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Causal Inference for Networks

Mark J. van der Laan

Abstract

Suppose that we observe a population of causally connected units according to
a network. On each unit we observe a set of potentially connected units that con-
tains the true connections, and a longitudinal data structure, which includes time-
dependent exposure or treatment, time-dependent covariates, a final outcome of
interest. The target quantity of interest is defined as the mean outcome for this
group of units if the exposures of the units would be probabilistically assigned
according to a known specified mechanism, where the latter is called a stochas-
tic intervention. Causal effects of interest are defined as contrasts of the mean of
the unit specific outcomes under different stochastic interventions one wishes to
evaluate. By varying the network structure, this covers a large range of estima-
tion problems ranging from independent units, independent clusters of units, anda
single cluster of units in which each unit has a limited number of connections to
other units. We present a few motivating classes of examples, propose a struc-
tural causal model, define the desired causal quantities, address the identification
of these quantities from the observed data, and define maximum likelihood based
estimators based on cross-validation.

Such smoothed/regularized maximum likelihood estimators are not targeted and
will thereby be overly bias w.r.t. the target parameter, and, as a consequence, gen-
erally not result in asymptotically normally distributed estimators of the statistical
target parameter. Therefore, we formulated targeted maximum likelihood esti-
mators of this estimand, and showed that the robustness of the efficient influence
curve implies that the bias of the TMLE will be a second order term involving
squared differences of two nuisance parameters. In order to deal with the curse
of dimensionality, we present super-learning based on cross-validation, and we
develop targeted maximum likelihood estimators, which are less biased than max-
imum likelihood estimators due to a targeted bias reduction step. Due to the causal
dependencies between units, the data set may correspond with the realization of



a single experiment, so that establishing a (e.g., normal) limit distribution for the
estimators, and corresponding statistical inference, is a challenging topic. In order
to establish a formal theorem, we focus on the point-treatment longitudinal data
structure, thereby also putting down a foundation for its generalization to the gen-
eral longitudinal data structure, which we reserve for future research.We conclude
with a discussion.



1 Introduction and motivation

Most of the literature on causal inference has focussed on assessing the causal
effect of a single or multiple time-point intervention on some outcome based
on observing n longitudinal data structures on n independent units that are
not causally connected. For literature reviews we refer to a number of books
on this topic: Rubin (2006), Pearl (2009), van der Laan and Robins (2003),
Tsiatis (2006), Herndn and Robins (2012), van der Laan and Rose (2012).

Such a causal effect is defined as an expectation of the direct effect of the
intervention assigned to the unit on the unit’s outcome, since indirect causal
effects on the unit’s outcome through other units are assumed non-existent. As
a consequence, causal models only have to be concerned about the modeling
of causal relations between the components of the unit-specific data structure.
Statistical inference is based on the assumption that the n data structures can
be viewed as n independent realizations of a random variable, so that central
limit theorems for sums of independent random variables can be employed.
The latter requires that the sample size n is large enough so that statistical
inference based on the normal limit distributions is indeed appropriate.

In many applications one may define the unit as a group of causally con-
nected individuals, often called a community or cluster. It is then assumed
that the communities are not causally connected, and that the community
specific data structures can be represented as n independent random vari-
ables. One can then define a community specific outcome, and assess the
causal effect of the community level intervention/exposure on this commu-
nity specific outcome with methods from the causal inference literature. Such
causal effects incorporate indirect as well as direct effects of the community
level intervention, where the indirect effects of the community level exposure
on an individual in a community occur through other individuals in that same
community. We refer to Halloran and Struchiner (1995); Hudgens and Hallo-
ran (2008); VanderWeele et al. (2012); Tchetgen Tchetgen and VanderWeele
(2012) for defining different types of causal effects in the presence of causal in-
terference between units. We also refer to Donner and Klar (2000), Hayes and
Moulton (2009), Campbell et al. (2007b) for reviews on cluster randomized
trials and cluster level observational studies.

In many such community randomized trials or observational studies the
number of communities is very small (e.g., around 10 or so), so that the num-
ber of independent units itself is not large enough for statistical inference based
on limit distributions. In the extreme, but not uncommon, case, one may ob-
serve a single community of causally connected individuals. Can one now still
statistically evaluate a causal effect of an intervention assigned at the com-
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munity level on a community level outcome, such as the average of individual
outcomes? Clearly, causal models incorporating all units are needed in order
to define the desired causal quantity, and identifiability of these causal quan-
tities under (minimal) assumptions need to be established without relying on
asymptotics in a number of independent units.

An important ingredient of our modeling approach carried out in this article
is the incorporation of network information that describes for each unit (in
a finite population of N units) a set of other units this unit is potentially
connected to. The more precise network information will be available, the
larger the effective sample size will be for targeting the desired quantity. We
will also assume sequential conditional independence of the units at time t,
conditional on the past of all units at time ¢. That is, conditional on the most
recent past on all units, including the recent network information, the data on
the units at the next time point are independent across units. Even though
this network information allows the units to depend on each other in complex
ways, we will demonstrate that the likelihood of the data on all N units allows
statistical inference driven by the number of units instead of driven by the
number of communities (e.g., 1).

We will apply the roadmap for targeted learning of a causal effect (e.g.,
van der Laan and Rose (2012), Pearl (2009), Petersen and van der Laan
(2012)), which starts out with defining a structural causal model, defining
the causal quantity of interest, and defining the observed data and its link
to the data generated by the causal system. Subsequently, we then estab-
lish the identifiability of the causal quantity from the data distribution under
transparent additional (often non-testable) assumptions. This identifiability
result allows us to define a statistical model that contains the true probability
distribution of the data, and an estimand (i.e. a target parameter mapping
applied to true data distribution) that reduces to this causal quantity if the
required causal assumptions hold. This statistical model, and the target pa-
rameter mapping that maps data distributions in this statistical model into
the parameter values, defines the estimation problem. Finally, we have to
develop targeted estimators of the target parameter and develop the theory
for statistical inference. The statistical model needs to contain the true data
distribution, so that the statistical estimand can be interpreted as a pure sta-
tistical target parameter, while under the stated additional causal conditions
that were needed to identify the causal effect, it can be interpreted as the causal
quantity of interest. To understand the deviation between the estimand and
the causal quantity under a variety of violations of these causal assumptions,
one may carry out a sensitivity type analysis.

Since the statistical model does not assume that the data generating ex-
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periment involves the repetition of independent experiments, the development
of targeted estimators and inference represents novel and new challenges in
estimation and inference that, to the best of our knowledge, have not been
earlier attacked by the current causal inference literature. Targeted mini-
mum loss-based estimation was developed for estimation in semi-parametric
models for i.i.d. data (van der Laan and Rubin, 2006; van der Laan, 2008;
van der Laan and Rose, 2012), and extended to a particular form of depen-
dent treatment/censoring allocation as present in group sequential adaptive
designs (van der Laan, 2008; Chambaz and van der Laan, 2011a,b; van der
Laan and Petersen, 2012). In this article we need to generalize targeted min-
imum loss based estimation to the complex semiparametric statistical model
presented in this article, and we also need to develop corresponding statistical
inference.

Our models generalize the models in the causal inference literature for in-
dependent units, and thus avoid assumptions that would not be needed when
applying the methods to observing data on units that are causally and sta-
tistically independent. In particular, our models include causal inference for
community based interventions based on observing a number of independent
communities/clusters. In addition, our models also incorporate group sequen-
tial adaptive designs in which treatment allocation to an individual can be
based on what has been observed on previously recruited individuals in the
trial (Hu and Rosenberger, 2006; van der Laan, 2008; Chambaz and van der
Laan, 2011a,b; van der Laan and Petersen, 2012). Our models also allow that
the outcome of an individual is a function of the treatments other individuals
received The latter is referred to as interference in the causal inference litera-
ture. Thus the causal models proposed in this article do not only generalize the
existing causal models for independent units, but they also generalize causal
models that incorporate previously studied causal dependencies between units.
Finally, we note that our models and corresponding methodology can be used
to establish a methodology for assessing causal effects of interventions on the
network on the average of the unit specific outcomes. For example, one might
want to know how the community level outcome changes if we change the net-
work structure of the community through some intervention, such as increasing
the connectivity between certain units in the community?

1.1 Organization of article

The organization of this article is as follows.
Section 2: We formulate a counterfactual causal model that can be viewed as
an analogue of the structural causal model actually used in this article. This
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section provides a perspective of the contribution of this article in the con-
text of the causal inference literature that relies on the Neyman-Rubin model,
demonstrating that in essence it corresponds with simultaneously allowing for
causal interference between the units and that interventions assigned to a unit
are informed by other units in the population.

Section 3: We present our structural causal model, stochastic interventions
and corresponding counterfactual outcomes, causal quantity defined in terms
of the mean of the intervention specific counterfactuals, identifiability of causal
quantity from data distribution Py of data O = (Oy,...,Oy) on the N units,
statistical model M for the probability distribution of O, statistical target
parameter mapping ¥ : M — R that defines the estimand W(F), where the
latter reduces to the causal quantity under the additional assumptions that
were needed to establish the identifiability. The statistical estimation problem
is now defined by the data O ~ Fy € M, the statistical model M and target
parameter W : M — IR. The likelihood of O factorizes as P = Qg and V(P)
only depends on P through the Q)-factor. Therefore, we also use the notation
V(@) to denote this target parameter W(P).

Section 4: We present some general classes of examples covered by our causal
models and causal quantities.

Section 5: We discuss maximum likelihood estimation (MLE), unified loss-
based cross-validation (van der Laan and Dudoit, 2003; van der Vaart et al.,
2006; van der Laan et al., 2006), and likelihood based super learning (van der
Laan et al., 2007; Polley et al., 2012). Such smoothed /regularized maximum
likelihood estimators are not targeted and will thereby be overly bias w.r.t.
the target parameter, and, as a consequence, generally not result in asymptoti-
cally normally distributed estimators of the statistical target parameter. Thus
there is a need for targeted learning (targeting the fit towards 1) instead of
MLE in order to deal with the curse of dimensionality.

Section 6: We derive the efficient influence curve, also called the canonical
gradient of the pathwise derivative of the statistical target parameter (Bickel
et al. (1997); van der Vaart (1998)). We also establish that the expectation of
the efficient influence curve D*(Q, g) under misspecified parameters (Q, g) of
the data distribution P = @ * g can be represented as V(Qy) — V(Q) plus a
sum of two second order terms, one involving square differences between () and
Qo, and another a product of differences of @ and @y and a specified h(Q, g)
and h(Qo, go). This result provides a fundamental ingredient in establishing a
first order expansion of the targeted maximum likelihood estimator (TMLE)
under conditions that make these second order terms negligible relative to the
first order term, while a separate analysis of the first order term (which is a
sum of dependent random variables) establishes the asymptotic normality of

4
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the TMLE.

Section 7: Our heuristic arguments demonstrate that the log-likelihood of O
will satisfy a local asymptotic normality condition (Bickel et al. (1997); van der
Vaart (1998)) so that efficiency theory can be applied to path wise differen-
tiable target parameters of the data distribution. As demonstrated in van der
Vaart (1998), under local asymptotic normality the normal limit distribution
of the MLE (ignoring all regularity conditions that would be needed to es-
tablish the asymptotic normality of the MLE) is optimal in the sense of the
convolution theorem. In this section 7 we demonstrate that the variance of the
efficient influence curve (i.e., the canonical gradient of the pathwise derivative
of the target parameter) corresponds with the asymptotic variance of a max-
imum likelihood estimator of the target parameter. From this we learn that
our goal should be to construct estimators that are asymptotically normally
distributed with variance equal to the standardized variance of the efficient
influence curve (and thus asymptotically equivalent with a MLE), while ap-
propriately dealing with the curse of dimensionality through super learning
and targeted maximum likelihood estimation (TMLE).

Section 8: We present a general TMLE based on least-favorable submodels
implied by the efficient influence curve, analogue to the TMLE for i.i.d. data
(van der Laan and Rubin (2006)).

Section 9: We present the TMLE for the causal effect of a single time point
intervention on an outcome, controlling for the baseline covariates across the
units, an important special case. This TMLE generalizes the TMLE of the
causal effect of a single time point intervention under causal and statistical
independence of the units (Gruber and van der Laan (2010); Rosenblum and
van der Laan (2010); van der Laan and Rose (2012). It is shown that the effi-
cient influence curve satisfies a double robustness property, which implies the
double robustness of the TMLE. Interestingly, it is demonstrated that defining
the estimator as the solution of the efficient influence curve estimating equa-
tion fails as a method, by not being able to utilize the double robustness of the
efficient influence curve, while the TMLE still inherits the double robustness
of the efficient influence curve. This provides another demonstration of the
importance of TMLE relative to estimating equation methodology Robins and
Rotnitzky (1992); van der Laan and Robins (2003) that defines the estimator
as a solution of an estimating equation.

Section 10: We present a theorem establishing asymptotic normality of this
TMLE for the causal effect of a single time point intervention, and discuss
statistical inference based on its normal limit distribution. The theorem relies

on modern advances in weak convergence of processes as presented in van der
Vaart and Wellner (1996); van der Vaart (1998). The proof of the theorem
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is deferred to the Appendix. The generalization of the formal asymptotics
results for this TMLE to the TMLE for general longitudinal data structures
is also discussed in the final subsection of the Appendix.

Section 11: We extend the latter TMLE and inference under a larger model
that weakens the sequential conditional independence assumption. Section
12: We discuss the extension of our results to the case that our observed data
corresponds with a random sample of individuals from the complete network
of individuals.

Section 13: We conclude with a summary and some concluding remarks.

2 Possible formulation of estimation problem
in terms of counterfactuals

The estimation problem defined in the next section in terms of a semi-parametric
structural equation model corresponds with the following counterfactual miss-
ing data problem formulation also called the Neyman-Rubin causal model
(Neyman (1990); Rubin (1974, 2006); Holland (1986); Robins (1987a,b)).

Let X! = (Li, : a € A) be the full-data structure consisting of all static
regimen specific counterfactuals for unit i, where a = (aq,...,ay) represents
the static regimens for all N units, L;, = (L;4(0), L; o(1), ..., Lio(T + 1)) is
a time-dependent process up till time 7 + 1, and L;,(¢) only depends on a
through (a;(t —1) = (a;(0),...,a;(t—1)): j=1,...,N). We assume X/ i =
1,..., N, are independent and identically distributed, or, most importantly,
independently distributed.

Let Pl be the probability distribution of X" and let M be the full-data
model, i.e., the collection of possible distributions of X*". This full data model
will thus incorporate additional assumptions such as that the counterfactuals of
unit ¢ only depend on the regimens of a subset of the N individuals. We observe
the missing data structure O = (0; : i =1,...,N), O; = (A,L; = L; 4) on
the full data X', i = 1,...,N. We view O = (Oy,...,0y) as a missing
data structure on the full-data X* = (X{,..., XF). We assume that the
conditional density go of A = (Ay,..., Ay), given X' satisfies go(A | XT') =
T T~ Sage AN ¢i), where ¢ is a function of (A;(t — 1), L;(t) : j =
1,...,N), so that the missingness mechanism satisfies coarsening at random.
Note that go(A | X¥) = ho(O) is a function of O so that this assumption
indeed implies the coarsening at random assumption. Due to this coarsening
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at random assumption, the likelihood of O factorizes:

N
Po(ALizi=1,....N) =[] Prr(Lia=1) go(A | XT).
=1 a=A,li:Li
Note that the full-data distribution factor equals the likelihood of (L;, :
i = 1,...,N) (i.e., vector of independent counterfactuals) at set regimen

a = (ai,...,ay) at value A = (Ay,..., Ay), and is thus identified by the
full-data distribution P{".

Our target parameter is a parameter U : MF — R? defined on the full-
data model. The factorization of the likelihood of O due to CAR establishes
the identifiability of ¢§ = WF(PY) as a parameter of the distribution Py of O,
under the assumption that U (PL") only depends on P{" through the relevant
factor of the likelihood. As a consequence, we can now define a statistical
target parameter U : M — R so that ¢ = ¢ = ¥(P). We need to
construct an estimator of 1y based on this single draw of O ~ Py, € M,
and we need to establish a limit distribution of this standardized estimator
VN (1hn — 1ho) =4 Z for some limit distribution Z.

The fact that the counterfactual outcomes of subject i can be a function of
the treatments of other subjects is often referred to as interference in the causal
inference literature. In addition, the above formulation allows that treatment
allocation for unit ¢ depends on data collected on other units. The above
formulation can thus be viewed as the causal inference estimation problem
when interference and adaptive treatment allocation is allowed. Our structural
equation model defined in next section implies restrictions on the distribution
of the counterfactuals, and thus defines a particular full-data model M*".

3 Formulation of estimation problem.

Suppose we have a population of interconnected units that evolves over time.
Let (X;(t) : t € {0,1,..., 74+ 1}), i = 1,..., N, be the time-dependent pro-
cesses associated with each of N units. For a unit i, we define A;(t) C X;(¢)
as an action at time ¢, which will play the role of intervention node in the
structural equation model below. The process on individual i at time ¢, X;(t)
consists of measurements L;(t), possibly including an outcome process Y;(t),
the intervention node A;(t), while L;(7 + 1) = Y; denotes a final outcome. Let
F;(t) C L;(t) denote the network of friends individual 7 is potentially connected
tg at Gimefy T H O, . f=A7 + 1.

In our causal model we will assume that each unit’s X;(¢) can only be a
function of the past X(t — 1) = (X;(t — 1) : j = 1,...,N), of all subjects,

7
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where X;(t — 1) = (X;(s) : s <t —1): i.e., the units X;(¢),..., Xn(t) are
conditionally independent, given X (¢t — 1). Below, we make some remarks
regarding weakening this assumption.

If we define L(t) = (L;(t) : ¢ = 1,...,N), and similarly we define A(t),
then the ordered single data structure can be represented as

(L(0), A(0), ..., L(r), A(r),Y = L(7 + 1)).

The latter ordering is the only causally relevant ordering, and the ordering
of units within a time-point is user supplied but inconsequential. We define

Pa(A(t)) = (L(t), At — 1)), Pa(L(t)) = (L(t — 1), A(t — 1)), as the parent
nodes of A(t) and L(t), respectively, w.r.t. this ordering. Note that the parent
nodes of A;(t), denoted with Pa(A;(t)), equal Pa(A(t)), and, the parent nodes
of L;(t), denoted with Pa(L;(t)), equal Pa(L(t)),t=0,...,7+1,i=1,...,N.

