments can be used to improve
asymptotic precision whether or not the data follows a linear specification.
The goal of this question is to extend these results to the case of generic non-
parametric (or machine learning based) regression adjustments. For all parts
below, you should work under the assumptions of Theorem

(a) As shown in ([1.27)), the interacted regression estimator can be written as
an average difference in predictions. Suppose now that we set

=— Z fi1y(Xi) = fuo)(X3)) (16.3)
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but rather than using linear regression, we get fi(,)(z) from a machine learning
method that is consistent (under squared-error loss) for p . (x) as defined in
. Are the following two statements true or false? If true, give a proof; if
false, give a counterexample.

e The estimator 7 is consistent.

e The estimator 7 is asymptotically normal, i.e., \/n(7 — 7) = N (0, V)
for some finite asymptotic variance V.

We now consider an improvement to the basic estimator that debiases ((16.3)
by considering regression residuals, and uses “cross-fitting” to avoid overfitting.
We first split the data (at random) into two halves Z; and Zy, and then use

N AI i

€Ty
Wi ~To ]. - VVZ ~To
o (Vi) - T (V- A ) )

where the ﬂﬁ)() are any estimates of fi,(-) obtained using only the half-
sample Z,, and 772 is defined analogously (with the roles of Z; and Z, swapped).
In other words, 77! is a treatment effect estimator on Z; that uses Z, to estimate
its regression adjustments, and vice-versa.

(b) What is the bias of the estimator (16.4)), i.e., what is E [f¢p| — 7, where 7
denotes the ATE?

(c) Assume that our non-parametric regression adjustments /l(I;)() are risk-
consistent, i.e.,

(16.4)

lim E

n—oo

|Ly Z ( M(uo(Xz))Q] =0, (16.5)

and similarly with Z; and Z, swapped. Prove a central limit theorem for 7o,
i.e., show that /n(7cr — 7) = N (0, Vor) for some asymptotic variance Vo,
and characterize Vop. Compare Vop to the asymptotic variance Viggpa given
in .
(d) Consider the setting discussed in Chapter [I| where a linear model is well-
specified,

Yi(w) = XiBu) + &i(w), e(w) ~N (0, 0?), (16.6)

and compare the asymptotic behavior of (16.4) under assumption (|16.5)) with
the asymptotic behavior of the OLS estimator discussed in Chapter [I Does
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one estimator dominate the other? (You may assume 7m = 0.5, etc., for conve-
nience.)

Exercise 3. A common issue in applying the IPW estimator discussed in
Chapter 2| arises when there are some units who are a-priori very unlikely to
get treated, and have e(X;) ~ 0. This situation could arise, for example, in
a medical application where W; denotes a candidate intervention and some
patients are obviously healthy based on their X; and so will never get treated.
And, when e(X;) may get close to 0, the IPW estimator (which involves dividing
by e(X;)) may be unstable.

One solution to this difficulty is to change statistical targets, and to focus on
the average treatment effect on the treated instead:

Tarr = E [Yi(1) = Yi(0) [ W; = 1] . (16.7)

In many applications, focusing on the ATT can improve the precision of the
available estimators—and can also improve be of substantive interest (since the
ATT measures average the value of the treatment among people who got the
treatment in the sampling distribution). Throughout this question, you may
assume that the propensity scores e(X;) are known a-priori and can be used
for estimation, and that e(X;) < 1 —n for some n > 0. You may also take
P [W; = 1] = 7 to be known.

(a) Propose an IPW-style estimator for the ATT (using the true propensity
scores), and prove that it is unbiased.

(b) Derive the asymptotic variance of estimator derived in part (a), and state
a central limit theorem for it.

(c) Compare the asymptotic variance of the oracle IPW estimators for the
ATE and the ATT in a setting where e(X;) may get very small, and discuss
the robustness of both estimators to small propensity scores.