This ordered sequence for X = (X7,..., Xy) and the specification of the

parent-nodes implies a corresponding set of structural equations: first generate
Uv=(U;:i=1,...,N) where

Ui = (UL,0), Ua,0), - - Urir), Uny), Uys), i=1,..., N,

and then generate X deterministically as follows:

Li(t) = fr,)(Pa(Li(t)), UL, )
Ai(t) = fa,(Pa(Ai(t)), Ua,u))
i=1,.... Nt=0,....1

Vi = fy.(Pa(Yi(r 4+ 1)), Uy (r+1))
1=1,...,N.

Since Pa(Li(t)) = (A(t — 1), L(t — 1)) and Pa(A;(t)) = (A(t — 1), L(t)), an

alternative succinct way to represent this structural equation model is:

L(t) = fL(t)(Pa<L<t))a UL(t))
A<t)0= fawy(Pa(A(1)), Ua)
t=0,...,7

Y=Lt+1) = fy(Pa(Y),Uy).

Counterfactuals and stochastic interventions: This structural equation
model for

(L(0), A(0),...,L(1), A(1),Y = L(T + 1)),

allows us to define counterfactuals Y4(7 + 1) corresponding with an dynamic

intervention d on A (Robins (1987b,b, 1997, 1999); Gill and Robins (2001);

8
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Yu and van der Laan (2003). For example, one could define A;(t) at time ¢ as
a particular deterministic function d;; of the parents Pa(A;(t)) of subject i =
1,...,N. Such an intervention corresponds with replacing the equations for
A(t) by this deterministic equation d;(Pa(A(t)), t =0,...,7. More generally,
we can replace the equations for A(t) that describe a degenerate distribution
for drawing A(t), given U = u, and Pa(A(t)), by a user supplied conditional
distribution of an A*(t), given Pa(A*(t)). Such a conditional distribution
defines a so called stochastic intervention Dawid and Didelez (2010); Didelez
et al. (2006); Diaz and van der Laan (2012).

Let ¢* = (gf : t = 0,...,7) denote our selection of a stochastic interven-
tion identified by a set of conditional distributions of A*(t), given Pa(A*(t)),
t =0,...,7. For convenience, we represent the stochastic intervention with

equations A*(t) = fa=@)(Pa(A*(t)), Ua=w) in terms of random errors Ug-(
This implies the following modified system of structural equations:

L(t) = frwy(Pa(L(t)), Urw)

A(t) = Favo(PalA* (1)), Une(o)

t=0,...,7

Y =L(t+1) = fy(Pa(Y),Uy).
Let Y; g+, or short-hand Y; ., denote the corresponding counterfactual outcome
for unit 7. A causal effect at the unit level could now be defined as a contrast
such as Y; g« — Vi g for two interventions gi and g3. Note that, for a given
g, Yig =Y, 5. (U¥) is a deterministic function of the error-term U* = (U, U})
that are inputted in the structural equations. In particular, for deterministic
interventions g* Y; g« is a deterministic function of the error terms U.
Post-intervention distribution, and sequential randomization assump-
tion: If we assume the sequential randomization assumption on U, i.e., A(t)
is independent of L+, given Pa(A(t)), and U* is externally generated so that
U* L U, then the probability distribution P, of (A*, L,) is given by the
so called G-computation formula (Robins (1987a); Gill and Robins (2001);
Yu and van der Laan (2003); Didelez et al. (2006); Zheng and van der Laan
(2012))

Py (A" H

t=0 ¢

3
+
—

||zz

t) [ Pa™(Li(t))g; (A; (1) | Pa(A;(1))),

where Pp, is the conditional distribution of L;(t), given Pa(L;(t)), and
Pa*(Li(t)) = (L(t—1), A*(t—1)). Thus, the post-intervention distribution P,
is identified from the distribution of X = (A, L) generated by the structural
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equation model. We will assume this sequential randomization assumption.
The distribution of ¥; ;« corresponds now with a marginal distribution of PLg*.

Average causal effect (ACE): One might now define an average causal
effect as the following target parameter of this distribution of FP.:

N N
W =E iZY-* —E iZY-*
= ng N 4,97 PQ; N 1,95 .
i=1 i=1

Let Y = % vazl Y;. Since the distribution P+ is indexed by N, the parameter
" can depend on N.

Iterative conditional expectation representation of ACE: The param-
eter EYQ* can be represented as an iterative conditional expectation w.r.t. the
probability distribution P, of (A*, L,) (Bang and Robins (2005); van der
Laan and Gruber (2012)):

Y - % z]il Yi(T+1)

QT1y = B(Y | L(r), A(r)

Qg;&-l = Eg;(* g+1,71 | L(T)af}(T —-1))
QT = B(@QY | Lr —1). A7 1))
Q' = Fyy (@1 | L(r — 1), Alr ~2))
Iterate

*

where EY . = Q(g)*. Thus, this mapping involves iteratively integrating w.r.t.
the observed data distribution of L(t), given its parents, and the conditional
distribution g; of A*(t), given Pa(A*(t)), respectively, starting at ¢t = 7 + 1,
till t = 0.

Dimension reduction and exchangeability across units: We will also
assume that for each node A;(t), L;(t), we can define functions, Pa(A;(t)) —
¢ (Pa(A(t))), Pa(Li(t)) — cf;(Pa(L;i(t))), that map into R¢ for a d that does
not depend on N, and corresponding common (in ¢) functions fru), faw), fv,

10
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so that

Li(t) = fL(t)(CtI:z(Pa(LZ(t)))? ULz(t)>
Ai(t) = faw (e (Pa(Ai(t))), Ua,w)
i=1,....,Nt=0,...,1

Y, = Y(Cr+1,i(Pa(Yz))a Uy,)
1=1,...,N.

Examples of such dimension reductions are cf;(Pa(L;i(t))) = (L;(t—1), A;(t —
1) :j € Fi(t—1)), i.e., the observed past of unit 7 itself and the observed past
of its current friends F (t — 1), and, similarly, we can define ¢};(Pa(A;(t))) =
(Li(t),A;(t — 1) : j € F;(t — 1)). By augmenting these reductions to data on
max1mally K friends, filling up the empty cells for units with fewer than K
friends with a missing value, these dimension reductions have a fixed dimension
(say) d, and include the information on the number of friends. This structural
equation model assumes that, across all units ¢, the data on unit ¢ at the next
time point ¢ is a common function of its own past and past of its friends. We
will also assume that Uy, ), ¢ = 1,..., N, are independent, so that L;(0), i =
1,..., N, are independent, and we will assume that all the other components
of U; are not only independent across i, but are also identically distributed.

Thus all the dependence between units is not due to the dependence of
the errors, but only due to the interdependence between units as described
by the system that allows that the unit’s data at time ¢ is a function of the
data of its friends. In addition, each unit ¢ satisfies the same laws as functions
of the i-specific past (representing the unit’s past and past of its friends) for
generating their future data points, with the exception of L;(0), which we only
require to be independently distributed across the N units.

Identifiability: (G-computation formula for stochastic intervention.
For notational convenience, let ¢; = ¢f(Pa(L;(t))), and let ctL;* be defined
accordingly with A replaced by A*. Due to the exchangeability and dimension
reduction assumptions, the probability distribution Py« of Ly« = (L g+ 1 @ =
1,..., N) now simplifies:

N 741
Py (L, A7) = HPL 0 HH t) | eri))gi (A7 (1) | Pa(A; (1))
= P (L, A, (2)
where Pp) are the above defined conditional distributions of L;(t), given
Pa(L;(t)), and these i-specific conditional densities are constantini = 1,..., N,
as functions of ¢ i t=1,...,7+1. We also use the notation P9 for the right-
11
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hand side in (1) which thus represents an expression in terms of the distribu-
tion of the data under the assumption that the conditional densities of L;(t),
given Pa(L;(t)), are constant in i as functions of cf;, indexed by the choice of
stochastic intervention g*, while one needs the causal model and randomiza-
tion assumption in order to have that the right-hand side actually models the
counterfactual post-intervention distribution P,«. This shows that ¢f = U(F)
for a mapping ¥ from the distribution of O to the real line. Strictly speaking
this does not establish a desired identifiability result yet. To start with, we
need to realize that PN, ¢&™, ¢ are indexed by N, and we only observed
one draw from P)¥. Therefore, we still need to show that we can construct an
estimator based on OY that is consistent for ¢} as N — oo. For that purpose,
we note that the distribution P9 is identified by the common conditional dis-
tributions Pryy, t = 1,...,7+1, and Py with L(0) = (L;(0) : ¢ =1,...,N).
We can construct estimators of these common conditional distributions P
based on MLE that are consistent as N — oo, which follows from our presen-
tation of estimators and theory. This demonstrates the identifiability of P,
as N — oo. In addition, our target parameter involves an average w.r.t. P )
which can be consistently estimated by a sample mean over L;(0),i =1,..., N.
This demonstrates the desired identifiability of wé““ N from the observed data
as N — oo.

Likelihood and statistical model: The likelihood of the data
O = (L(0), A(0),...,L(7),A(7),Y = L(t + 1)) is given by:

Pog(L,A) = HPLi(O)(Li(O))

N 7+1
TLTT Proy (Eit) | ctian(Aitt) | )
N 7+1

= TTT]Quio(Li(t) | cf)gn(Au(t) | ).

=1 t=0

We denote the factors representing the conditional distributions of L;(t) with
Qr), where these conditional densities at L;(t), given Pa(L;(t)), are constant
in i, as functions of L;(t) and ¢f;. Similarly, we model the g-factor. Let
Q= (Qi:t=0,...,7+ 1) represent the collection of all these factors, and
g=1(g::t=0,...,7), so that the distribution of O is defined by (@, g). The
conditional distributions Q) (L(t) | ¢f') are unspecified functions of L(t) and
¢k, beyond that for each value of ¢ it is a conditional density. Similarly, the
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conditional distributions g; are unspecified conditional densities. This defines
now a statistical parameterization of the distribution of O in terms of @, g,
and a corresponding statistical model M = {FPp,: Q € Q,¢ € G}, where Q
and G denote the parameter spaces for () and g, respectively.

Statistical Target Parameter: Suppose that our target parameter is EY 9"
which is a function of the intervention-specific distribution P9". Thus EY9 =
U(Py,) = V(Q) depends on the distribution P of the data O through the Q-
factor. Note that @) is determined by Qr ), ..., Qr(r+1), i-e., the conditional
distributions of L;(t), given (A(t — 1), L(t — 1)), which, by assumption, equal
a common function Q) (Li(t) | ¢f;). We can represent this statistical target
parameter also as an iterative conditional expectation involving the iterative
integration w.r.t. Qpr, 92(1571)’ starting at t = 7 + 1 and moving backwards

till the expectation over L(0):

Q‘r+2 =Y _ _ _
CQ‘I'Jrl,l = EQle (QTJrZJ A(T)> L(j-))
Qri1 = Eg: (Qri1n | A(T = 1), L(7))
Iterate, t=17,...,0

Qt+171 = EQH_—I (Qt+1 |_A(t)7 L@))
Qi1 = Eg; Qe [ At — 1), L(1))
Qt=07: Ero)Q:

= kY™

This representation allows the effective evaluation of W(Q) by first eval-
uating a conditional expectation w.r.t conditional distribution of L(7 + 1),
and thus w.r.t. [[Y, Qr(r+1)(Li(T 4+ 1) | ¢k, ), then the conditional mean of
the previous conditional expectation w.r.t. conditional distribution of A*(7),
and iterating this process of taking a conditional expectation w.r.t. L(t) and
A*(t—1) till we end up with a conditional expectation over A*(0), given L(0),
and finally we take the marginal expectation w.r.t. the distribution of L(0).
Note that each conditional expectation involves an expectation over vector
(Li(t) i =1,...,N) or (Af(t —1) : i =1,...,N) wr.t. product measure
of common conditional distributions Q,(L;(t) | ¢f;) or gi (A7 (t —1) | ¢y ,),
t=1,...,7+ 1.

Statistical estimation problem: We have now defined a statistical
model M for the distribution of O, and a statistical target parameter map-
ping ¥ : M — R for which V(P ,) only depends on (). We will also denote
this target parameter with W(Q), with some abuse of notation by letting ¥
represent these two mappings. Given a single draw O ~ Py, 4, we want to
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estimate W(Qp). In addition, we want to construct an asymptotically valid
confidence interval. Note that our notation suppressed the dependence on N
of the data distribution Py 4, statistical model M, and target parameter W.

Weakening of the sequential conditional independence assumption:
Consider an ordering of the units, and factorize the likelihood of the data O
accordingly:

P(0) = T T P(Li(t) | Pa(Li(t)) TTi-o P(Ai(t) | Pa(Ai(1))),

where Pa(L;(t)) = (L(t — 1), A(t — 1), Li(t), ..., Li_1(t)), and Pa(4;(t)) =
(L(t), A(t — 1), Ay(t),..., A;_1(t)). This corresponds with the likelihood of
the observed data under the causal model that does not make the sequential
conditional independence assumption. However, obviously, some conditional
independence structure will be needed. A reasonable assumption is that L;(?)
and L;(t) are conditionally independent, given L(t — 1), A(t — 1), if F;(t) N
F;(t) = 0, which corresponds with the following parent-set definitions:

Pa(L;(t)) = (L(t — 1), A(t = 1), L;(t) : j € {1,...,i = 1}, F;(t) N E5(t) = 0)
Pa(A;(t)) = (L), A(t — 1), A;(t) - j € {1,....i — 1}, F;(t) N Fy(t) = 0).

Such a conditional independence assumption still only allows a unit ¢ at time
t to be dependent on a limited universally bounded number of other units at
time ¢, conditional on the past, so that our formal analysis tools as used in
this article will still be applicable to establish a central limit theorem. We
return to this extended semi parametric model in our sections at the end of
the article dealing with the special case that 7 = 0.

4 Motivating examples covered by the general
estimation problem studied in this article

Independent units: By defining the parent sets of L;(t) and A;(t) as only the
past of unit i, the estimation problem includes estimation of a causal effect of
time-dependent treatment on an outcome based on observing N independent
units. If one observes multiple independent clusters of units over time, then
the parent sets for unit ¢ only include the data on units in the same cluster as
unit 7.

A small number of clusters with network information: If one only
observes a single cluster or very small number of clusters of units, then it will
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be crucial for dealing with the curse of dimensionality that each unit ¢ is only
affected by a known low dimensional summary measures of the observed past
on all V units: in particular, one might know the collection of current ”friends”
for unit i. For example, we may wish to determine if early treatment of HIV-
infected patients improves the overall outcome (e.g., proportion of death) for a
network of individuals, in which case the early treatment of an individual will
both have a direct effect on the individual outcome, as well an indirect effect
on other individuals by being less infectious or engaged in less risky sexual
behaviors. In such a study one might observe the sexual or social networks of
the individuals or be able to specify sets that will contain these networks.

Cluster level interventions: If one observes multiple clusters and one
is interested in evaluating the effect of a cluster level intervention, then one
defines A;(0) as the cluster level intervention assigned to the cluster unit 4
belongs to, where A;(0) is constant across ¢ in that cluster. One can also define
L;(0) as constant across units in a cluster, so that L;(0) represents cluster level
baseline covariates. One might be interested in the joint effect of a cluster level
intervention and a unit level exposure. In that case, one can define L;(0) as
a cluster-level baseline covariate, A;(0) as a cluster-level intervention, L;(1)
as unit level baseline covariates, A;(1) as unit level exposure, and L;(2) as a
unit level outcome. Of course, this can be generalized to joint interventions
of a single time point community level intervention and multiple time point
unit level exposure. In this manner, our general formulation incorporates
hierarchical two level data structures, and estimation of causal effects of joint
cluster level and unit level interventions.

Current practice for assessing effects of community level interventions is
heavily dominated by the use of parametric regression models, in which the
coefficient in front of a treatment or exposure represents the estimand of in-
terest. A helpful article is Oakes (2004), which reviews methods for causal
inference for neighborhood effects in social epidemiology up till 2004. We
refer to this article as an overview article putting this causal inference prob-
lem in context of the social epidemiology and some of the causal inference
literature. Overall, from his article one concludes that the causal inference
literature up till 2004 has not focussed much at all on community based in-
terventions, and generalized mixed linear regression models, incorporating the
hierarchical structure, have dominated this literature instead. The literature
for assessing community level interventions involves both observational stud-
ies and randomized controlled trials. Randomized community trials involve
randomly assigning an intervention among a set of possible interventions to
a collection of communities/neighborhoods. Some reviews of the literature
on community randomized trials are given by Donner and Klar (2000), Hayes
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and Moulton (2009), Campbell et al. (2007a)). Examples of randomized com-
munity trials, such as mass-media campaigns to improve health knowledge,
the repair of bad sidewalks, or community policing initiatives, are provided in
(Charlton et al. (1985), Meyer et al. (1991), Shipley et al. (1995), Holder et al.
(1997), Feldman et al. (1998), LeFort et al. (1998), Persky et al. (1999), Biglan
et al. (2000), Luepker et al. (2000)). Other examples of recent cluster random-
ized trials include the SPACE Study of a school level intervention to improve
physical activity in Denmark(Toftager et al., 2011), a cluster randomized trial
of routine HIV-1 viral load monitoring in Zambia (Koethe et al., 2010), and
the PRISM trial of a community level intervention to prevent post-partum
depression in Australia (Watson et al., 2004).

Examples involving the observational study of contexts such as neigbor-
hoods are presented in Cassel (1976), McMichael (1999), Susser (1999), Berk-
man et al. (2000), Krieger (2001), Parsons (1951), Starr (1982), Rose (1985),
Clark et al. (1991), Barr (1995), McKinlay (1996), Feldman et al. (1997)). So-
cial epidemiology concerns the study of effects of social forces and relationships
on health, and is thus a field that is primarily interested in assessing effects of
community level interventions.

Oakes states, after having stressed the enormous literature on contextual
effects: 7 Yet due largely to persistent and complex methodological obstacles,
along with a lack of attention to them, the causal effect of neighborhood
contexts on health continues to confuse and elude us (see Hook (2001)). There
appear to be no multilevel neighborhood effect studies with observational data,
including those cited above, that directly confront causal inference.”

Oakes proceeds to motivate causal models for the mean counterfactual out-
come of an individual under set neighborhood interventions, thereby defining
a causal effect of a neighborhood intervention on an individual outcome. He
presents mixed linear models for the counterfactual mean outcome as a func-
tion of an individual and neighborhood specific covariates. He considers the
required randomization assumption and experimental treatment assignment
assumption, well known in the causal inference literature, under which the co-
efficients in the mixed linear model can be interpreted as a conditional causal
effect, within strata of the covariates that entered the model.