Exercise 4. In Chapter we defined a propensity-stratified estimator
Tpstrar- The purpose of this question is to flesh out our study of this es-
timator. You may assume that the assumptions of Theorem [2.2] hold, that we
have overlap in the sense that n < e(z) < 1—mn for all z € X, that the distribu-
tion of the propensity scores e(X) admits a density f.(-) that is bounded away
from 0 on the interval [n, 1 — 7], and that the outcomes are bounded |Y;| < M
for some large constant M.

(a) Show that if J = nf for some constant 0 < p < 1, then the estima-
tor Tpsrrar implemented using the true propensity scores is consistent, i.e.,
TpsTrAT —p T Where 7 is the average treatment effect.
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(b) Conduct a simulation study to evaluate the pros and cons of inverse-
propensity weighting and stratification. Generate data in R as follows, for
n = 100, 200, 400, 800, 1600, 3200 and p = 10:

X = matrix(runif(n * p, -1, 1), n, p)

propensity = 0.1 + 0.85 * sqrt(pmax(0, 1 + X[,1] + X[,2])/3)
W = rbinom(n, 1, propensity)

Y = W * pmax(0, X[,1]) + exp(X[,2] + X[,3])

Fit propensities é via logistic regression, and then estimate 7 via 7;py and
TpsTraT Using the fitted propensities.

What is the average treatment effect 7 in this simulation design? What is
a good choice for J? How does the performance of 7;py compare to that of
TpsTrAT In terms of bias? What about in terms of mean-squared error? A good
analysis will rely on enough simulation replications to mitigate uncertainty due
to Monte Carlo effects, and convey results via appropriate visual displays.

(c) Show that, for a properly chosen sequence J(n), the propensity-stratified
estimator (now again implemented using the true propensities) is asymp-
totically unbiased and Gaussian, i.e., /n(7psrrar — 7) = N (0, Vesrrar).
Eropose a consistent variance estimator for Vpgrrar for Vesrrar, such that
Vpsrrar | Vpsrrar —p 1. Discuss how these results can be used to build a
confidence interval for 7 centered at Tpsrrar.

(d) In Chapter , we showed how to “augment” the inverse-propensity weighted
ATE estimator with a regression adjustment, and showed that the resulting
ATIPW estimator had improved robustness and precision properties relative to
the basic IPW estimator. How would you analogously “augment” the propen-
sity stratified estimator studied here? Propose an estimator, and argue for it.
(Note: Your argument doesn’t need to be formal; a short qualitative argument
is enough.)

Exercise 5. In Corollary [4.3] we gave asymptotic properties of the residual-
on-residual estimator,

" (Y = mEEO (X)) (W — 6RO (X
7A—R _ Zz:l ( T ( )) ( € 5 ( >), (168)
2imy (Wi = emH(X5))

for estimating the treatment parameter 7 under the constant treatment effect
model Y;(w) = f(X;) + wr 4+ ;. The purpose of this question is to study
this same residual-on-residual estimator under misspecification of the constant
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treatment effect hypothesis. Assume that data is independently generated as
Vi(w) = ) (Xi) + &i(w),  E[e(w) | X; =2, Wi =w] =0,
Var [si(w) }Xi =z, W, = w} =02,

and write 7(x) = py(x) — pey(r). Our goal is to characterize asymptotic

behavior of 7g under model (16.9)). Throughout this problem you may assume
that e(z) € (0,1); however, overlap is not required.

(a) Let 7 be the “oracle” version of the estimator (16.8), computed using
the true m(z) and e(x). Show that 7} converges in probability to a limit 7
that is a non-negative weighted average of the conditional average treatment
effect 7(x), ie., T7p = E [v(X;)7(X;)] for some function with v(z) > 0 and
E [y(Xi)] = 1.

(b) Show that this oracle estimator satisfies a central limit theorem /n(7;, —
Tr) = N (0, V&), and provide an expression for V. How does Vi compare to
the semiparametric efficient variance for average treatment effect estimation?