Oakes presents the following comment on the enormous use (and abuse)
of mixed linear models. We quote from Oakes review ”The theoretical foun-
dation of multilevel models lies in variance component methodology, which
in its modern form dates back to Fishers work circa 1925 (Draper (1995)).
A ground-breaking advance came when Lindley and Smith (1972) formulated
their empirical Bayes regression model, but it was not until the introduction of
the EM algorithm (Dempster et al. (1977)) that computational feasibility was
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obtained. Laird and Ware (1982) popularized the model for biostatisticians,
Bryk, Raudenbush, Goldstein and Mason for social scientists (Mason et al.
(1984), Goldstein (1987), Bryk and Raudenbush (1992)). From our perspec-
tive, the widespread (ab)use of the model is due to the recent introduction of
user- friendly software, especially HLM and MIWin, and an accessible transla-
tion for SAS users by Verbeke and Molenbergs (1997) and Singer (1998). See
also Kreft et al. (1994), Leeuw and Kreft (2001). ”

Oakes also states: ”Understandably, none of the more recent and rigorous
discussions of causal inference in either epidemiology or social science (Susser
(1973),Greenland (1990), Greenland (2001), Greenland (2002), Manski (1993),
Halloran and Struchiner (1995), Morgenstern (1995), M.E.Sobel (1995), Kauf-
man and Cooper (1995), Kaufman and Poole (2000), Kaufman and Kaufman
(2001), Robins (2001), Maldonado and Greenland (2002)) addressed multilevel
neighborhood effects research directly. Finally, none of the many noteworthy
general discussions on causal inference with observational data (e.g. Camp-
bell and Stanley (1963), Cochran (1965), McKinlay (1975), Heckman (1979),
Leamer (1983), Smith (1990), Rubin (1991), Clogg and Haritou (1997), Copas
and Li (1997), Freedman (1997), Winship and Morgan (1999), Pearl (2000),
Rosenbaum (2002)) address neighborhood effects or multilevel mod- els, which
appear to present some unique issues.”

Multiple connected clusters: Suppose that one observes multiple clus-
ters of units, but that neighboring clusters interfere with each other. As above,
one can define L;(0) as a cluster level covariate, A;(0) as a cluster level treat-
ment, and L;(t), A;(t), as unit level covariates and exposure, t = 1,..., 7, and
Y; = L;(7 + 1) as the unit level outcome of interest. In this case, the parents
of the unit level exposures A;(t) and covariates L;(t) can now include units
from neighboring clusters as well. If no network information is available, these
friends would be defined as all units in the neighboring clusters, including its
own cluster. The cluster level treatment A;(0) could not only depend on L;(0),
but also be a function of the cluster level covariate values of the neighboring
clusters. Again, to deal with the curse of dimensionality, one will either need
to observe many clusters, or one needs network information at the unit level.

Group sequential adaptive designs involving adaptive randomiza-
tion: Suppose that a subject ¢ enters the study at a random time ¢;, baseline
covariates are collected, the subject is subsequently randomized to a treatment,
and is then followed up for K time-points at which time point an outcome is
collected. Suppose that the probability of receiving one of the available treat-
ments is a function of the data measured on any of the subjects that has
entered the study before time ¢;, while baseline covariates and outcomes are
generated independently across the subjects. This includes a group sequential
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design with adaptive randomization of treatment as analyzed in van der Laan
(2008); Chambaz and van der Laan (2010b, 2011a,b), Bai et al. (2002); An-
dersen et al. (1994); Flournoy and Rosenberger (1995); Hu and Rosenberger
(2000); Rosenberger (1996); Rosenberger et al. (1997); Rosenberger and Grill
(1997); Rosenberger and Shiram (1997); Tamura et al. (1994); Wei (1979); Wei
and Durham (1978); Wei et al. (1990); Zelen (1969); Cheng and Shen (2005);
van der Laan (2008); Chambaz and van der Laan (2010a); van der Laan and
Rose (2012) In this case we define 7 + 1 as the total length of the study from
the start t = 0 of the study at which the first subject entered. At each time
point 0 <t < t;, we can define A;(t) = 0, and at t = t; A;(t) is defined as the
treatment A; the subject received, while for ¢ > t;, A;(t) = A; is degenerate.
At each time point 0 < ¢ < t;, L;(¢) is defined as the process I(t; < t), at t = ¢,
L;(t;) includes the baseline covariates W; and it also includes observing that t;
occurred, at t; <t < t;+ K, L;(t) is defined constant, at time ¢t = ¢; + K, L;(t)
is defined as the outcome Y;, and L;(t) remains constant for ¢;+ K <t < 7+1.
This defines now L;(0), A;(0), Li(1), ..., Ly(7), A;(7), Li(T + 1). Our interven-
tion on the time-dependent treatment A;(t) is a dynamic intervention that
only intervenes on the A;-nodes at time ¢; at which it sets the value of A;
equal to a specific treatment. This is indeed a dynamic intervention that re-
sponds to the indicator process I(t; < t) C L;(t) that jumps when ¢; occurs.
Our model allows us to extend the group sequential adaptive designs to al-
low for outcomes of the subjects to be affected by what has been observed on
previously recruited subjects.

5 Maximum Likelihood Estimation, Cross-Validation,
Super-Learning, and Targeted Maximum Like-
lihood Estimation

We could estimate the distribution of L(0) with the empirical distribution that
puts mass 1 on (L;(0) : i = 1,..., N). In general, we estimate the distribution
of L(0) with the NPMLE that maximizes the log-likelihood ), log Q1,(0)(L:(0))
over all possible distributions of L(0) that the statistical model M allows. In
particular, if it is known that L;(0) are i.i.d., then we would estimate the com-
mon distribution @ of L;(0) with the empirical distribution that puts mass
1/N on L;(0),i=1,...,N.

Regarding estimation of Q); = Q) for t = 1,...,7 + 1, we consider the
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log-likelihood loss function for @);:

Li(Q) = — Zlog Q:(Li(t) | CiL,t)-

We can use loss-based cross-validation and super-learning to fit this function Q)
of (I(t),cl), utilizing that L;(t), i = 1,..., N, are conditionally independent,
given A(t — 1), L(t — 1). If L;(t) is continuous and/or multi-dimensional, one
could code it in terms of binary variables I(L;(t) = [), and model the condi-
tional distribution /hazard of I(L;(t) = 1), given Ly(t) >l and A(t—1), L(t—1),
as a function of ctL,i and [, as in van der Laan (2010a,b). This allows one to
utilize estimators of predictors of binary variables in the machine learning lit-
erature, including standard logistic regression software for fitting parametric
models.

We could fit each @), separately for t =1,...,7 4+ 1, but it is also possible
to pool across t based on the sum loss function

L(@Q) =) L/(Q).

Similarly, we can use the log-likelihood loss-function for g;:

Li(g) = Zlog 9:(Ai(t) | Céi)»

and use loss-based cross-validation and super-learning to fit g;.

Given the resulting estimator @ of Q)p, one can evaluate ¥(Q y) as estima-
tor of 1y = ¥(Qy), according to the iterative conditional expectation mapping
presented earlier. Since @)y is optimized to fit )y, such a plug-in estimator is
overly biased for W(Q)p).

Targeted Maximum Likelihood Estimation (TMLE): TMLE will in-
volve modifying @ y into a targeted version Q) y, t = 0,...,7 + 1, through
utilization of an estimator g, of gy, and a least favorable submodel through
Q@ n, and the resulting estimator of 1) is defined accordingly as W(Q%). Thus,
a TMLE will also involve estimation of the intervention mechanism gy = (go4 :
t =0,...,7). To define and understand the asymptotic behavior of such a
TMLE we need to determine the efficient influence curve of the statistical tar-
get parameter, and understand the expectation of the efficient influence curve
under misspecified nuisance parameters. We provide the TMLE in detail in
Section 8.
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6 Efficient influence curve of target parameter

In order to define a targeted maximum likelihood estimator we derive the ef-
ficient influence curve of ¥ : M — IR defined on our model M in which
the distribution of O is parameterized by Q = (Q; : t = 0,...,7 + 1) and
g=(g::t=0,...,7). In order to solve this problem we first determine the
efficient influence curve for other general statistical models implied by statisti-
cal graphs, before tackling our actual model that has additional structure due
to having common conditional distributions across i.

6.1 Efficient influence curve and its robustness for gen-
eral nonparametric statistical graphs.

We start out with determining the efficient influence curve for a general non-
parametric statistical graph.

Theorem 1 Consider longitudinal data structure O = (L(0), A(0),..., L(1), A(1),Y =
L(r+ 1)) ~ P. Let g = [Ty g0, g = P(AW) | L), Alt — 1), @ = [[2 Qs
Q= P(L(t) | L(t — 1), A(t — 1)), so that the density P factorizes as P = Qg.
Consider the statistical model M that assumes gi(A ( ) | A(t —1),L(t) =

(A1) | ), and Qu(L(®) | Lt = 1), At = 1)) = Q(L(D) | cf) for some
specified functions C{ = c¢H(A(t — 1), L(t)) and CF = cF(A(t — 1), L(t — 1)),
respectively, t = 1,..., 7+ 1. For notational convenience, let ck be a constant

so that conditioning on this can be ignored. Let W : M — R be defined as
Eq¢Y, where Py g« = Qg* is the G-computation formula for the distribution
of O wunder stochastic intervention g*. The efficient influence curve D*(Q, g)
of ¥ at Py 4 is given by

T+1

D*(Q.9) =Y {Eq,(Yg'/g| L(t),C}) = Eqqe(Yg*/g | CI)} .

t=0

Define
ht,Q,g(Ct) = PQ,g(CtL =¢) and ht.q.g+ (cr) = Fq g+ (CtL = ¢y).

Fort =0, we define hy g4 = higq = 1. The efficient influence curve can be
represented as:

D*(Q. 9)(L (1), C}) = »
T“fEQg (V| L(1). Alt = 1), L(t — 1) M= [T g7

Qg(t
= - C At =cy *
S [ By (Y | Alt = 1), Lit — 1) ACHAD L=t 01 o
13 hy.0,q% (CE
= >0 { oy (Y | L(t), CF) — Eq ¢ (Y | CF) —htiz,g((Cf))'
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Thus, if Eq g+ (Y | L(t), A(t — 1), L(t — 1)) only depends on L(t), CL, then this
reduces to

D*(Q.9) = X e -
{Eoq (Y | L(#), A(t =1), L(t = 1)) = Equ-(Y | A(t = 1), L(t — 1))}

Robustness of efficient influence curve: Let Py = Qogo. If h,g,g = ht.Qo.90
and Q¢ = Qoy, then PoDf(Q,g) =0,t=0,...,7+ 1. Also, if hi.o.g = M.
and PyD;(Q,g) = 0, then Eq_, gy,¢+Y — EqggY = 0, where we use notation
Q= (Qs:s#t).

If hig,g = ht.Qo,g0 for all t, then

T+1
POD*(Qv g) = Z{EQ*IHQO,t?g*Y - EQ,Q*Y}'
t=0
Define
T+1
R<Q7 Q()) = Z EQO:t—l*QO:O:t—l7Q0,t*Qt’Qt+1:T+lvg* Y,
t=0

where we used notation Qr, = (Qs : | < s < m). Note that R(Q, Qo) is a
second order term involving square differences between ) and QQy. This implies
that, if hig.g = hi,Qo.qg for all t, then

FD¥(Q,9) = ¥(Qo) — ¥(Q) + R(Qo, Q).
Define

Ry((he, o), (Q, Qo))
_PO{EQQ Y|L() ) EQQ (Y|OL)}thg(thg_thogo)

ht,q,ght, Q0,90

Since the conditional expectation w.r.t. Qo of the difference of the two condi-
tional expectations equals zero if @y = Qo+, it follows that the right-hand side
also involves a difference Qo — @+, and thereby a product (Qor — Q¢)(heg,g —

htQoge)- Let R((h, o), (Q, Qo)) = 3175 Re((he, huo), (Q. Qo). In general, we
have

DX(Q,9) = ¥(Qo) — ¥(Q) + R((h, ho), (Q, Qo)) + R(Q, Qo)-

In particular, for all g, PoD*(Qo,9) =
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Proof. The efficient influence curve is not affected by the choice of model
on g, since the target parameter is only a function of the (-factor, and the
likelihood factorizes as Py, = (Qg. The efficient influence curve is given by
S, E(Yg /g | L(t),CF) — E(Yg*/g | CF). Firstly, we use that

E(Yg'/g| L(t),CF) = E(E(Yg"/g | L(t), A(t — 1), L(t — 1)) | L(1), CY).
The inner conditional expectation is given by
1 T+1 T+1 t—1 4 e B T |
fYHll (;le l+t g l+t+1 Q= [YIIZ Ogl/nglJ’_t 9 l+t+1
= [0 97 /9B (Y | L(1), A(t = 1), L(t — 1)).

The conditional distribution of (L(t), A(t — 1), L(t — 1)), given L(t),CL = ¢t

Y

_ - L(t),A(t—

I(ch(A(t = 1), L(t — 1)) = ch) PEQALD)

LYP(L(t — 1), A(t — 1))/ P(CF = cF)
L)H? salliZ éQl

t thg(cf)

Let Pa(L(t)) = (A(t — 1), L(t — 1)). This proves that

EQ’Q(Yg*/g|L()OtL_C) i1 gx i
= [ Egu (Y | L(t), Pa(L()I(cF(Pa(L(t))) = k) losi i @

b ( L) ht ,Q, g(ct )
= [ Boy (¥ | L(t), CF = cbyharth),

where we integrated over all (A(t — 1), L(t — 1)) for which CF = cF to obtain
the last expression. This proves the representation of the efficient influence
curve (2). The representation under the condition that Egq (Y | L(t), A(t —

1), L(t — 1)) only depends on L(t), cl is an immediate consequence.
We now wish to establish the expectation of efficient influence curve w.r.t.
P,. The expectation w.r.t. Py of Df(Q, g) corresponds with integration w.r.t.

Qt.0Mt,00,90- S0 if heg.g = ht. .90, a0d bt g g+ = It g,,g+, then we have

PoEQg(Yg /9 | L( );cf)
\ 7Y A )EQg Y [ L), P (L(t)))f( {(Pa(L(t))) = c)
=0 9 TTiZ QuQot(L(1) | ¢f)
A fL fAt 1), EQg (Y | L(t), Pa(L(t)))

120 g7 T2 @iQo(L(t) | cE(Pa(L(t)))
= Ethon,ug* Y7
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where we used notation Q_; = (Q; : [ # t). Note that we used Fubini’s
theorem to first integrate out ¢;, using that the indicator will only be non-zero
at ¢; = cf(Pa(L(t))). As a consequence of the disappearing of the indicator,
we end up with a pure marginal expectation w.r.t. Py_, g,,¢Y . Similarly, we
obtain at a @ with hy g 4 = hi,gg g0,

PoEqqe(Yg'/g | L(t). i) = Eqq-Y.

Thus,
POD:(Q: g) = EQ*taQO,tvg*Y - Eng*YV'

Thus, this proves that if hy g, = bty g, and Q¢ = Qo¢, then Py Df(Q, g) =0,
t=0,...,7+ 1. Or, equivalently, if h; o 4 = hi g, 4, and PoD;(Q, g) = 0, then
EQ—t,Qo,tyg*Y - EQ:Q*Y = 0.

If hig.g = hi,qo,g for all ¢, then

T+1
P()D*(Q, g) = Z{EQ—t,Qo,tag*Y - EQ,Q*Y}'
t=0
On the other hand, we have
T+1
\II(QO) - IIJ(Q) = Z EQO,O:t—l7Q0,t7Qt+1:T+179*Y - EQO,O:t—l,QtyQt+1:T+lyg*Y
t=0

We have

+1
tTiol{Eth,Qo,t,g*Y - EQ,g*Y}_
Zt:o {EQO,O:t—l:QO,t:Qt+1:T+lvg*Y - EQo,ozt—1,Qt,Qt+1zr+1,g*Y}

_ T+1
— t=0 EQO:t—l—QO:O:t—l,Qo,t—Qt,Qt+1:r+1,g*Y

= R(Qo, Q)

We note that R(Q, Q) is a second order term involving square differences
between () and (). This proves that if hy g 4 = hi g4, for all ¢, then

PyD*(Q, 9) = ¥(Qo) — ¥(Q) + R(Qo, Q).

It also follows that PyD*(Q,g) = R((h, ho),(Q,Q0)) + R(Q, Qo) + ¥V (Qo) —
U(Q), where R((h, ho), (Q, Qo)) is involves product differences of (h — hg) and
@ — Qo, which is thus also a second order term. Specifically,

Ri((hes heo), (Q. Qo)) = Po {EQ79*<Y | L(t),CF) — Eg g+ (Y | CtL)} 11.0.6" (11.G.0 . Gou0).

ht,QaghtyQoygo
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Since the conditional expectation w.r.t. Qo of the difference of the two condi-
tional expectations equals zero if QQ; = Qo ., it follows that the right-hand side
also involves a difference Qg — )¢, and thereby a product (Qo: — Q+)(heg.y —

ht:Qo,go)'
This proof also shows that PyD*(Qg,g) = 0 for all g. More explicitly,

PoEQog(Yg /9| L(t),ct) .
Lo Jage-1),La- EQog (Y| L(t), Pa(L(t))I(c; (Pa(L(t))) = c)
1 * ht Ct
IT- ogz ]zt:é QroQo(L(t) | c )#(g(;)
We now use Fubini’s theorem to first integrate over L(t) w.r.t. (¢ Since
only the conditional expectation depends on L(t), this yields

PoEqyg(Yg* /9| L(t).cr)
= T Ly s B 0 | PN (Pa(1(0) = )
t—1 g Q _hioler)
1=0 91 l 0 L0R, g glce)
Thus, this provides another explicit proof that PyD;(Qo,g) = 0. This com-
pletes the proof of the theorem. O
The following theorem extends this result in a straightforward manner to
determine the representation of the efficient influence curve corresponding with
the orthogonal decomposition implied by a more general factorized likelihood.
This theorem still assumes that the different factors of the likelihood are vari-
ation independent and nonparametrically modeled.

Theorem 2 Consider longitudinal data structure O = (L(0), A(0), ..., L(7), A(1),Y =
L(t+1) ~ P, and let L(t) = (L(t,j) : 7 = 1,...,my), t = 1,...,7 + 1,
while L(0) is not further decomposed. For notational convenience, let ng = 1,
and L(0,1) = L(0). Let g = [[j_g9:, 9o = P(A(t) | L(t), A(t = 1)), Q =
o [ty Qugs Qg = P(L(t,5) | L(t,1),. ., L(t,j — 1), L(t — 1), A(t — 1)),
so that P Qg. Consider the statistical model M that assumes a model on

9e(A(t) | A(t = 1), L(t)) (such as = gi(A(t) | ¢f')), and
Qt,j(L(taj) | L<t i1 j - 1)7E(t - 1)7"21(t - 1)) - Qt,j(L(t,j) | Cf:j)
for some specified functions c* = ¢ MA(t — 1), L(t) and cf;(L(t - 1 : j —
1),A(t —1),L(t — 1)), respectively, j = 1,...,nyt = 1,..., 7+ 1. The same
results below apply for any statistical model on g.

For notational convenience, let ¢*©) be a constant so that conditioning on
this can be ignored. Let W : M — IR be defined as Eq Y, where Py g« =
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Qg* is the G-computation formula for the distribution of O under stochastic
intervention g*. The efficient influence curve D*(Q, g) of ¥ : M — R at Py,
18 given by

T+1 n¢

=2 D {Eas(Yg' /g | L(t.5).ct)) — Bqy(Yg'/g | ciy)} -

=0 j=1
Let S(t,7) ={(s,k) :s€{0,...,t =1}, k}U{(t,k) : k=1,...,5—1}. Define
htjQo(Crs) = PQH(C = crj) and hyjqg-(crj) = Pog- (Ct] = C1j)-

Ift =0, we define hi—o, g,y = hi=0,0,¢+ = 1.
The efficient influence curve can be represented as:

DYQ,9) = 2y X5y [ Eqer (Y | L(t,5), L(t,1: j = 1), A(t = 1), L(t — 1))
I(CHI(A(t—1),L(t—1),L(t,1:j—1))=C[,) k 1 *H o)
htJ,Q,g(CtL,j) 1€S(t,5) <!
T+1 = 7
— e X [ Bae (Y [ L(t,1: 5 — 1), A(t—l),L(t—l))
I(CRI(A(t=1),L(t=1),L(t,1:-1))=CL.) 1rk—1
Tt .09 (CE;) 1=0 91 1liest.j) Qi
T n h
= t;rolz i L{ECM Y|L(t j) Crfj)_EQ7g*(Y|CtL,j)}'

j=1 htJQgCL

In particular, if Eg (Y | L(t,§), L(t,1: j—1), A(t—1), L(t—1)) only depends
on L(t,j),Ct;, then
* T ne ht,j, ,g*(CtI:j)
D*(Q,9) = 2110 X5 m
{Eqq (Y | L(t,j), Pa(L(t, j))) — Eqq (Y | Pa(L(t,j)))} -

where we used the notation Pa(L(t,j)) = (L(t,1:j — 1), A(t — 1), L(t — 1)).
Robustness of efficient inﬂuence curve: Let By = Qogo. If hjgg =

R j.Qogo @A Qi = Qo j, then PyD (Q g) = 0. Also, if hi ;o9 = Mij.Qogo
and PyDf(Q, g) =0, then EQ—(vao,(t,J)vg*Y EqqaY =0.
If hi j 0.9 = Pt.j.Q0.g0 fOT allt, g, then

T4+1 ne

9) = Z Z{EQ—u,ijo,(t,j)’g*Y — EqgY}.
t=0 j=1
Define
T+1 ne
Q QO Z Z{EQ(t J)—" Qo, (t,5)— ,Qo,t,5—Qt,j, Q(t )+9" K
t=0 j=1
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where Q. ;) represents all factors before (t,7) in the ordering (by column so
that time-ordering is respected), and Q)+ represents all factors after (t, )
in the ordering. Note that R(Q, Qo) is a second order term involving square
differences between @) and QQo. This implies that, if hyjg.q = NtjQo.g0 for all
t, g, then

D(Q. 9) = ¥(Qo) — ¥(Q) + R(Qo, Q).

Define

Ry j((heg, hejo), (@, Qo)) — . )
— PO {EQ,g*(Y | L(t,]),CtL,J) . EQ,g*(Y | CtL,])} t,5,Q,9%* \"2t,5,Q,9 —,5,Qq,90

htJQghtJQogo

Since the conditional expectation w.r.t. Qoy; of the difference of the two con-
ditional expectations equals zero if Q; = Qo j, it follows that the right-hand
side also involves a difference Qor; — Qrj, and thereby a product (Qorj —

Qt,j)(htJQvg_ht,j,meo)' Let R((ha hO)v (Qa QO)) = Zt Zj Rt,j((hh ht70)7 (Qa QO))

In general, we have

PD*(Q, g) = ¥(Qo) — ¥(Q) + R((h, ho), (Q, Qo)) + R(Q, Qo).
In particular, for all g, PoD*(Qq,g) = 0.

Proof. The efficient influence curve is not affected by the choice of model
on g, since the target parameter is only a function of the Q-factor, and the
likelihood factorizes as Py, = (Qg. The efficient influence curve is given by
>, BEYg /g | L(t, ), Cl)— E(Yg*/g | Cl;). Firstly, we use that

E(Yg*/g| L(t,J),CY;) _ i
=E(E(Yg*/g| L(t,7), L(t,1:j — 1), A(t = 1), L(t — 1)) | L(t,5),C[).

The inner conditional expectation is given by

o9/ T+1
fYle ?)glz 1=t Ji HleS(t])c 1£(t,5) Qz

—fYHIZ‘/égz*/ngzTilngzgsm Ve, (t,5) Ql - -
=120 9i /0 Eqe (Y | L(t,5), L(t,1: j = 1), A(t — 1), L(t = 1)).

The conditional distribution of (L(t, j), L(t,1: j — 1), A(t — 1), L(t — 1), ¢{;),
given L(t, j),Cl; = ¢f;, can be written as

s - B L\ P(L(t,1:5),L(t—1),A(t—1))
(A= 1), L = 1), L8, 12 j = 1)) = ) =5 r's

= (el (Al = 1) 2t = 1), (115 = 1)) = cfy) PSR
i 7 I I1 Q
— I(cE(A(t— 1), L(t — 1), L(t,1: j — 1)) = k) 1K zij;fS“;) :
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This proves that

EQvg(Yg*/g | L(t,j).7 Otl:j = CtL,j? . . .
= fEQg (Y [ L(t,5), Pa(L(t, 3))) I (c;;;(Pa(L(t, 5))) = ¢;;)
Hz o 9 Hles(t ) Ql

bt 5,Q,9(ct,5)

Further integration over Pa(L(t, j)) satisfying ¢/ ;(Pa(L(t, j)) = c{; yields the
last representation, and thereby the proof of the representation of the efficient
influence curve (2).

We now wish to establish the robustness w.r.t. Py. Let S(¢,j)" = S(t,5)U
{t,j}. The expectation w.r.t. Py of Df;(Q,g) corresponds with integration
w.r.t. Qrjohe;o.g- S0 if hijo.g = hijgo.g, We have

PoBao(Yg"/g | L(t, ). Ci))

= Jew; JL(t) fAt 1),L(t—1),L(t,1:j—1) Eqq(Y | L(t, j), Pa(L(t,3)))

I(et;(Pa(L(t, 1)) = o) TTizo 97 Tliesc, )Qonm( (t,5) | ces)
th])fAt 1),L(t—1),L(t,1:5— 1)EQ,g (Y [ L(t, j), Pa(L(t, 7))

ITi=0 97 Tlicsg) @Qo (L(t, 5) | ¢ (Pa(L(t, 1))
EQ—(t,ijo,t,j,g*Y-

Here we used Fubini’s theorem to first integrate out ¢; ;, noting that the indica-
tor will only be non-zero at ¢, ; = ¢, (L(t—1), A(t—1), L(¢,1: j—1)). As a con-
sequence of the disappearing of the indicator, we end up with a pure marginal
expectation w.r.t.  Po_, Q0¥ Similarly, we obtain FyEq,(Yg*/g |
Cl;) = EqgY. So we obtain at a Q,g for which hyj g4 = hij g for all

(£,4),

T+1 ne

g) = Z Z EQ—(t,j)vQO,t,j_Qt,jvg*Y

t=0 j=1

As shown in the previous theorem, this reduces to ¥(Qo) — ¥(Q) plus second
order terms R(Q, Qo) The other statements are analogue to the proof of the
previous theorem. This completes the proof of the theorem. O

6.2 Efficient influence curve and its robustness for our
statistical model

We now present the efficient influence curve for our actual statistical model.

Theorem 3 Consider the longitudinal data structure O = (L(0), A(0), ..., L(1), A(7),Y =
L(tr+ 1)) ~ P, and let L(t) = (L(t,j) : 5 =1,...,N), t =0,...,7 + L.
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Let g = [Ti_o - 90 = P(A(t) | L(t), A(t — 1)), Q = T[;2y vathjf Qi =
P(L(t,7) | L(t,1),...,L(t,j—1), L(t—1), A(t—1)), so that P = Qg. Consider
the statistical model M that assumes a model on g;(A(t) | A(t—1), L(t))), and

Qug(L(t, ) [ L(t:1:5—1), Lt — 1), A(t = 1)) = Qe(L(t.j) | eiy)

for a common (in j) Qy, and some specified functions C’L = (fl(t— 1), L(t—
1)) (with common range), respectively, j = 1,...,n, t = 1 ..,7+ 1. Note
that this corresponds with assuming that the components of (L(t,5) : § =
1,...,n) are conditionally independent given L(t—1), A(t—1), with conditional
distributions described by a common Q. In addition, it is assumed that ctLJ be
a d-dimensional function of L(1 :t —1,j) = (L(l,j) : { =1,...,t — 1) and
Lt —1/{L( :t—1,5) forj =1,...,N with d not depending on N. For
notational convenience, let ¢ be a constant so that conditioning on this can
be ignored. Let ¥ : M — R be defined as Eq Y, where Py o = Qg* is the
G-computation formula for the distribution of O under stochastic intervention
g, and Y = 1/NZ§V:1Y]
Define

hej.q(ces) = Pa, g(O = c5) and hyj Q4 (cry) = Pogr (C = ).
Sometimes, we use short-hand notation hy; for hyjqq and hi; for hijqg+. If
t =0, we define hi=0 0.y = =00, = 1. Define, for eacht =1,...,7+1,
Dy(l(t), c(t)) = .
N * . * 12%]
> 1 EBe(Yg* /g | L(t,j) = U(t), ey = c(t)) — Eqe(Yg*/g | cij = c(t) } F(c(t),
where hy, = Zj hij, 3 =1,...,N. If one assumes a common (in j) marginal
distribution for L(0,j), then D}_,(Q,g) = Zj\le Dy(L(0, ), using same for-

mula for Dy as above, with h“ (c(t)) = 1/N. If we only assume independence
of L(0,4) across j, then we deﬁne

N

Dy(Q.9) =Y {Eqq((Yg /9| L(0,)) — Eqqe(Yg*/9)}.

j=1
The efficient influence curve D*(Q,g) of ¥ : M — R at Py, is given by
D*(Q.9) = D§(Q.9) + 75 350, Di(Lit, 5), CFy).
We have fort=1,..., 7+ 1,

ng(Yg /9| L(t,7),CL) — Eqq(Yg*/g| CF) =
T ,g {EQ,Q Y‘ ( )] )70[:]) EQ,g (Y ‘ Ct,j)}'

ht,j,Q,g
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Thus, fort=1,...,7+1,

D80 ~
Y3 i elt) { B (V | L{t.5) = 1), Cfy = e(t)) = Bqur(V | Cly = c(t))}.

so that we can represent the efficient influence curve also as:

D*(Q,9) = Dy(Q.9) + X1t T, SNt (ehy)
{Eqe (Y | L(t,m) = L(t,j),C,, = cf;) — Eqe (Y | Ciy = ci) } -

In particular, if Eq g (Y | L(t,7) = I(t), Cf; = c(t)) — Eq g (Y | Cf; = c(t))

is a function of l(t), c(t) that is constant in j, then

Dy(I(t), c(t))

25 e, o ( .
= ;jhﬁ c(t)) {Eqq (Y | L(t,j) = 1(t),C; = c(t)) — Eq (Y | Cf; = c(t)) }

= B2 (o(1)) { B (V| L(t,§) = 1), Cfy = elt)) — Equ (Y | CF; = c(t)}

- _ N
where ht)th — Z]ZI ht,j,Q,g-
Robustness of efficient influence curve: Let Py = Qogo- If hejgg =

htjQogo for j =1,...,N, and Q; = Qo ¢, then RoDf;(Q, g) = 0. Specifically,
if hejog = MjQoge for all 5 =1,..., N, then PyD (Q g) = Eo oY —
EQg*Y = O

If hi j 0.9 = Pt.j.Q0.g0 fOT allt, g, then

7+1 N

PD*(Q,9) = EgopY — EqeY + DY {Bq .qu.eY — Eqg Y}

t=1 j=1

Define

7+1 N

Q QO Z Z{EQo:t—l—Qo,o:t—l,Qo,t—Qt7Qt+1:‘r+1,g*Y

Note that R(Q, Qo) is a second order term involving square differences between
Q and Q. This implies that, if h j.0.g = Nt.j.Qo.g0 fOr all t, ], then

D*(Q,9) = ¥(Qo) — ¥(Q) + R(Qo, Q).

Define

R((h, ho), (Q, Qo)) = ¥, Z f( ety M Qo280
{Bqq (Y | L(t,m) = I(t), CL,, = c(t)) — Eq(Y | Ck, = c(t)}
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Since the conditional expectation w.r.t. Qo of the difference of the two condi-
tional expectations equals zero if Qr = Qoy, it follows that the t-specific term
on the right-hand side involves a difference Qo+ — Q¢, and thereby a product
(Qos — Qi) (ht — hoy). In general, we have

PD*(Q, 9) = ¥(Qo) — ¥(Q) + R((h, ho), (@, Qo)) + R(Q, Qo)-
In particular, for all g, PoD*(Qo, g) = 0.

Proof. The proof is analogue to the proof of the previous theorem and uses
the following additional lemma. O

Lemma 1 Let To, = {>_; S(L(k,j) | k) o [ S e)Qr(l | ¢) = 0} be the
tangent space of Q. Recall that the marginal density of C,f’j is gien by h;,

j=1,...,N. Let D be an element of L3(P). The projection of D onto Ty, is
given by

||Mz

where

Di(l | c) = Z{E (D | L(k,j) = 1,Cy; = ¢) = E(D | Gty = o)}y c).

Zh(

Proof Lemma: The proof of this lemma consists of two steps. Firstly, one
notes that the conjectured projection is indeed an element of the desired tan-
gent space. Secondly, one shows that D minus the conjectured projection
is orthogonal to any element in Ty, . Define D;(L(k,j) | cx;) = E(D |
L<k>j)7cé,j) —E(D | Cé,j)'

We note that T, is embedded in the larger sub-Hilbert space {3, S;(L(Fk, j) |
Ci;) =[S | o)Qx(l | ¢) = 0}. The projection of D onto this larger
space is given by Zj D;. Thus, the projection of D onto Tf, is given by
H(Z] D; | TQk)' B

Let the conjectured projection be Y. Dy(L(k,j) | cf;). In the remainder
of the proof we suppress the index k& which plays no role. The orthogonality
requirement states that for each f

E{ZDj—ZD}Zf:0.
Thus, for all functions f we have
S A22; Do) = 32, D, e)} 325 £ (1, e)Q(U | )hy(c) = 0.
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This can be rewritten as:

/{ZDj(l,c)hj(C)}f(l,c)Q(l = | D00 S k. o
l,c j
Since this equality needs to hold for all functions f, it follows that

> Dl hy(e) = D(l,¢) Y hy(e)

J J

and thus

ZD l,c)h /Zh

This completes the proof of the lemma. O

The second order terms We note that the second order terms will only
be second order if E(Y; | L(t,m),Cf,,) — E(Y; | CF,,) = 0 for most m (or very
small for most m), so that substituting Y = 1/N >, Y} in the second order
expressions indeed results in a stable average of second order differences.

6.3 Generalization of case that the individuals are in-
dependent

We demonstrate that the last theorem generalizes the efficient influence curve

for i.i.d. data in which case the statistical graph does not make any more con-

ditional independence assumptions than implied by the time-ordering, beyond
the independence of all units.

Corollary 1 Consider longitudinal data structure O = (L(0), A(0), ..., L(1), A(T), L(T+
1)) ~ P, and let L(t) = (L(t,5) : 7 = 1,...,N), A(t) = (A(t,j) : j =
1,....,N),k=0,...,7+1. LetY = ]{,Z L(t+1,j). Let g =[1]_o %> 9t =

P(A(#) | L(t), A(t-1)), Q = TTiZy TT,2s Qugs Quy = P(L(t, ) | L(t, 1), L(t, =
1), L(t — 1), A(t — 1)), so that P = Qg. Consider the statistical model M that
assumes

g(A(t) | At — 1), L(t — 1)) Hgt (t,7) | A;(t = 1), L;(t — 1)),

and
Quj(L(t,5) | L(t:1:j—=1), L(t—1), A(t—1)) = Q:(L(t,5) | L;(t—1), A;(t—1))
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for a common (in j) Qi, j=1,...,n, t=1,...,7+ 1. Thus, we now have

Cl = (A;(t = 1), Li(t — 1)), Cfy = (A;(t — 1), L;(t)), only includes the his-
tory of the j-th individual. The above model corresponds with assuming that
O = (0y,...,0n), Oj = (Lj(0), A;(0),...,L;(1),A;(1),Y;), and O; are inde-
pendent and identically distributed with common distribution [, g: [ ], Q:-

For notational convenience, let ¢k be a constant so that conditioning on this
can be ignored. Let WV : M — IR be defined as Eq 4+Y , where Py g« = Qg* is the
G-computation formula for the distribution of O under stochastic intervention
g, and Y = 1/NZ§V:1Y}.