(c) Suppose that m(X;) and é(X;) satisfy the rate conditions (4.7)). Show that
V(TR —7}) —p 0, and so the feasible estimator ([16.8]) also satisfies the central
limit theorem established in part (b).

(16.9)

Exercise 6. Consider a hypothetical company that has a phone app that they
use to offer K > 3 different products that customers can choose to purchase.
However, given the size of a phone screen, it can only show 3 (ranked) rec-
ommendations to a user at any given time. Your goal is to help the platform
evaluate how different ranking strategies affect performance.

You have data on ¢ = 1, ..., n IID customers who have interacted with the
platform. For each customer, the platform:

e Computes scores S;i, ..., S;x > 0 reflecting how well each product is
suited to the i-th customer. (These scores are computed by some black-
box algorithm you don’t have access to, but they are recorded and are
included in your dataset.)

e Randomly chooses a product Agl) to display first, such that

K
P [AE” = k‘] = es““/ ;esl’v"’ forall k=1, ..., K.

e Randomly chooses a product Az@) to display second, such that

P AP = k| =S/ S €5 forall k2 AL,
ALY
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e Randomly chooses a product A,(f)’) to display second, such that

P [Ags) = k] = es““/ Z eSit for all k #* Agl), A§2).
AN, A%

3 ’ K3

e Observes a reward Y;.

For the purpose of the questions below, you should assume that the exact
ranking Agl), AEQ), AES) shown to the user matters. Note that the platform
does not rank the other products (you may assume, e.g., that if the customer
wants to select one of the other products, they need to do so by navigating to
a separate static list that shows products in alphabetical order).

We will refer to (both random and deterministic) methods for ranking products
as policies, and to the expected reward the platform would achieve by deploying
a policy as the value V' of the policy. The available data

D, = {5, AV, A, AP v}

7 ) 1 9 1 ) 7 i=1
generated as described above, is the same for all 4 parts below. An unbiased
estimator of policy value V' is a (measurable) function V' of the observed data

D,, for which E[V] =V. We assume that each unit has potential outcomes
Yi(a1, ag, az) such that the observed reward is

Y=Y (A0, AP, a¥),
and the value of a policy 7 is
V(W) = EAiNTF(Sz‘) [Y;(AZ)] ) A = (Az('l)> Az('2)7 A§3)> ’

where A; ~ m(S;) means that A; is generated via the (potentially random)
function 7 of S;.

(a) Propose an estimator that, given the available data D,,, gives an unbiased
estimate of the value of the current randomized policy (i.e., the policy used in
data collection).

(b) Propose an estimator that, given the available data D,,, gives an unbiased
estimate of the value of a policy that always uses a fixed ranking ai, as, as
(i.e., sets AZ(-I) = ay, AEZ) = ay, AEC) = a3 for some 1 < ay # ap # a3 < K).

(c) Propose an estimator that, given the available data D,,, gives an unbiased
estimate of the value of a randomized policy that always shows some product
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ay first (i.e., deterministically sets AZ(-l) = a; for some 1 < a; < K), but then
randomly chooses A§2) and AE?’) using the available scores in the same way as
with the data collection policy.

(d) Propose an estimator that, given the available data D,,, gives an unbiased
estimate of the value of a randomized policy that never shows some product
ap with 1 < a¢p < K, but otherwise randomly draws random products using
scores as with the data collection policy (operationally, you could assume that
if any of the random draws gives Ay) = ag, then the platform re-draws from
the same distribution until Agz) # ap).

Exercise 7. Consider the following model for adaptive data-collection (n > 0
is a tuning parameter): For t =1, ..., T time steps, we

e Choose a probability w; € [, 1], potentially using past data.
e Draw a Bernoulli random variable Z; ~ Bern(wy).

o If Z, =1, we observe a draw Y; ~ F'; while if Z, = 0, we cannot make an
observation (equivalently, we hard-code Y; = 0).

Our goal is to estimate the mean p = Ep [Y], and are considering 3 different
estimators:

1. Sample average: fi1 = Y y,.5 1y Ye/ [{t: Ze = 1}].

2. Inverse-propensity weighting: fi, = 771 Ethl Yy [ we.

A

3. Stabilized inverse-propensity weighting: fi3 —
Sy ZiYs [ w / S 2] wr

Answer the following questions. To avoid degenerate cases, you may assume
that w; = 1, i.e., we always collect at least 1 sample. You may also make any
regularity assumption you find to be convenient (e.g., that the Y; have bounded
support).

(a) Which of the 3 estimators above are unbiased, i.e., satisfy E[a] = p?
Provide a proof or counterexample.

(b) Now consider a large-sample limit, with 7" — oo. In this setting, we say
that an estimator is asymptotically unbiased if

lim VT (E [fi] — p) = 0.

T—o00

Which of the 3 estimators above are asymptotically unbiased? Provide a proof
or counterexample.
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Exercise 8. Theorem[7.1] provides the asymptotic distribution of the covariate-
balancing propensity score estimator 7ogps under a linear-logistic specification
where both

fwy =T By, By €RY for w =0, 1, (16.10)
L/ (1+e), R, o]l, < oco. (16.11)

The goal of this question is to study double robustness properties of %CBPSH
In answering this question, you may replace the exponential moment condition
(7.12) with the stronger boundedness condition ||.X;||, < M.

(a) Under the setting of Theorem , suppose that (16.10) holds but that
(16.11) may not hold. Prove that 7cpps —, 7, where 7 denotes the ATE. You
may assume that strong overlap holds, n < e(X;) <1 —n, if convenient.

(b) Under the setting of Theorem [7.1] suppose conversely that (16.11) holds
but that (16.10) may not hold. Prove that 7cpps —+, 7. You may assume that
outcomes are bounded, |Y;| < M, if convenient.

Exercise 9. Under the conditions of Theorem suppose that, rather than
the ATE, we want to estimate the average treatment effect on the treated
(ATT) as in Exercise , Tarr = E [Y;(1) = Y;(0) | W; = 1]. We claim that

0 = argmin, {i Z (1—w)) eXil — WiXiQ)} , (16.12)

™=
: ¢ ;
topps-arr = — 3 (Wi¥i = (1= Wy eX7Y7), (16.13)
Lz

is the natural CBPS estimator for this task, and has good statistical properties.
(a) Verify that ((16.12)) is a convex minimization problem.

(b) Verify that is in fact a CBPS estimator, i.e., that it is the IPW
estimator for some specific choice é(z) =1/ (14 €™), and that 0 satisfies a
relevant sample-balance condition whenever the minimization problem ({16.12))
has an interior solution (i.e., ||| < o0).

(c) Prove that 7opps—arr is consistent for 7471, and establish a central limit
theorem. For simplicity, you may assume that || .X;||, < M uniformly.

"8Following the nomenclature in Chapter we are here focused on weak double robustness.
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Exercise 10. Consider an 11D sequence (X;, U;, Y;, W;) € X xU xR x {0, 1},
where Y; = Y;(WW;) for a pair of potential outcomes {Y;(0), Y;(1)}. Unconfound-
edness holds conditionally on X; and U, i.e.,

{Yi(0), Yi(1)} L Wi | X5, Us. (16.14)

However, only X is observed, whereas U; is an unobserved confounder. In this
question, we'll study the behavior of (stabilized) IPW estimators of p(1) =
E [Y;(1)] in the presence of unobserved confounding. To this end, define both
the feasible and infeasible IPW estimators, the latter of which makes use of
the unobserved U;:

fisrpw (1) = WY / Z

Asipw(l) = X U /Z (X, U

where e(z) = P [VVZ :1|Xi:x} and e(x,u) = P [m: 1|Xi:x, Ui:u}.
Under the unconfoundedness condition ((16.14)), fisrpw (1) is clearly consistent
for p(1), but fig;pw (1) may not be.