Define

hiju(crg) = Pag(Cry = cug) and o4+ (cy) = Pog(Cly = cuy)-

Define, for eacht=0,...,7+1,

Di(fe), (1) = h
> 1Bag(Yg* /g | L(t,j) = 1(t),Cl; = c(t) — Eqy(Yg*/g | Cf; = c(t) } 52 (c(t)),
where hy = Zj hej, and hy j(c) = P(ij = ¢) is the marginal density of C’tLJ,

7 =1,...,N. The previous theorem establishes that the efficient influence
curve D*(Q, g) of V: M — R at Py, is given by

7+1 N

D*(@Q.9) = 33 DulL(t.4).CE).

where

Dy(I(2). (1))

= S0 (o()) { g 0o (Y | L(t. ) = U(t), CE; = elt) — Equr (Y | Cl = c(t))}
= B (o(t)) { Eg (Y | L(1,9) = 1(0).Cfs = e(t)) = Bqur (Y | Oy = e()}

ht.Q.q

> _ N
and ht,Q,g = Zj:l ht,j,Q,g- - -

We have hy;oq(a;(t — 1)t — 1)) = Qg(@j(t —1),l;(t — 1)), so that
hi@u /Tg0e(cry) = ey 95(as(s) | aj(s — 1),1;(5))/ Tl 95(as(s) | a;(s —
1),1i(s)). In addition,

EQ,lg*(Y ‘ L@J?a ij) _.EQJQ* (Y ’ CtL,l‘) o _
— By (Y() | L(t.3), Li(t — 1), A3t = 1) = Boure (V) | Lyt — 1), A;(t — 1))}
1s constant in 7. Thus, the efficient influence curve reduces to

D'(Q.9)(0) = 5+ 3° 3 DulL(t. 1), C),

t=0 j=1
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where

Di(L(t,5),Cf;) = g?j(f_lj(t—l%Ej(t—l)){EQ,g*(Y(j) | L(t,5), Ciy)—Eqq (Y (5) | G}

7 Characterizing the optimal asymptotic vari-
ance of the MLE in terms of efficient influ-
ence curve.

Due to our sequential conditional independence assumption, the log-likelihood
can be represented as a sum over time-points ¢ and units ¢, and for each t,
the sum over 7 consists of independent random variables, conditional on the
past. As a consequence, under regularity conditions, one can show that the
log-likelihood is asymptotically normally distributed. Therefore, we conjec-
ture that we can establish so called local asymptotic normality of our statisti-
cal model, which involves establishing asymptotic normality of log-likelihood
under sampling from fluctuations/submodels P._,,  C M of a fixed data
distribution P across all possible fluctuations. As shown in van der Vaart
(1998), for models satisfying the local asymptotic normality condition, the
normal limit distribution of an MLE is an optimal limit distribution based on
the convolution theorem. In this section we informally demonstrate the im-
portance of the efficient influence curve as the random variable whose variance
characterizes the normal limit distribution of an MLE of the target parameter
for our semiparametric network model for N — oo, and thereby characterizes
the normal limit distribution of optimal estimators. As part of this we use a
template for establishing the normal limit distribution of the MLE, which can
be equally well applied to the TMLE in the next section using the true gg.

Even though it is well known that a regular estimator based on sample of
n i.i.d observations is efficient if and only if it is asymptotically linear with
influence curve equal to the efficient influence curve, here we are not interested
in asymptotics when we observe n of our data structures that are indexed by
this parameter N (like observing n networks of size N individuals), but we are
interested in the asymptotics in N based on a single draw of O. Therefore, we
think it is important to point out that the asymptotic behavior of the MLE
based on such a single O when N — oo, showing that the asymptotic variance
is still characterized by the efficient influence curve. Our lesson is that our
goal should still be to construct an estimator that is asymptotically normally
distributed with variance equal to the variance of the efficient influence curve,
appropriately normalized.
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Specifically, we show that, under appropriate regularity conditions, the
asymptotic variance of a standardized MLE v N (N — 1) of the target pa-
rameter (assuming it is well defined asymptotically) equals the limit in NV of
N Py{D*(Qo, g0) }*, where Po{D*(Qo, go)}* is the variance of the efficient influ-
ence curve D*(Qo, go). The formal analysis of an MLE is almost as hard as a
formal analysis of the TMLE since it requires understanding an empirical pro-
cess Zn(Q) specified below uniformly in (), which is challenging due to the fact
that, contrary to Zy(Qo), at misspecified @), the time-specific components of
Zn(Q) cannot be represented as sums of independent random variables, con-
ditional on the history at that time. Since the TMLE is tailored to deal with
the curse of dimensionality (and MLE is a special case of TMLE by defining
the initial estimator for the TMLE as the MLE, assuming this MLE is well
defined estimator), we consider the analysis of a TMLE more important. Such
a formal analysis is presented for the point-treatment K = 0-case in a later
section and much can be learned from that analysis for the purpose of analyz-
ing the TMLE or MLE for general K. Nonetheless, the template below can be
used to establish the asymptotic normality for both the MLE and the TMLE.

Let Qn be an MLE, assuming it is well defined (i.e., all covariates are
discrete and of low dimension relative to N). We wish to analyze the plug-in
MLE ¥(Qy) of 1y. We represent the efficient influence curve as D*(Q, g) =
D*(Q,h(Q,9),¥(Q)). Recall BD*(Qn, h(go, @n), ¥(Qn)) = (Yo — V(Qn)) +

Ry, where Ry is a second order term defined as sum of two terms Ry (Qn, Qo)
and Ry((hn,ho), (Qn,Qo)). The first involves square differences of @y, Qo,
while the second involves the product of differences h(go, @n) — h(g0, Qo)
and Qn — Qp. We will assume that a separate analysis establishes that
Ry = op(1/v/N). Since Qy is an MLE, and D*(Qn, h(go, Qn), ¥(Qn)) is
a score at Py, g, , we have that is solves the efficient influence curve equation,
D*(Qn, h(g0, Qn), V(Qn)) = 0. We also have PyD*(Qo, h, 1) = 0 for any h.
This allows us to establish a first order expansion of the standardized MLE:

(V(Qn) — o) = —FPoD*(Qn, (90, Qn), ¥(Qn)) + Ry
= D*(Qn, (g0, @n), ¥ (Qn)) — PoD*(Qn, h(g0, Qn), Y (Qn)) + Ry

Thus under the assumption that Ry = op(1/v/N), it follows that the asymp-
totic distribution of v N(¥(Qy) — ¥(Qo)) equals the limit distribution of

Zn(Qn) = \/N(D*(QN, h(go, @n), ¥(Qn)) — PoD*(Qn, (g0, Qn), ¥(Qn)))-
A non-trivial analysis as carried out for the case 7 = 1, and using appropri-

ate conditions, can be used to establish that Zy(Qn) — Zn(Qo) = op(1), so
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that Zn(QN) behaves as Zn(Qg) = \/LN(D*(QO, ho, o) — PoD*(Qo, ho, o). 1t

remains to investigate weak convergence of Zy(Qo) as N converges to infinity.
For notational convenience, let D*(Qq) = D*(Qo, ho, o). We have the
following representation from Theorem 3:

(QOag()) Nztz Zm ;:L(CL)ZlDltm< (t7j)’CtL,j)7

where

We can represent this as

D*(Qo, 90) = NZZD* Qo: 90)(Leg, Ct),

where we defined

D:(Qo,go)(L(t’j)’CtLaj): { ZDltm CL)}

Note that Dj(Qo, go) has conditional mean zero, given C/;. In order to claim
that D;(Qo, go) has finite variance one needs that the summation over [ reduces
essentially to a finite sum due to L(¢,m) being conditionally independent of
Y (1), given Cf,,, for most m.

This yields the following representation:

m

ZN(Qo) = \/—ZD (Qo)(L(t,7),CH)),

where Dj is a function of L(t,7) and C/; with conditional mean zero, given
Cf;. Due to factorization of the likelihood as @ = [1: QL pick, 1t follows

that the variance of Zy(Qo) is given by
VARZN(Qo) = ZPO{D (Qo)(L(t, ), CH) 2.

We have

Po{D;(Qo)(L(t,1), Ci) }* = / Dy (Qo)(U(t), c(1))* Qo (L(t) | c(t)hoi(c(t))-

1(t),c(t)
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Thus, the asymptotic variance of Zy () is given by limit of
= lim 37 [ {DHQuE): ) Qa0 (1) el
T i),
where h; = . hy;. Note that we also have that 02 = limy_.. NPyD*(Q)?
equals N times the variance of the efficient influence curve D*(Qo) for the
target parameter ¥ at F.

In addition, we note that Zn(Qo) = >, Zn:(Qo), where Zn,(Qo) =
1/V'N Y, D;(Qo), with D;; = D;(L(t,7),Ck), is a sum of independent ran-
dom variables L(t,1), conditional on A(t—1), L(t—1). By using CLT theorems,
we can therefore establish that for each t = 0,...,7 + 1, Zn(Qo) converges
weakly to a normal distribution Z;(Qo). These t-specific limit random vari-
ables Z;(Q)p) are pairwise independent, so that the sum across ¢ converges to a
normal distribution with variance equal to the sum of the t-specific variances,
and thus o2 as defined above. To conclude, under appropriate regularity con-
ditions, we will have that Zx(Qo) converges weakly to N(0,c3)

This demonstrates that the efficient influence curve characterizes the limit
distribution of the maximum likelihood estimator, and thus indeed character-
izes asymptotically optimal mean zero normal limit distribution identified by
the asymptotic variance of Zy(Qo).

8 TMLE

Consider the likelihood L(Q) =[], ; @; and recall the representation of the
efficient influence curve D*(Q,9) = >, > Di;(Q, g), where D} (Q,g) =
Di(Q,9)(L(t,5),Cl;). Let Qn and gy be an initial estimator. Let Qy;n(e)
be a fluctuation of @) ;n with score at ¢ = 0 equal to D;"j(QN,gN) such
as Qujn(e) = Cle) exp(eD; ;(Qn, gn))Qrjn- Recall that Dy, is a common
function of (L(t,j),C};) so that this submodel is indeed contained in our
model. Let €y be the maximum likelihood estimator, and let @ (€ n),
j=1,..., N, be the update Qtlvj, j=1,...,N. Carry this update out for each
t, which provides a mapping from an initial Q% into an update Q},. Tterate this
updating process till convergence, denote the final updates with (Q;; v : ¢, j),
and let Q3 be the corresponding TMLE of )y. The TMLE of 1)y is now the
plug-in estimator W (Q% ).

By construction, the TMLE solves the efficient influence curve equation
D*(@Q%,gn)(0O) = 0. In the previous section we presented a template for the
analysis of MLE that can be equally well applied to this TMLE for the case
that agn = go.
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8.1 External estimation of h

The efficient influence curve depends on the data generating distribution P
through Q(P), h(P) only. Given estimators of @y, gy, one obtains a plug-in
estimator h(Qy,gn) of hg = h(Fy). The second order term for the standard-
ized TMLE, and thereby the bias of the TMLE, involves square differences of
Qn — Qo, and a product of differences hy — hg and Qn — QQg. This suggests
that the only goal in estimation of gy is to construct a good estimator of hg.
The important advantage of this plug-in estimator h(Qy, gn) of hg is that it
fully utilizes the knowledge coded by the statistical model.

Nonetheless, it may be of interest to construct a direct estimator of hg
separate from an estimator Qn of (). For that purpose we note that Bao is
a density of C’tLJ. We can estimate h; o by using a density estimator treating
ij, j=1,...,N, as ii.d. This corresponds with using as loss-function for
g

L(h)(0) = — Zlog hi(CF5).

Ad hoc refinements based on recognizing that CtLJ are dependent across j can
be based on utilizing the measured connectivity between the N individuals. It
remains to be investigated how these two methods of estimation of hg, plug-in
versus direct estimation, compare w.r.t. behavior of the resulting estimator of

Yo.

8.2 TMLE relying on external estimator of h.

Consider the likelihood L(Q) =[], ; @; and recall the representation of the
efficient influence curve D*(Q,h) = Y, + > Di;(Q,h). We note that even if
h is not compatible with @, D; ;(Q, h) is still a score of @ ; (i.e., it is a function
of L(t,7) and C’tLJ- with conditional mean zero, given ij). This suggests that
in our fluctuations of the TMLE we could use an external estimator Ay of hyg,
and not update hy in the TMLE updating algorithms. This results in the
following TMLE.

Let Qn and hy be an initial estimator. Let Q;n(e) be a fluctuation
of Qi N~ with score at € = 0 equal to Df;(Qn,hn) such as Qjn(€) =
C(e) exp(eD; ;(Qn, hn))Qujn- Recall that Dy ; is a common function of L(t, j), Cf;
so that this submodel is indeed contained in our model. Let €, x be the max-
imum likelihood estimator, and let @, (e ;n), j = 1,..., N, be the update
Qtl’j, 7 =1,...,N. Carry this update out for each ¢, which provides a map-
ping from an initial Q% into an update Q. Tterate this updating process till
convergence and denote the final updates with (Qf; y : t,7), and let Q} be
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the corresponding TMLE of ()y. The TMLE of 1)y is now the plug-in estima-
tor W(Qy). By construction, the TMLE solves the efficient influence curve
equation D*(Q%,hn)(O) = 0. Therefore the previously presented template
for analyzing the MLE and TMLE can be applied to this TMLE as well.

8.3 A simple TMLE

Consider the likelihood L(Q) = [[,; Q:;. Let Qn and hy be an initial esti-
mator. Suppose that under Qx L(t,j) is a deterministic function of CL for
allj=1,...,N,t=1,...,7+ 1. At such a Qn we have that Dy, —Ofor all
t =1,...,7. Under the assumptlon that L;(0) are i.i.d. (note, ht —o=N), we
also have D ;(Q, h)(L(0,5)) = % Yomey By (Y [ L(0,m) = L(0, 5))—¥(Q),
where Y = + SN UL(T+1,4).
We have
h

Di (@) = S T h) Sy 04 - YA (@0, A)
Ik ) i (A) L ()= cT )
; (L, - Hz 09 [liesri1y) @

hT+l m,Q,g .,.+ ,j

Let Qr+15n(€) be a fluctuation of Qry1;n with score at € = 0 equal to
D;k_JrLj(QN, hN> such as QT—HJ,N(E) = C(E) eXp(ED:JrlJ(QN, hN))QTJ,-l,j’N. Let
€r+1,n be the maximum likelihood estimator, and let Q.11 ;n(e-+1,n) be the
update QiH’j?N. Carry this update out for each ¢, which provides a mapping
from an initial QQHJ’N, 7 =1,...,N, into an update Qi+1,j,N7 j=1,...,N.
Iterate this updating process for (Q,41,; : j) till convergence and denote the
final update with (Qy,,;y : j), and let Q} be the corresponding TMLE of
Qo, which thus only updates QY ; 5, j = 1,...,N. The TMLE of ¢ is now
the plug-in estimator U(Q% ). The TMLE solves D*(Q%, hn)(O) = 0.

9 The TMLE of Causal Effect of Single Time
Point Intervention

We will present the TMLE for the point-treatment intervention case (i.e.,
7 = 0). This case is of great interest itself, extends estimation of a causal effect
of a single time point intervention to dependent data of the form studied in
this article, and thereby covers important applications. In the next section we
will formally analyze this TMLE. The tools of the proof will be generalizable
to the general 7 case. In addition, the single time point case allows for a
TMLE that is actually double robust in the sense that it remains consistent if
either Qg or hg is consistently estimated.
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9.1 NPSEM
The NPSEM states:

Ai - .
Y; = Li(1) = fy (¢} (W, A),Uy,)

i=1,....N,
where ¢A(W) is determined by W = (Wy,...,Wy), and ¢! (W, A) is deter-
mined by W, A with A = (Ay,..., Ay). The "friends” F; of subject i may
be included in W;: F; C W,. Sometimes, we denote the baseline covariates
explicitly with the notation (F;, W;) to stress the inclusion of F;. The function

¢ (W) includes W;, beyond summary measures of (W, : j € F;), and might

(2

be defined as (W;, (W; : j € Fj)), assuming that | F; |[< K < oo for some
fixed K, so that ¢(W) can indeed be defined as a fixed multivariate dimen-
sional function not depending on N. Similarly, the function ¢ (W, A) includes
(Wi, 4;), and might be defined as (W, A;, (W;, 4;) : j € F;)). The above
structural equation model assumes that A; and Y; are the same function of
this dimension reduction (W;, (W; : j € F})) and (W;, A;, (W;,A; : j € F))
for each 7, so that two units with the same number of friends who have the
same individual covariate and treatment values, and also have the same val-
ues for the covariates and treatments of their friends, will be subjected to the
same conditional distribution for drawing their treatment and outcome. In our
asymptotics theorem in the next section we treat F;, i = 1,..., N, as fixed,
so that also the probability distribution of O and the target parameter ), are
indexed by the fixed values of (F;:i=1,...,N).

In addition, we assume that Uj,..., Uy are ii.d: note that (since fy,
is allowed to be different for each i) this corresponds with assuming that
Wy, ..., Wy are independent, but not necessarily identically distributed. This
independence assumption on the U;’s implies that 1) Wy, ..., Wy are indepen-
dent, 2) conditional on W = (W, ..., Wy), Ay,..., Ay are independent, and,
3) conditional on (W, A), Y1,...,Yy are independent. Thus, all the depen-
dence between units is not due to the dependence of the errors, but only due
to the interdependence between units as described by the structural equations
that allow that an individual’s treatment and outcome are a function of the
baseline covariates and treatments of its friends.

Causal quantity: Let g* be a conditional distribution of A, given W. Our
goal is to estimate the mean of the counterfactual outcome of Y = 1/N Zfil Y

under the stochastic intervention ¢*. Let Yy« = (Y-, : ¢ = 1,...,N) be
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the counterfactual indexed by a stochastic intervention g* on A, and Y. =

1/N vazl Y, ;. The causal quantity of interest is defined as W¥'(Pyway) =
EY ., which is a parameter of the distribution of (U, W, A,Y).

Identifiability: We observe O = (Oy,...,0Oy), where O; = (W;, A;,Y;). Due
to the above assumptions, the probability distribution of O is given by:

HPWl i) Pajoa(A; | CF) Pyjov (Yi | CF), (3)

where Pyjea(- | ¢*) is a common (in ) density for A for each ¢, and Pyov (- |
c¥) is a common density for Y for each ¢¥. If we assume the randomization
assumption stating that A = (Ay,..., Ay) is independent of Uy = (Uy, : i =
1,...,N), given W = (W;,...,Wy), then the post-intervention probability
distribution Py of (W,Yy) = (W;, Yy 1 i = 1,...,N) is identified by the
following G-computation formula applied to the probability distribution P of
O:

Pp(W,A*Y) = HPW Wi) Py (Y | C)gr (Af | CF) (4)

= (W, ATY), (5)

where P,y is defined by the conditional distribution of Y;, given CY, which
is constant in i = 1,..., N, and where A in the parents CY (A, W) is replaced
by A*. Recall our notatlon CY =Y (W, A), CA = c(W). We denoted the
right-hand side in this G-computation formula with P9, which is thus always
defined as a parameter of the data distribution P for a P in the statistical
model implied by our causal model. In most applications one will have that
the conditional distribution g} of A;, given C#, is constant in 4, and that under
g* (Ay,..., An) are conditionally independent, given W.
Statistical model and statistical target parameter: Let M be the
statistical model for the data distribution P defined by (3) in which Py,
i=1,...,N, and the common Pyca, Pycv are unspecified. Let the statisti-
cal target parameter mapping ¥ : M — IR be defined as U(P) = Epy Y9 <.
Under the stated causal model and identifiability assumptions under which
P = Pp, .y, we have W(P) = UF(Pyy ay), so that W(P) can be inter-
preted as the desired causal quantity. Our goal is to construct an estimator of
o = V(F) based on O = (Oy,...,0n) ~ Py € M.

Let Qw, be the marginal distribution of W; and let ()y be the common
conditional distribution of Y;, given C¥. The target parameter ¥(P) only
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depends on P through Qw,, ¢ = 1,..., N, and Qy. If we want to emphasize
that W(P) only depends on P through Q(P) = ((Qw, : i = 1,...,N),Qy),
then we will also use (and abuse) the notation W(Q) to indicate the mapping
from (@ into the desired estimand.

9.2 Efficient influence curve

Recall the general representation of the efficient influence curve for the longi-
tudinal data structure:

D*(Q,g) = E =1 {EQ,g* (Y| L(0,5)) — EQ@*YC}
+Et 1,5,m gm(cL ) {EQ,Q*(YC ‘ L(ta m) = L(tuj)actl:m = Ct[,/]) - EQvg*(YC | Ctl:m = Ct[,/])} .

We now have 7 = 0, giving the following two terms:

D*(Q,9) = ZN H{EQ.q (Y| L(0, ) — EQgY*}
N S () { B o (Yo | Y (m) = Y (), Gl = €Y ) = Eque(v© | C =€)}

J
We have
EX (Y| Yo, CY) = % 2 jm E7 (Y] | Ym,gY) +1/NY,,
— NZ]#mE*(E*( | Yy, W, A) | Yy,c )+ 1/NY,,
y D E*E*(Yy| W, A) | Yy, Cmg 1/NY,,
N Zg;ém E*(Q<Cg ( 7A)) ’ Ym>Cm) + 1/NYm?

and
P(W, A | Y, C) = I(ch (W, A) = CY) A2
— ](C%WV; A) CY)P(leva) (W,A))

v P()(/YTCLC‘%/L) (IEVCiL)))
= (e, (W, A) = C) &9y
= P(W,A|Cy),
and thereby
BV | Y C) = 5 3 B (e (W, 4)) | CL) + 1/NY,
J#m
Thus,
By | ) = 30 B QU (W, 4) | ) + 1/NQ(CY)
J#m
Therefore,

{Bq-(Y*| Y(m) = Y (§),Ch = CF )~ Fa e (Y| Cly = C}) } = £1¥; - Q(C)),
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which does thus not depend on m.
This proves,

D*(Q,9) = 35 1 {Eqe (Y| L(0, ) — EqqY°}
+y i e {Y; —Qen}.

Theorem 4 The efficient influence curve D*(P) at P € M of target param-
eter ¥ : M — R is given by

" " — (g, cY _
D*(P) = S, { Diy, (Qw, Q)W) + F 5L (v, — (e )}
where
Dy, (W) = g (Y* | W) = Equr (Y
=8 2jet Jow, 97 (| woi, W)Q(e) (a,wi, Wi) [1 1 Qwy (wi) — ¢
N * *
= % 2j:1{E(Y}g WZ) - EWiE(Y;'g Wz)}a

and

mg@©= [ glalw)[[Qulw) = Ewgilc] W)

a,w,c; (a,w)=c

where gi(c | W = w) = Py(cl (A, W) =c | W = w) is the conditional probabil-
ity that ¢l (A, W) equals ¢, given W = w, which is a probability determined by
g(A|W). In addition, h =Y, h;, and h* =, hi with h = hi(g*, Qw).

Double robustness of efficient influence curve: Represent the effi-
cient influence curve as D*(Q, Qw,g). We have

Py D*(Q, Qw,o, go) = Yo — ¥(Q, Qwo)-

Since the efficient influence curve depends on go only through h(g0, Qwyo), we
have that if h(g, Qwo) = h(go, Qwo), then

PyD*(Q, Qwy,9) = to — ¥(Q, Qwy)-
We also have that for all g,
PyD*(Qy,0, Qwio,9) = 0.

Explicit proof of double robustness: Even though our general theorem
can be applied to this single time-point case and this result follows by noting
that the second order term R(Q), Qo) = 0, here we provide an explicit proof of
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the double robustness for this single time point case. We wish to show that

D*(Qw,, Q, g0) = 1y — . We have

D;;Vi(QW,O,Q)( W) = NZJ 1 awg (a|w) ( 7 (a, w))Qw,o(w) — (QaQW,(J)
= 0.

We also have
Ey ) Dy, (_ 0790) =~ i EoZgEgig(Yz - Q(CY))
=¥ 2 Q)()hio(c)dpu(c)

*tho ) Y,O—Q)( )dp ()
= 1ho — V(Q, Qwyp)-

This proves that with D = Dy, + Dy., D* = . D}, we have

Ey Y D} (Qwo, Q. 90) = 0+ o — ¥(Q, Qurp).

This proves the robustness w.r.t. misspecification of Q. In addition, EyD*(Qy, Qwo, 9o) =
0. O

9.3 Estimating equation approach fails.

Consider the efficient influence curve and let’s represent it as an estimating
function in :

N

D*(Q,9.%) = > (Dy.(Q) = ¥) + D3:.(Q, 90)

i=1

where now Dy, = Eq( ;). We will represent it as D*(Q, h, ). Given
an estimator hy and QQn of hg and @)y, respectively, based on the data O, we
can estimate ¢ with the solution of

= D*(Qn, hy,¥)(0).
Since D*(Q, h, 1) = D*(Q, h) — 1, this solution is given by

N
Yn = D*(Qn,hn)(0) = D Dy, (Qn) + D, (Qn, h).
i=1

Interestingly, this estimator would not be consistent if () is inconsistent and
hx is consistent. This follows since we cannot apply our robustness result
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if 1 is not a substitution estimator W(Qy), and there is no reason why
¥y would be a substitution estimator. Indeed, we have EyD*(Q, ho, ) =
N(U(Q) —v¥) + (Yo — ¥(Q)) demonstrating that solving EyD*(Q, ho, 1) = 0
does not imply 1) = 1)9. On the other hand, if 1) = ¥(Q), then the contribution
of Dy, equals zero, and we end up with only the contribution from the Dy, -
components, giving the desired 19 — U(Q). This demonstrates that defining
the estimator as a solution of an estimating equation implied by this efficient
influence curve fails, while TMLE is able to exploit the actual robustness of
the efficient influence curve as a function of @), g, instead of a robustness of a
particular estimating function representation of the efficient influence curve.

Remark regarding balancing the two contributions in the efficient
influence curve The factor 1/N in Dy, might come as a surprise in relation
to Dyy., which is also the factor that completely throws of the estimating
equation approach as illustrated above. To intuitively understand that this
efficient influence curve does indeed represent a balance between these two
contributions, we note the following:

2 Diy, = 2 ABe(Yo" | Wh) = ¥(Q)}

=S SN By | Wy - w(@)}

= % i Lm0 € F)(Bo(Y) | W) — v,(Q))}
where W(Q) = 1/N 3, ¥;(Q), and ¥;(Q) = EqQY}". Thus, indeed the con-
tribution ), Dy, is of the same size as function of N as ), Dj., under the

assumption that | F; |< K < oo for some K < 0o, which is indeed an assump-
tion we made to establish v/ N-asymptotics.

9.4 TMLE

Let ¢g* be given. The target parameter is given by

Yo = EgY 9 :_\I’(Qypa Qwy)
= X200 S Qvo(c) (a,w))g* (a | w)Quo(w).

Let Qn be an estimator of Qy(c) = Eo(Y (i) | C¥ = ¢). Suppose Y (i) €

{0,1} or continuous in (0,1). This estimator Qx could be based on the log-
likelihood loss function
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For example, it could be super-learner based on this loss-function. The esti-
mator could also be based on a squared error loss function

N

Ly(@)(0) = ) _(¥; = Qe)))*.

i=1
Let Qw .y be a nonparametric maximum likelihood estimator of Qu, thus
respecting the model for the joint distribution of W7, ..., Wy. For example, if
W; are i.i.d., then we would estimate this marginal distribution of W; with the
empirical distribution of (Wy,...,Wy). If Wy,..., Wy are only known to be
independent, then we would estimate each marginal distribution of W, with
the discrete distribution that puts mass 1 on the singleton W;, i = 1,..., N:
note that this empirical distribution is equivalent with the joint distribution
that puts mass 1 on (Wi,...,Wy). A plug-in estimator could now be defined
as W(QN;QW,N)-

Let gy be an estimator of gg. Given the model assumption g(A | W) =

[T, 9(Ai | ¢/(W)) for a common conditional density g, this estimator can be
based on the log-likelihood loss:

L(g)(0O) = — Zlogg(Ai | ).

Given gn, Qw,n, Qn, let Qn(e) be a target-parameter specific submodel
through @y defined by

LogitQn(€) = LogitQx + GM.
h(gn, QW,N)
Let

eV = arg min L(Qn(€))(0)

be the maximum likelihood estimator, which simply involves running uni-

variate logistic regression on a pooled data set with binary outcomes Y; and

hg*.Qw,N) (.Y

covariate m<6i ), using as off-set Logit@Qy. This defines now an up-

date Q% = Qn (). The TMLE of 1) is defined as the corresponding plug-in
estimator

w}k\l = qj(Q*Na QW,N)'
We note that this TMLE solves the efficient influence curve equation
D*(Q*N, Qw.n. gn, ¥y)(0) = 0.
Specifically, by being a substitution estimator ¥(Q%) and using an NPMLE
of Qw,o we have ), Dy, (Qy) = 0, while the targeted updating of Qx guar-
antees that ), Dy (Qy, Qw.n, gn) = 0.
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10 Asymptotics of TMLE of causal effect of
single time point intervention.

In this section we state a theorem establishing the asymptotics of the TMLE
of ¥y under conditions. Subsequently, we will discuss the theorem shortly
and discuss statistical inference in terms of confidence intervals. The proof is
deferred to the Appendix. At the end of the Appendix we demonstrate that
our proof is generalizable to the general longitudinal data structures.

Theorem 5 Consider the statistical formulation of data O = (O4,...,0n) ~
Py € M, statistical model M, and statistical target parameter ¥V : M — R,
defined conditionally on the network-profile ¥ = (Fi, ..., Fy). Recall that this
network F implies that Y; only depends on (W, A) through (W;, A; : j € F;),
and that A; depends on W through (W : j € F;). Suppose go is known, and
that W1, ..., Wy are only known to be independent. A probability distribution
of O 1s thus parameterized as

P(O) = HPWi(Wi)go,Aﬁw(Ai | W) Pyier (Y | CF), (6)

where CY = CY(A,W) € C¥ C RY, Pyov(- | ¢) is a density for Y for
each possible ¢ € CY, but is otherwise unspecified, (goaqw 11 =1,...,N) is
known, and each of the marginal distributions Py, is unspecified. This defines

the statistical model M. For a specified stochastic intervention, the target
parameter W : M — R s defined by

U(P) = EPYc’gi = U (Qy, Qwo)
= % Z;V:I fa,w QY»U(C}/<6L7 U)))g* (CL | w)QW,O(w)v

where Qwo(w) = Po(W = w), and QY,O(C}/(Aa W)) = Eo(Y; | A, W). Let
D*(Q, Qw, 90)(O) be the efficient influence curve of ¥ as defined in Theorem
4:
where h(g". Ow)(CY)
A 1 g*a w ;
Dy (@, Qu) = l
W@ )= N g Que?)
and Dy, = E(Ye* | W;) — U(P).
Let Qw,n be the distribution that puts mass 1 on (W1, ..., Wy). Consider
the TMLE ¢y = ¥ (Qy) = V(QN, Qw.) defined above using the known gy in

(Y; — Q(CY)),

46

http://biostats.bepress.com/ucbbiostat/paper300



h(g0, Qw.). As shown above, this TMLE solves

D*(Q%, Qw.n, g0)(0) = 0.

Recall the definitions of ho(c) = Zf\il hoi(c), 1_13 = Zf\il hg i hoi(c) = Pgy.0w.o (CY(A, W) =
¢), hii(€) = Py guo(CY (A W) = ¢), defined as densities w.r.t. dominating

measure u, and let ho = h/hg. Also recall the plug-in estimator hy of ho

implied by go and Qw .
We make the following assumptions:

Entropy condition: Consider a class Fy of functions ¢ — Q(c¥) on a set
in C¥ C R that contains ¢¥ (A, W) with probability 1. Assume that
QY € Fy with probability 1. Consider a class Fy, of functions ¢¥ —
h(cY) on CY C R Assume that hy € Fj, with probability 1. Define the
dissimilarity measure on the cartesian product of F = Fy X Fy:

d((ﬁl,Ql), (71, Q)) = max (sup | hy —h |, sup | Q1 — Q ]) )

ceCY cecY

Assume that there exists some n > 0, so that [ \/log (N (e, F,d))de <
0.

In particular, this assumption holds if supscr, || f |[;< 00 and supscz, ||
f i< oo, where || f ||% is the uniform sectional variation norm as defined
in Gill, van der Laan, Wellner (1996) and van der Laan (1996).

Universal bound: Assume supscro | f | (O) < oo, where the supremum
of O s over a set that contains O with probability 1. This assumption
will typically be a consequence of the entropy condition, such as it is a
consequence of the uniform sectional variation norm condition above.

Consistency and rate condition: Assume d(hy,Q%), (ho, Q%)) — 0 in prob-
ability as N — oo,

Ry B\  ~. A
Raa == (- 1) @y - @) = onl1/VE)
and
Raa = [ {35 - T8 L i — hu)(@vo — @Rt = or (=)
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Positivity type condition: Assume

h*(g", Qwo)

sup —>———%(¢) < 00.
S g0, Qo)

Network structure condition: Assume that there exists a K < oo so that
sup; | Fy |< K foralli=1,..., a.s.

Restriction on dependence of stochastic intervention: Assume that g*((A; :
Jj € E) | W) only depends on W through (W : j € S;) for sets S; deter-
ministically implied by F with sup, | S; |< K < oo for some K < 0o.

First order approximation: Then,

it = 3 JUAO) =~ Rofi) +0p (1Y),

where

fi = D;i(Q*a Qwyo) + fI}V,i + fI%V,i
fLav) = / Q3 (e (a,W))g*(a | W)
h* T * _ _ _
Faw) = [{52 = b } Qo = @l

M) = [ 1 @W) = g’ | W) = gi(e | W)

a

hn(c) = / 1(e (0. W) = gola | W) = gosle | W),

a

Weak convergence of first order approximation: We can orthogo-
nally decompose

fiO) = Bofi = fvi(O) + fa:(O) + fwi(0O),
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where

fY,z' - D;,i - EO(D;F/,i | A7 W)

= H0N00 - Quelc)

fai = Eo(Dy; | AW) = E(Dy; | W)

B0 @ra — G
_/Z:( )(Qyo - Qy)( )go0.i(c| W)

Eo(Dy, | W) = / 2 (Qra = Q)anile | W)
fW,z’ = fI}Vz + fI%Vz + EO(D% | W) - PO{fI}V,i + ftgvl + EO(D;,i ‘ W>}
/ Qv (. W))g™(a | W) - / Qv (0. W))g*(a | ©)Qun(w)

/ Qvolc)gi(c| W) - / Qvo(0)g: (| W)Quwo(w).

For (i,7) € {1,...,N}?, define Rw(i,j) = I(SiNS; # 0), Ra(i,j) =
I(F;NF; #0), and Ry(i,7) = I(Ra(i,5) =1 or Rw(i,j) = 1). We have

1
N > {fi(0) = Rofi} =4 N(0,07), where 0* = 03 + 05 + oy,
and

oY = lim — ZPOsz

N—ooo N

2
Oy = A}LH;O— E RA 11,12 POfAzlfA,zQ
11,192

opy = lim _ZRW i1, i2) P fwiy fwia

N—oo N
11,82

and Pyf denotes the marginal expectation of f(O), given F. As a consequence,
VN — o) =a N(0,0%).
Alternative expression of asymptotic variance: One can also repre-

sent o2 as
2

o A}EHOONZRQ i1,12) Po fiy fis-

11,12
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10.1 Statistical inference

One can estimate o2 by plugging in estimators Q. n, Q% in the expressions
for fy, fwi, fa;. Given an estimator of 0%, one can then construct a confi-
dence interval 1% +1.960y /v/N. If oy is consistent for o, then this will be an
asymptotically valid 0.95-confidence interval. The expression for o2 suggests
that a consistent estimator of o2 relies on consistent estimation of Qy.g, even
though the consistency of 1} only relies on a consistent estimator of hy and
thus go (since the expectation w.r.t. W is consistently estimated). Therefore,
even if 9% relied on a less nonparametric estimator of Qy, we recommend us-
ing a super learner using flexible machine learning algorithms when estimating
this asymptotic variance o2.

On the other hand, we know that in the i.i.d. setting, one can obtain a
consistent estimator of o2 only relying on a consistent estimator of gq, thereby
allowing that Q% is inconsistent. It remains to be investigated till what de-
gree such robust (possibly conservative) estimation of o2 is possible in greater
generality.

We claim that if gg is unknown, and one uses an MLE ¢y according to
some model, then o? is a lower bound for the actual asymptotic variance of
the TMLE, based on a generalization of the result in van der Laan and Robins
(2003). This is due to the fact that gy is an orthogonal nuisance parameter.
Such a result would then allow us to use this same plug-in estimator 0% (using
gn for gp) in the statistical model M in which gq is not known but a correctly
specified model for g is available. Again, such a result will need to be formally
established in future research.

11 TMLE of Causal Effect of Single Time Point
Intervention, when weakening the sequen-
tial conditional independence assumption

One of the fundamental assumptions of our general causal model was that
the U;, i = 1,..., N, were independent, which implied that L;(t), A;(t), ¢ =
1,...,N, are conditionally independent, given L(t — 1), A(t — 1), for all t =
0,...,7 + 1. The latter property we referred to as the sequential conditional
independence assumption, and it implied our factorized likelihood, and al-
lowed us to establish a particular central limit theorem for our TMLE. We
might want to weaken this assumption by only assuming that (L;(t), A;(t))

and (L;(t), A;(t)) are conditionally independent, given L(t — 1), A(t — 1), if
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F;(t)NF;(t) = 0. Returning to our 7 = 0-case, this corresponds with assuming
that U; and U; are independent if F; N F; = (). Specifically, this corresponds
with assuming that, if F; N F; = (), then W; and W; are independent, A; and
A; are independent, given W, and Y; and Y} are independent, given A, W. As
a consequence, under this weaker assumption, the likelihood is given by:

PO) = Qw(W)ga(A [ W)Qy (Y | A, W),

where the joint distribution Qyw, the joint conditional distribution g4 and Qy
satisfy these conditional independence assumption implied by the network (Fj :
i=1,...,N). We still assume the randomization assumption stating that A is
independent of Y+, given W. However, since Y; is affected by (W;, 4;), j € F,
and A; is confounded by variables (W, : [ € F}) that have arrows towards Y;
through Y, it does not suffice anymore to only adjust for (W;, A; : j € F;)
when identifying FY; . That is, to identify the counterfactual mean EY; ;-
we need to adjust for (W, : | € R;), where R; = Ujep, Fj. Let ¢ (a,w) be
a summary measure of (4; : 7 € F;) and (W, : j € R;), and assume that
there exists a common function Q so that E(Y; | A, W) = Q(cY (A,W)), i =
1,..., N. Thus, we assume a model on the conditional distributions of Y;, given
A, W foreachi=1,..., N, but avoid modeling of the actual joint distribution
of the N-dimensional outcome Y beyond the stated conditional independence
assumption. This defines now the statistical model M for the distribution of O,
which is more nonparametric than our previous model covered in the previous
section relying on the sequential conditional independence assumption.