(16.15)

In general, it’s not possible to say much about the bias of fisrpw (1). Thus, we’ll
make a further assumption about how the unobserved U; may affect sampling
probabilities, and assume that we know a constant I" > 1 such that

L _ X, U)

— < X Y <Tforalli=1, 16.16
T (X or all ¢ n, ( )

almost surely. This assumption is commonly known as the marginal sensitivity
model, and can be used to assess the sensitivity of IPW to hidden confounding.

(a) Under (16.16]), show that there exist weights I';! < v; < T such that

—~ WY - Wi
[l 1) =i 1; = i - 16.17
fisrpw (1) = fisrpw (1; ) ;:1 i e(Xl-)/ ;Zl g (X)) ( )
(b) Given ([16.17)), we have the following upper bound for fis;pw (1):

fitrpw (1) =sup {srpw (1 7) : T < v < Ty} (16.18)

Show that the above optimization program can be solved by linear program-
ming, and express the problem in a way that could be plugged into standard
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linear programming software, i.e., in format “maximize ¢z subject to Ax < b”,
where we optimize over the vector x and take A, b and ¢ as given.

Hint. Consider the Charnes-Cooper transformation for linear-fractional pro-
gramming.

(c) Using the construction in ([16.18)), propose an interval

Tsrpw (1) = [figrpw (1), fidyp (1)] (16.19)

that does not wuse the unobserved U;, but has the property that
fsrpw (1) € Isipw (1) almost surely. Show that the interval Ig;py (1) is consis-
tent for (1) in the following sense: For any € > 0

nhjgop [N(l) € (ﬂgfpw(l) — &, fdrpw(1) + 5)} =1L (16.20)

In doing so, you may make any regularity assumptions you find to be convenient
(e.g., bounds on moments).

(d) Discuss how the intervals (16.19)) could be used in practical data analy-
sis to assess the sensitivity of IPW to the potential presence of unobserved
confounders.

Exercise 11. Consider the following structural model,  where
(X, Y, Wi, Z;) € X x R x {0, 1} x {0, 1} are taken to be IID:

Yi=a(X) + Wir(Xi) +ei, &L Z|Xi, Ele|X]=0

(16.21)
Cov [W;, Z;| X; =x] >n>0 forallze X.

In other words, conditionally on covariates X;, this is the same structural model
as used in Chapter|9.2} now, however, all problem primitives may also vary with
x. Furthermore, we assumed that the effect of the instrument on the outcome
is always positive and uniformly bounded from below.

Your goal is to develop methods to estimate the average treatment effect param-
eter 7 = E [7(X)]. In all parts below, you may make any regularity assumptions
you find to be helpful (e.g., boundedness of outcomes).

(a) Define the “compliance score” A(x) and the associated inverse-compliance
weighted estimator,

A@)=P[W;=1|Z=1,X;=2] -P[W;=1|2;=0, X; =],

. 11 zZY;  (1-2)Y; (16.22)
Hew =5, ; A(X) <Z(Xi) - Z(X,-)> ’
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where z(z) =P [Zi =1 | X, = m} is an analogue to the propensity score for the
instrument Z;. Prove that the oracle inverse-compliance weighted estimator
(i.e., using the true values of z(-) and A(+)) is unbiased and consistent for 7.