We have the following identifiability result for the counterfactual mean
EoYy = Eo(1/N )2 Yig):

c _ 1 al _
BY;. = N;/W,GQW( g*(a | )Q(e) (a,w)) = W(P).

This defines now also our statistical target parameter ¥ : M — IR. Consider
the following function:

D*(P) = Dy (Qw,Q)(W) + Z Dy, (Q.Qw. 9)(0),

where

D;,(Q,9)(0) = /N33 (v, — Q(CY)
Diy(Qu, QW) = 1/N3., [,g'(a | W)

h(g, Qw)(c) = /N 3, Poy(cf (A, W) = ¢)
h(g', @w)(e) = /N 3, Po (e (A, W) =c).
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We have the same double robustness results as before: EyD*(Qw, Q, go) =
o — V(Qwyo, Q) and EyD*(Qo,g) = 0 for all g. This is shown as before:
Firstly,

Dy Qw0 QWi) = & S0 [, 9" (@ | w)Q(e) (a,w))Quo(w) — ¥(Q, Qo)
=0.

We also have

Eo ), Dy, Qwo,go) =43 EO%E—SQ(E —Q(CY))
= 430, 5 (@Qvo = Q)(@)hio(e)dp(e)

= 5 J h§(e)(Qyo — Q)(c)dpu(c)
=y — ¥(Q, Qwy)-

|

This proves the robustness w.r.t. misspecification of Q:

Eo Y D} (Qwo, Q. 90) = 0+ o — ¥(Q, Qurp).

In addition, it follows trivially that FoD*(Qy., Qwo, go) = 0. Due to this fact
that our previous efficient influence curve is still a valid estimating function
satisfying the same double robustness, we propose to use the same TMLE
procedure to estimate 1y. It might still be of interest to determine the actual
efficient influence curve and a corresponding TMLE, but we leave that for
possible future research.

11.1 TMLE

Let Qn be an estimator of Qy,(c) = Eo(Y; | C} = ¢). Suppose Y; is binary in
{0,1} or continuous with values in (0, 1). This estimator Qx could be based
on the log-likelihood loss function

ZlOgQY - Q)"

For example, it could be a super learner based on this loss function. The
estimator could also be based on a squared error loss function

L,(Q)(0) = (¥ — Qe ).
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Let Qw.x be the empirical distribution that puts mass 1on W = (Wy,..., Wy).
A plug-in estimator could now be defined as ¥(Qy, Qw.n ).

Let gy be an estimator of gg, respecting the statistical model for go. For
example, one could factorize go(A | W) = Hf\il goi(Ai | Ay, Ay, W), and
utilizing the known conditional independencies of A; with A;, given W, and
assume a common model go;(A; | A1,..., A1, W) = go(A; | C#) for some
summary measure C:.

Given gy, Qw.n, Qn, let Qn(e) be a target-parameter specific submodel
through Qu defined by

h(g*7 QW,N)

LogitQy(€) = LogitQn + e—= 12205
gitQn(€) git@Qn h(gw Q)

Let B
€' = argmin L(Qn(¢))(0)

be the maximum likelihood estimator, which simply involves running uni-
variate logistic regression on a pooled data set with binary outcomes Y; and

h(g*,Qw,N) (CY

covariate om0 (i ), using as off-set Logit@Qx. This defines now an up-

date Q% = Qn (V). The TMLE of 1) is defined as the corresponding plug-in
estimator

We note that this TMLE solves the equation

D*(Qx, Qw,n, gn, ¥y)(0) = 0.

Specifically, by being a substitution estimator ¥(Q7 ) and using an NPMLE
of Qw,o we have Djy(Qw.n, Q%)(0) = 0, while the targeted updating of Qx
guarantees that ), Dy, (Qs Qw,gn) = 0 as well.

Since the outcomes are not conditionally independent, given W, A, the
statistical properties of cross-validation to select among candidate estimators
of Qy are not well understood yet. For example, would it be appropriate
to split the N observations randomly into a training and validation sample,
ignoring these dependencies (since it is not obvious how to divide up the sample
in an independent training and validation sample without discarding lots of
observations)? The same remark applies to the use of cross-validation to select
among candidate estimators of the conditional distribution of A, given W.
Here we suffice with the following remark. In order to study the properties of
such a cross-validation selector we will need to understand empirical processes
of the form

ZN(f) = Z fi(f)(o)7
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for a specified mapping f — fi(f) from a class of functions F into functions
of O. With each ¢ there is an associated set R; C {1,..., N}, and it is known
that f;(f) is independent of f;(f) if R; N R; = (. In the appendix we provide
general conditions under which this process Zy = (Zn(f) : f € F) converges
weakly to a Gaussian process Z = (Z(f) : f € F). For completeness, we
provide here the general theorem that is a corollary from the Appendix:

Theorem 6 Consider a process Zy = (Zn(f) : [ € F), with Zn(f) =

1/VN SN £(F)(O), where Eofi(f)(O) = 0, fi(f) is independent of f;(f)
if RiNR; =0, where R; C {1,..., N} is a subset of indices, i = 1,..., N, and
Fis a set of multivariate uniformly bounded real valued functions f : R — R.
We make the following assumptions:

e sup, | R; |< K for some universal K < co.

e For all integers p > 0, {Eofi(f)(OP}? < C || f |l for supremum
norm || f || on F, and universal C' < oc.

e The entropy integral [ \/log N(e, F,| - loo)de < oo for F w.r.t. norm
|+ |loo is finite.

e The marginal distributions Zy(f) converge to a normal distribution Z(f)

forall f € F.

Then Zy converges weakly to a Gaussian process Z identified by the covariance
operator X( f1, fo) defined by

S(fi, f2) = lmyoe & Somy SO0 I(Ri N Ry # 0)Eofi(f1) £5(f2).

We conjecture that, using these fundamental empirical process results, it
will be possible to establish certain types of oracle inequalities for the cross-
validation selector for Q) that simply ignores the conditional dependencies
of the Y;’s, given A, W, between the N observations. Similarly, such results
would then also be obtained for more general conditional distributions such as
go- This will be an area of interest for future research.

11.2 Asymptotic theorem

We can obtain a similar asymptotics theorem for this TMLE as the one pre-
sented in the previous section, due to the fact that it is defined as a similar
target parameter and uses the same TMLE algorithm. The only difference
is that the covariance functions are different due to having allowed for many
more dependencies.

o4
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Theorem 7 Consider the statistical formulation of data O = (O, ...,0On) ~
Py € M, statistical model M, and statistical target parameter ¥ : M — IR,
defined conditionally on the network-profile ¥ = (Fi,..., Fx). Suppose go is
known. Specifically, the model corresponds with assuming that, if F; N Fy = 0,
then W; and W; are independent, A; and A; are independent, given W, and
Y and Y; are independent, given A,W. The likelihood is given by:

P(O) = Qw(W)ga(A [ W)Qy (Y | A, W),

where the joint distribution Qw , the joint conditional distribution g4 and Qy
satisfy these conditional independence assumption implied by the network (F; :
i=1,...,N). Let R; = Ujer F}. Let ¢} (a,w) be a summary measure of (A; :
j € F;) and (Wj : j € R;), and assume that there exists a common function
Q so that E(Y; | AAW) = Q(cV'(A,W)), i = 1,...,N. This defines the
statistical model M for the distribution of O. The statistical target parameter
U : M — R s defined as:
N
Y(P) = Nz/ Qu(w)g*(a | w)Q(c (a, w)).
i=1 Jwa

Consider the following function:

D*(P) = Diy(Qw, Q)(W) + 3 D3 (@, Qu 9)(0),

where

D;,(Q,9)(0) = 1/NHE8 (v, — Q(CY)
Dy (Qw, QW) =1/NY, [, g*(a | W)Q(c) (a,W)) — ¥(Q)
h(g,Qw)(c) = 1/N L, Pog(cf (A, W) =¢)

(g, Qw)(c) = 1/N L, Pog(cf (A, W) = o).
Let Qw .y be the distribution that puts mass 1 on (Wi, ..., Wy). Consider the

TMLE ¢y = ¥(Qy) = ¥(Qx, Qw) defined above using the known go in
h(go, Qw.). As shown above, this TMLE solves

D*(Q%, Qw., 90)(0) = 0.

Recall the definitions of ho(c) = SN | hos(c), by = SN, NG i: hoi(€) = Pyyuo (CY (A W) =
¢), hii(€) = Py quo(CY (A W) = ¢), defined as densities w.r.t. dominating
measure [, and let ho = h/ho. Also recall the plug-in estimator hy of ho
implied by go and Qw.n.
We make the following assumptions:

%)
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Entropy condition: Consider a class Fy of functions ¢¥© — Q(c¥) on a
set in C¥ C R? that contains ¢¥ (A, W) with probability 1. Assume
that Q% € Fy with probability 1. Consider a class Fy, of functions
& — h(c¥) on €Y C R that contains ¢* (A, W) with probability 1.
Assume that /~1*N € Fp, with probability 1. Define the dissimilarity measure
on the cartesian product of F = Fy X Fy:

d((ﬁl,Ql), (iL, Q)) = max (sup | hy —h |, sup | Q1 — Q ]) )

cecY cecy

Assume that there exists some 1 > 0, so that [ \/log (N (e, F,d))de <
0.

In particular, this assumption holds if supscr, || f |[3< 00 and supscz, ||
f i< oo, where || f ||} is the uniform sectional variation norm as defined
in Gill, van der Laan, Wellner (1996) and van der Laan (1996).

Universal bound: Assume sup;cro | f | (O) < oo, where the supremum
of O s over a set that contains O with probability 1. This assumption
will typically be a consequence of the entropy condition, such as it is a
consequence of the uniform sectional variation norm condition above.

Consistency and rate condition: Assume d(hy,Q%), (ho, Q*)) — 0 in prob-
ability as N — o0,
B}k\f BB ~* )k
Ryi=-P | = -+ | (Qy — Qy) =op(1/VN)
hn  ho

and

Raa= [ {35 - 261 L~ o) @ro— @ hadi(c) = or (=)

Positivity type condition: Assume

sup —73*@*’ Qwo) (¢) < o0.

cecv h(g0, Qwo)

Network structure condition: Assume that there exists a K < oo so that
sup; | F; |[< K foralli=1,..., a.s.

Restriction on dependence of stochastic intervention: Assume that g*((A; :
j € E) | W) only depends on W through (W; : j € S;) for sets
S; C{l,...,N} with | S; |< K for some K < 0.
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First order approximation: Then,

= % Z{fz(O) — Pofi} +op(1/VN),

where
fi = D;ZQ QWO)"’sz“‘fWZ
FraW) = [ @ W)t W)

Frawy = {52 Zihm}<c><Qy,o—@;)(@f‘zo(c)du(c)

Ba(e) = / 1(e (0. W) = 0)g*(a | W) = g:(c | W)

hn(c) = / 1 (0, W) = gola | W) = gos(c | W),

Weak convergence of first order approximation: We can orthogo-
nally decompose
fi(O) = fvi(O) + fa:(0) + fw.i(0),
where
fri = Dy, — Ey(Dy,; | A, W)
h*
= 22EN - Qna(C))
fai = Eo(Dy,; | A, W) — Eo(Dy,; | W)
hg

= 2O Qo- Q)

/Z;( )(Qvo — Q3)(c)goi(c | W)

Ea( D3 | W) = [ 2(Qvo = Q) Ousle | W)
s = Fhut Byt BoDi | W) = Polf + fi + Eo(Dis | W)

= / Qvole) (a, W))g*(a | W) - / Ovole (. W))g*(a | 0)Quolw)
4 / Qvolc)gi(c| W) - / Qvo(@)g? (e | w)Quolw).

57

Hosted by The Berkeley Electronic Press



We make the following observations: 1) fy,; depends only on Y;, given
AW, so that fy,, fy; are independent, given A, W, if F;NF; =0, 2) fa, is
a function of A;, j € F;, so that fa; and fa,; are independent, given W, if
Fn Fj+ = 0, where F;" = Uep,Fy, 3) fw, is a function of (W; : j € S)
so that fw; and fw; are independent if S; N S;r = (), where Sl = Ues, F.
Define Ry(i,j) = I(F; N F; # 0), Ra(i,j) = I(F;" N F}" # 0), Rw(i,j) =
I(Sfn S;“ # 0) as corresponding indicators of not being independent. Let
R(i,j) = I(Ry(i,j) = 1 or Ra(i,j) = 1 or Rw (i, j) = 1).

We have

1
= > {fi(0) = Rofi} =a N(0,07), where 0* = 03 + 05 + oy,
and

2
Oy = lim — E RY Z1>22 PonzlszQ
N—>oo
11,82
2
oy = lim — E RA 11,12 POfAquw
N—oo
11,192

opy = lim _ZRW i1, i2) P fwiy fwiia

N—oo N
11,12

and Pyf denotes the marginal expectation of f(O), given F. As a consequence,
VN = th) =a N(0,07).
Alternative expression of asymptotic variance: One can also repre-

sent o2 as

2
o° = lim — E R(iy,12)Po fi, fis-
N—>oo
741 742

12 When only, but carefully, observing a ran-
dom sample of the units in the network

We assume the same structural causal model and deﬁne the same causal quan-
tity of interest ¥l = EoYy., where Y. = 1/N Zz 1Y g+. We already demon-
strated that /" can be represented as a function ¥ evaluated at (g, where

Qo represents the collection of conditional distributions of L;(t), given C’iL (t),
across t. However, we now consider the case that we do not observe the data
on all N individuals.
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Let

O; = (Li(t), cf (Pa(Li(t))), Ai(t), ¢ (Pa(Ai(1)))) : t)

be the data structure for subject ¢ augmented with the summary measures of
the parents of L;(t) and A;(t) for all t. Note that the data O;(t) on subject i
at time t potentially partially overlaps with data on another subject j due to
the parent-data for subject ¢ at time ¢ that includes information about subject
j. We assume that we observe a random sample of size n from {1,..., N},
and that for each of these individuals we observe this data structure O;: thus,
our observed data is O;, 1 =1,...,n.

To summarize, we observe a random sample of size n of the N individuals
making up the population and network of interest for which we assumed our
posed structural causal model, and for each of the individuals in this random
sample we observe all relevant variables that are used by the structural equa-
tions for subject i to generate its realized process (L;, A;). Just for clarity,
this does not mean that if subject i is observed, and subject ¢ is connected to
subject 7 so that O; includes data on subject j, that we observe all the data
on subject 7.

Partial likelihood for random sample of individuals: Under our
causal model, a partial likelihood of O = (Oy,...,0,) (i.e., a likelihood that
only tracks the probabilities on O;(t), conditional on its parents, and ignores
other factors of the likelihood) is given by:

P*(Oy,...,0, H

Note that, even though subject i’s data might be affected by data of other
members of the target population of N subjects that are not included in the
sample, the (i, t)-specific factor on the right-hand side is indeed a function of
the observed data O;(t), and, in particular, the i-specific factor involving the
product over time ¢ is only a function of the observed data O;, i1 = 1,...,n.
Recall that the likelihood for the full NV individuals was given by

t) | e/ (Pa(Li(t)))gi(Ait) | ¢ (Pa(Ai(t)))).

g’:ﬁ

N 741

— TITI Peio(Zi(t) | cF(Pa(La())ge( Ait) | ¢ (Pa(Ai(1)))).

i=1 t=0

Thus, the partial likelihood corresponds with a random selection of factors
of the actual likelihood of the full network of N individuals. It follows that
the log-partial likelihood yields a valid loss function for the same conditional
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distributions of the full likelihood of the N individuals if the sample of n
individuals is a true random sample of the set of N individuals. This proves
that Qo can be expressed as a function of this partial likelihood Fj', showing
the identifiability of Q.

Statistical model for observed data distribution: Each of the condi-
tional distributions P, Pa() are unspecified beyond that they only depend
on parents through c¢f(Pa(L(t))), ¢ (Pa(A(t))), respectively. This defines now
a statistical model M" for the partial likelihood P" of (Oy,...,O,) obtained
by varying the choice of these conditional distributions.

Identification of causal quantity and the statistical target param-
eter: The conditional distributions Pp;, and thereby Py 1) are identified
by the observed data distribution through maximizing the partial likelihood
as n — oo (and also N — o0), while we already established that ¢§ = EY%
can be represented as a W(Qp). Since @y is identified by the partial likelihood
Py, it follows that the counterfactual mean average outcome g = EY of
Y¢ = 1/N)_, Y, under a stochastic intervention ¢g* is identified by the true
partial likelihood Py of the observed data O = (O4,...,0,) as n — oco. This
allows us to define a statistical target parameter ¥ : M™ — IR on all possible
partial likelihoods P™ in the model M™, where W (P;) = 1§ under our causal
model.

To summarize: We note that the distribution of the counterfactual Ly de-
fined by (1) is a factor over N factors identified by the conditional distributions
of L(t) and g*. This expresses EY,. as a function of these conditional distri-
butions (Jy. Since we expressed these conditional distributions as a function
of Py, by simply plugging in this expression for these conditional distributions
in (1) we obtain a mapping from P} into W(F]') defining our statistical target
parameter. This defines a statistical model for the partial likelihood and a
statistical target parameter as a feature of this partial likelihood, and thereby
the statistical estimation problem.