(b) Now suppose you obtain estimates &(z) and 7(z) for the structural param-
eters in ((16.21). Propose an augmented inverse-compliance weighted (AICW)
estimator. Argue that your AICW estimator is (weakly) doubly robust, i.e.,
it is consistent if either &(x) and 7(x) are sup-norm consistent, or ﬁ(z) and
%(x) are sup-norm consistent (where A(z) and 2(z) are feasible estimates of
the nuisance components in (16.22))). A high-level argument is enough here;

no need to go into details™]

(c) Show that if all the nuisance components &(z), #(z), A(z) and 2(z) are
both sup-norm consistent and o,(n"/%) consistent in root-mean squared error,
then AICW with cross-fitting is v/n-consistent for 7 and asymptotically normal.
Write down a central limit theorem, and provide an expression for the limiting
variance of AICW.

Exercise 12. In Chapter [10.1] we studied instrumental variables regression
with a binary treatment and binary instrument. We showed that under a “no
defiers” assumption, i.e.,

P [W;(0) < Wi(1)] = 0, (16.23)

the instrumental variables estimator converges to the average treatment effect
estimator for the compliers. Your goal in this question is to understand what
happens when we relax this assumption.

Under the setting of Theorem [10.1] suppose now that we may have defiers, but
there exist unobserved latent factors U; for which

PWi=1|Z=1U=u]>P[W;=1|Z=0,U; =u],

16.24
(Y(0), i)} L G| U= u, for all (62

i.e., given the unobserved latent factors, we assume that the treatment effect
is independent of compliance type, and that all latent types are more likely to
comply than to defy. Also assume that Z; is still exogenous once we include
the U; into the model,

You also do not need to elaborate on how to construct the estimates a(-), 7(-), etc.
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Write an expression for 77,47 in terms of

T(u) = E [Yi(1) = Y;(0) | U; = u]
k(u) =P [C; = complier | U; =u], and
§(u) =P [C; = defier { Uy = ul.

Show that, if 7(u) > 0 for all u, then 7475 > 0.

Exercise 13. Consider a set of n random variables (W, Y;) € {0, 1} x R.
Assume that the data is generated as follows:

e Each unit ¢ =1, ..., n is characterized by (deterministic) parameters «;,
e We choose a treatment probability 7 € [0, 1], and independently generate
W; ~ Bernoulli(7) for each i =1, ..., n.

e We observe the following, where &; ~ N (0, 0%) independently of every-

thing else:
Zj;éi W

Yi=o; + BiWi + 7
n—1

+ &

We use the notation E, [Y;] for the expectation of the i-th outcome under this
model (with treatment probability 7), as well as immediate generalizations of
this notation. Note: Qualitatively, a; captures the i-th unit’s baseline effect,
B; its sensitivity to its own treatment, and ~; its sensitivity to the fraction of
other units who are treated.

(a) What is the total effect, i.e., the expected difference in average outcomes
when everyone is treated vs. when no one is:

1 & 1 &
TToTr = g;El [Y;] - H;EO [Y;]

(b) Now suppose we are able to collect observations at a single = € (0, 1), and
seek to estimate the effect of the treatment via the naive inverse-propensity
weighted estimator that ignores spillovers,

R L~ (WY, (1=-WY)Y;
TIPW_E;( T 1—m )

What is EW [%[pw]?

219



(c) In the same setting as above, what is Var, [T7pw]?

(d) Is 77pw a good estimator of Tror in this model? Can 7rpy be used to
learn anything interesting in this model?

Exercise 14. One important question in survival analysis is to assess prognosis
given a diagnosis. We have data on ¢ = 1, ..., n people who are diagnosed
with a condition at time ¢ = 0; at this time, we also measure time-invariant
convariates X; € X. We write Y; for the length of time the i-th person survives
post-diagnosis, and are interested in estimating § = P [Y; > T for some target-
horizon T

The challenge, however, is that we may lose track of some patients in our
study before we get to see whether they live past time T'. Specifically, we will
assume that we follow-up with each patient at a set of pre-determined times
t=1,..., T, and at each of these follow-ups we either are able track down
the patient (in which case we can observe whether the patient is still alive, i.e.,
whether Y; > t), or we are unable to track down the patient and deem them
to be censored at time ¢t (and we cease further follow-up attempts).

Formally, we assume that each unit has a (potentially non-realized) censoring
time C; € {1, 2, ..., T, +o0}, where C; = 400 means the unit is never cen-
sored. We then assume that, rather than getting to directly observe survival
time Y;, we only have access to

which we refer to as the observation time and the non-censoring indicator
respectively. Let

U=inf{te{l,2,...,T, o0} : t >U;}, H;=min{U,;, T}, (16.26)

respectively denote the time of the follow-up time at which the observation is
recorded (e.g., if someone dies at time 1.5, we only learn about this at the time
t = 2 follow-up), and the time of the last visit (i.e., H; = T even if the patient
is still alive and uncensored at that point).

We also make the following statistical assumptions:
e Censoring is ignorable, i.e.,

Y L Ci| X5 (16.27)

e Some patients are never censored, i.e., there is an > 0 such that

P[Ci>T|Xi:x]2nforallx€X. (16.28)
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Note that these assumptions are closely related to our familiar assumptions of
unconfoundedness and overlap for treatment effect estimation.

We define the conditional survival functions
Sy(t;z) =P[YVi>t|Xi=z], Sclt;z)=P[Ci>t|X;==z], (16.29)
with a convention that Sy (0; ) = S¢(0; ) = 1. We will assume that we have

access to estimates for these objects using a separate training set.@

(a) Suppose that the survival function for the censoring distribution S¢(t; x)
is known. Show that, under our assumptions, the following inverse-probability
of censoring (IPCW) estimator is unbiased for 6:

A ANI{U; >T
Orpow = Z SC{U“ X)}). (16.30)

(b) Now, consider a setting where we have access to estimates §y(t; x) and
Sc(t; ) obtained using a separate training set, and consider the following
augmented IPCW (AIPCW) estimator ]

R 1 o ~
Oarpew = - Z Sy(T; X;)

1 SY(T; Xo)  Sy(T: X))
+ Z §c(t; X;) <§ (t; X;) §Y(t —1. Xz)) (16.31)

A, SY(T§ Xi)
" Sc(Hi; X;) ( W= Sy (H: = 1; Xi)> 7

where H; is as defined in (|16.26)). Show that, under our setting, if furthermore

B | (1/8e(t ) = 1/50( X)) | = on (a72), .
16.32

B [ (1/8(6 ) = 1/ X0) | = on (e72)

80We will not investigate how to estimate these quantities here; however, we note that one
popular way to estimate unconditional survival functions is via the Kaplan—Meier estimator
[Kaplan and Meier} [1958]; and this method can be made conditional on covariates X; via,
e.g., the random survival forest construction |Ishwaran et al., 2008|.

81There is also an analogous continuous-time AIPCW estimator; see, e.g., Rubin and
van der Laan| [2007] and |Cui et al.| [2023]. To see the connection between the expression
in @47pcw and the standard continuous-time formula, it is helpful to first apply the Abel

transformation to the sum in ((16.31]).
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for constants ac, ay > 0 with ac + ay > 1/2, then

Vn (éAIPCW - 9) =N (0> U,ZUPCW)
O-EHPCW = Var [Sy (T X;)]

SQ T X)Sy(t—l; Xﬁ—Sy(t; Xz)

(16.33)

Hint: This result is a corollary of Theorem [14.3] To establish this, imagine
an analogous dynamic policy evaluation problem where there is no censoring;
however, all units start under the status-quo treatment, but then transition to
an experimental treatment at time C; if they are still alive. Argue that esti-
mating 6 in the setting of this question is equivalent to estimating P, [Y; > T]
for the analogous dynamic policy evaluation setting with 7 corresponding to
the policy that never starts the experimentgl treatment; and that 0 ATPCW 1S
equivalent to the doubly robust estimator Va;pw (m) derived in Chapter [14]
Thus statistical properties of 0 arpcw can be derived from Theorem [14.3]
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