Targeted maximum partial likelihood estimation: Since maximum
partial likelihood estimation is completely analogue to the maximum likelihood
estimator based on the full data on all N individuals we suggest that by
replacing sums over 7 in the efficient influence curve for the case n = N by sums
over the actual n observed individuals we obtain the analogue of the efficient
influence curve for the statistical target parameter. By the same token, we
can define a similar TMLE as well, which we now call a targeted minimum
loss based estimator since we are not maximizing an actual likelihood during
the targeting step.
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13 Discussion

We formulated a general causal model for the longitudinal data generated by
a finite population of connected units. This allows us to define counterfactuals
indexed by interventions on the treatment nodes of the units, and correspond-
ing causal contrasts. We established identifiability of the causal quantities
from the data observed on the units when observing all units or a random
sample of the units, assuming that the size of the population converges to
infinity, under appropriate assumptions. Our causal assumptions implied con-
ditional independence across units at time ¢, conditional on the past of all
units, resulting in a factorized likelihood of the observed data (even though
the observed data is generated by a single experiment, not by a repetition
of independent experiments). To deal with the curse of dimensionality we
assumed that a unit’s dependence on the past of other units can be summa-
rized by a finite dimensional measure, and that this dependence is described
by a common function across the units. This describes now the statistical
model for the data distribution and thereby the statistical estimation prob-
lem. We demonstrated that we can use cross-validation and super-learning to
estimate the different factors of the likelihood. Given the statistical model and
statistical target parameter that identifies the counterfactual mean under an
intervention, we derived the efficient influence curve of the target parameter.
We showed that this efficient influence curve characterizes the normal limit
distribution of a maximum likelihood estimator, and thus still represents an
optimal asymptotic variance among estimators of the target parameter. How-
ever, due to the curse of dimensionality, maximum likelihood estimators will
be ill-defined for finite samples, and smoothing will be needed.

Such smoothed/regularized maximum likelihood estimators are not tar-
geted and will thereby be overly bias w.r.t. the target parameter, and, as a
consequence, generally not result in asymptotically normally distributed esti-
mators of the statistical target parameter. Therefore, we formulated targeted
maximum likelihood estimators of this estimand, and showed that the robust-
ness of the efficient influence curve implies that the bias of the TMLE will be
a second order term involving squared differences of two nuisance parameters.
Subsequently, we focussed on defining and analyzing the TMLE of causal ef-
fects of an intervention on a single treatment node on a future outcome. In this
special case we showed that the efficient influence curve is double robust w.r.t.
two nuisance parameters, one involving the intervention mechanism, and the
other involving the common conditional mean function for the outcome. We
established a formal asymptotic normality theorem under the assumption that
each unit is only connected to fewer than K other units for a universal K.
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In future work it will be of interest to extend this last theorem to the
case that a unit can depend on summary measures across a number of units
that can converge to infinity with sample size. It will also be of interest to
allow that K depends on NN, and establish rates of convergence that are slower
than 1/4/N and establish corresponding (e.g., normal) limit distributions. The
finite sample behavior of these estimators and confidence intervals will need
to be evaluated through simulation studies.

Overall, we believe that the statistical study of these causal models for
networks of units provides a fascinating and important area of future research,
relying on deep advances in empirical process and statistical estimation theory,
while raising new challenges. In the mean time, these advances will be needed
to move forward statistical practice.
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Appendix

Introduction to Appendix

We start out with presenting a general template of our proof of Theorem 4
which establishes the asymptotics of the TMLE for the case 7 = 0. In this
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template we define the remaining ingredients (A1), (A2) and (A3) that will
need to be established in the remainder of the proof. FEach of these three
ingredients is carried out in a separate section. These sections are themselves
organized by special tasks that need to be carried out. We conclude with
demonstrating how our template can be generalized to the analysis of the
TMLE for general longitudinal data structures (i.e., arbitrary integer values

T).

A General template of proof of Theorem 4.

Recall that D* = 1/N Zjvzl D3(0) is a sum over the individuals j. We will use
the notation PyD* = 1/N Zj\;l D3 (0), while ByD* = 1/N 3, Ep,Dj(O) is its
expectation w.r.t. distribution Py. We have D* = Dj,+ D3, PyDiy (Q, Qwo) =

0, By D3 (Q%y, Qwo) = tho— U (Q%, Qwyp), and Py Dy, (QN, QWN) Py D3 (Qn, Qwin) =
0. In particular, this yields

D*(Qy.n, Qwyo) = Yo — ¥ (Qh, Qwro)-

We now proceed as follows:

U(Qn, Qwn) — Yo = ¥(Qx, Quy) — ¥(Qn, Qwo) + ¥(Qx, Qwo) — tho
= \D(QRHQVV,N) (Q?\hQWO) POD>k (QNvQWO)

= U(Qx, Q) — ¥(Qx, Qwo) + (Px — Py) Dy (QN,QWo) )
3 3 _PN{D* (QN7QVY,O) (Q}KWQVV,N)}

= V(QN. Q) — V(QY. Qwo) + (Px — Po) Dy (@, Qwo)
+(Py — PO{ D5 (Qn, Qwn) — Dy (Qx, Qwo)}
+Po{ Dy (Qy, Qw,n) — Dy (Qy, Qwio) }-

We note that
B* h*

(D5 (@ Qua) — D3 (@3 Quat = (12 - 18) (v - ),

where by = h(g*,Qwnx), hiy = h(g*, Qwo), and similarly for hj, hy. We also
note that
(Qx, Qw.x) — ¥(Qx, Qwyo)
=N Ziil {J,Qn(c (e, W))g*(a | W) — [ Qx(c) (a,w))g*(a | w)Qwo(w)}
=~ % >icifwi(W) = Pofiyi} + R,

where

fis = / Q4 (e (0, W))g*(a | W),
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oo = 2 [1@3 - @)aite1w) - [ (@~ @)@t 0)Quwa(w |

We used here that [ Q(c} (a,W))g*(a | W) = [ Q(c)gi(c | W). Define
the process Z‘}VN( _) =+ ZZ A (@) — PofWﬂ(Q)} indexed by @, where
S (Q) = [Q(e)gi(c | W). Note that Ryy = Zj, y(Qy — Q). As a con-
sequence, showing that Ryo = op(1/v/N) corresponds with proving that
Ziyn(en) = op(1/v/N) for a sequence ey that converges to zero w.r.t. some
norm. Therefore, our proof will involve studying this process ZI}V, n and es-
tablishing the required asymptotic equicontinuity. In this manner, we will
establish

RN70 = OP(l/\/N) (AQ)

Thus, we have obtained the following expansion:

Ui — Yo = % iy L (W) = Pofw.i} + (Px — Po) Dy (Qxv, @wo)
+F <— - —> (Qyo — Q%) + Ry,

where

Ry hy ~

Ry = —-P(X - :

N 0<hN h0>(QN QY)

]_l* h*
Py — By | & — = —
+(Pn 0) (hN h0> Y - Qy)
= RN71+RN72.

We assumed that the second order term Ry, = op(1/v/N).
We have

(Pxv — Py) Dy (Qx, Qwyo) = (Py — Po) Dy (Q*, Qwyp)
+(Px — P){Dy(Qn, Qwo) — D3 (Q*, Qw,o) }
= (Py — Po) Dy (Q*, Qwpo) + Ry 3.

We will show that

R]\LQ = OP(l/\/N) and RN73 = Op(l/\/ﬁ)(AS)

Define the process Zn(h ,Q) = (Py — P)h(Y — (), which is a sum of the
form Zy(h,Q) = >, fi(Q,h)(0;) indexed by (h, Q) where h plays role of
h*/h. Showing that Rys = op(1/v/N) and that Rys = op(1/v/N) requires
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showing that Zy(ey) = op(1/v/N) for ey converging to zero w.r.t some norm.
Therefore our proof will involve studying this process, and establishing the re-
quired asymptotic equicontinuity. Specifically, we will decompose this process
in three orthogonal processes that can be represented as sums over functions
of conditionally independent random variables identified by the sets F; (ana-
logue to orthogonal decomposition below of the first order approximation),
and establish this asymptotic equicontinuity for each of the three orthogonal
processes.
Consider now the term

ny Ry
P (hN d ) (@vo—Q}). (7)
N 0
We have
1 N [ A" Qwn)(e)  h(g*.Qwo)(e)) A AxN(Y
f5N§%=1{m%@wwx¢v MG (Qro — Q3)(E)
_ h(g*.Qw,n)(c)  h(g*,.Qw,0)(c) A Ak 7
= 1(90.Qw,n)(©)  hl90,.Qw,0)(0) } (Qvo = Q3 )(c)ho(c)
h* —h* *  — — — = % —
= B () = B (= Ro)(©) } (@vo — Q) (@hole)
+RN,47
where

Raa = [ {3 =4 Ll — ha)(@ra = @Ol

We assumed that Ry 4 = op(1/v/N). We now note that

=Z“P(Oﬂm c)

Ziilf I(c) (a,w) = ¢)goa | w)Quwo(w)

=> T h <go,@wo><>

hy(c) = @ 1f[ (a,w) = c)go(a | ’LU)QWN(U))
Zﬂf aW—wmmHW

o f\i (90,QWN)()

Thus, we can conclude that (7) reduces to

L3 B0 (0) — (g0, Qui) | (@ro — Q5 )(e)olc)
+op(1/VN)

L S0, F(W) + 0p(1/VN)

ZI%V,N + OP(l/\/N)>
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where we note that Pyfi,;(W) = 0. The term Zg, y = 1/N Y {f7:(W) —
Py fi,;(W)} is included in the first order expansion and thus partly character-
izes the normal limit distribution of ¢}, so that its analysis will be part of the
analysis of the first order approximation.

Since h;(g, Qw,n) only depends on (W7y,...,Wy) through (W; : j € F),
where we condition on Fi,...,Fy, we will indeed be able to show that a
term ZI%V, y is itself a normally distributed random variable, even though each
i-specific term is correlated with the j-specific terms when F; N F; # ().

Thus, if we prove (A2) and (A3), then we have obtained the following first
order expansion:

N
U=t = )~ B+ SN - i)
+(Px = Py) Dy (@3, Qwyo) + 0p(1/VN).

Analysis of first order approximation: Let fw,; = fy,, + fi,; The
first order approximation equals

1/N YA Dy (Q*, Qwo) + fwi(W) — Po{Dy; + fwi}}
=1/N3_, fi(O).

Using our notation, this thus equals (Py — Fy)f. It remains to prove that
this first order expansion converges to a normal limit distribution. This proof
has its own outline. Firstly, we decompose 1/N > . f;(O) by fi = fiw +
fia + fiy, where fiw = Eo(fi | W) — Eofi, fiw = Eo(fi | W) — Eofi,
fia = Eo(fi | AW) = Eo(fi | W), and fiy = fi — Eo(fi | A,W). Denote
the three corresponding terms with Zy y + Za ny + Zw,n. Note that Zy y =
1/N Zz{fw,l o= Pofwﬂ;}, where fVVJ = fTW,i + E(D;,z | W) It follows that fVVJ
simplifies to:

(A Y. B / Qvolc (a,W))g*(a | W)
B / Qvolc (a,W))g" (a, W) Quolw)
d / Qvol)g(c | W) - / Qvole)gi(c | W)Quwa(w).

We also note that, conditional on W, A, Z¥ is a sum of independent mean
zero random variables fy;(Y;) (functions of Y;), conditional on W, Z§ =

1/\/NZZ fai((4; 1 j € F))) — Pyfa,; for some fu,;, where A;, i =1,...,N
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are pairwise (conditionally) independent, and Z{ = 1/vV/ N3, fw.(W; : j €
F,) — Py fw,, W; are pairwise independent.
We will show that
Z{/V =d N(O, 0'32/)
Ziv =d N(O, 0'124)
Z8 =4 N(0,0%,) (A1)

with the expressions for 0%, 0% and o, as specified in the Theorem. Here (A1)
represents all three convergence statements. Due to the orthogonality of the
three empirical processes, using moment generating functions, it also follows
that Z9¥ + Z¥ +Z8 =4 N(0,02 = 0% +0%+0%,). For example, we can analyze
EZY+ZYyY =3, clp, k)E{Z¥ Y E{ZY }*~" and use convergence of moments
of each process separately to establish convergence to E(Zy + Z4)P. Once we
have convergence of all moments, and we can bound E(ZY + ZY¥)P < CP
for some C' < oo, which follows from our separate analysis, then we obtain
convergence in moment generating function, and thereby weak convergence.

This finishes the outline of the proof. It remains to establish (A1), (A2),
(A3).

B (A3)

B.1 (A3): Outline of Proof.

Let h = h*/h and we will denote D5, with D3 (h,Q). Our goal is to prove that
VN (Py=Po){D5-(ho, Q)= D" (ho, @*)} = op(1) and VN(Px—Py)}{ Dy (hn, Qi) -
D3 (ho, Qy)} = op(1). Let Poyjawf, Poawf, Pow f, denote the expectation
operators w.r.t their respective conditional distributions. We have

Zy(h, Q) = VN(Py — Po) Dy (h,Q) = VN(Py — Poyaw)Dy (h, Q)
+VN(Py — Poaw)Poya, w D3 (h, Q)N

+vN(Py _~P0,W)PO,A|I/I£PO,Y\A,WD* (h, Q)

= \/LﬁZi]\il h(e) )(Y; — QYO( Y))

+ ke sy h(e)(@ro — Q)
+\/1NZ£V1fh Qv — Q)(¢)g0
= ZY(h) + ZY(h, Q) + ZN(

= J.h(©)(@Qvo — Q)(e)gnilc | W)
g0 o b
h, Q).
We now note that, for a fixed (h,Q), conditional on W, A, ZY is a sum of
independent mean zero random variables fy;(Y;) (functlons of Y) We also
note that for a fixed (h, Q), conditional on W, Z§ = 1/V/NY, fai((4;:j €
F;)) — Pyfa, for some fa;, where A;, i =1,..., N are pairwise (conditionally)
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independent. Finally, for a fixed (iL,Q), Zh = 1/\/NZZ fwi(W, 1 jeF,)—
Py fw,i, W; are pairwise independent. 3

Let Q* be the limit of Qu, and let ho = hg/ho be the limit of hy. We will
use empirical process theory to establish that

2 (h) = Zi;(ho) + op(1)
ZY (hw, QN) = Z4 (ho, Q") + op(1)
Ziy (e, Q) = Ziy(ho, Q") + op(1).
This then establishes Ryo = op(1/v/N) and Rys = op(1/V/'N).

B.2 (A3): Outline of establishing asymptotic equicon-
tinuity of a process

For that purpose, we will apply Lemma 5 in van der Vaart and Wellner (1996),
which concerns establishing weak convergence of a process (ZV(f) : f € F),
indexed by a f = (h,Q) € F. Given that F is a subset of some metric space
of functions with metric d, one defines N (e, F,d) as the minimal number of
balls of size € needed to cover F. In addition, let || ZN(f) ||4= inf{cy : 9(|
ZN(f) | /co) < 1} be the orlics norm of the random variable ZV(f).

For example, one can select the LP-norm || ZV(f) [,= { [ E{ZN(f)}p}l/pof
ZN(f) for arbitrary large p which correspond with the choice of orlics norm
defined by ¢, (z) = 2P. The orlics norm implied by ¥ .(z) = exp(z?) — 1 is
the typical orlics norm pursued in the case of sums of independent random
variables, and this is the one we will also use.

This Lemma 5 states that, if 1) | Z¥(f1) — Z¥(f2) |l is bounded by
cd(f1, f2) for some universal constant ¢ and metric d(f1, f2), 2) F is totally
bounded w.r.t.. this metric d, 3) for some n > 0, [[" ¢~ (N (e, F,d)) de < o0, 4)
the marginal distributions Z ( f) converge to a normal distribution Z(f), then
ZN converges weakly to a Gaussian process Z in (*°(F). We assumed that our
parameter space F for (ho, Qy,) and its difference Fy = {f1 — fo : f1, fo € F}
consists of uniformly bounded functions on a set C* that contains C) (A4, W)
with probability 1, so that 2) holds. We posed 3) as an entropy condition on
the parameter space JF, which will thus hold by assumption. For example,
F could be the class of functions on C¥ € R? that have uniform sectional
variation norm bounded by a M < oo, in which case this entropy condition
holds. Under conditons 1-3 we have that the process ZVV is asymptotically
tight, and, for any sequence ¢,, — 0, we have for each = > 0,

P sup | ZN(f) = ZN(fo) |> x| — 0as N — oc.
d(f1,f2)<0n
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So once we have established the orlics-norm condition 1), then this tightness
can be used to establish that terms ZV (fn) — Z¥(f) = op(1) for random fy
converging to f w.r.t. metric d in probability.

B.3 Bounding the orlics norm of our empirical pro-
cesses.

The orlics norm || - ||, indexed by function 1(x) = exp(x) — 1 is defined as
| X |ly=inf{c>0:FEexp(| X |/C)—1<1}.

Similarly, we define the orlics norm for function 1y(z) = exp(z?) — 1. We
consider a stochastic process Xy(f) indexed by f € F for a class of functions
F. In our application we have that f = (Q, 71) € F represents two real valued
functions Q and h defined on a support ¥ C R? of ¥ (A, W). In addition,
our processes can be represented as X, (f) = 1/VN Zf\il fi(f)(O), where
for each ¢ there is an associated set F; C {1,...,N}, and, if F; N F; = 0,
then f;(f)(O) and f;(f)(O) are independent. For some of our processes, these
independencies are conditional on some random variables. Therefore, we would
need to apply our general proof below conditional on these random variables,
and then take the expectation of the resulting bound, still providing us with
the desired marginal bound on the orlics norm. Thus, we need to bound
| Xn(f) [[o< C || f | for some universal (in N and f € F) C < co. As
outlined in previous subsection, the choice of orlics norm and norm || f || for
f € F is important, since the corresponding entropy requirement on F is that
Jo v (N (e, || - ||, F))de < oo. We will establish our results for the strongest
orlics norm which corresponds with 15(x), while we select the supremum norm
| f |= max(]| Q llos, || 2 ||ss) for the functions f.

Lemma 2 Let|| X |4 be the orlics norm defined above w.r.t. ¥ (z) = exp(z?)—
1. Suppose that for each p

E|Xn(f) P<CWNp) 1117

Let D(N) be a number so that

o

> C(N,2p)D(N)*/p! < 1.

Then,
1

I Xn(f) lle< DY) A
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In particular, if C(N,p) can be bounded from above by C(p) constant in N,
and one finds a D (constant in N ) so that Y~ *, C(2p)D?* /p! < 1, then follows

that || Xu(f) llo< 5 11 £1I-

Proof. We first note

Eexp{(Xn(f)/C)}2 — 1= 3220, EIXNDIO™ _ gro0 BN

p=1 ! p=1" C2pp!

Suppose that for each even p E | Xy (f) [P< C(N,p) || f ||P. Then, we have

C(N,2p) 2p
FEexp(Xn(f)/C)—1< Z C];Pp|" /1 :

So || Xpn(f) ||y is bounded by a C' so that

2p
S o2 (II(j;II) -

p=1

Let D(N) be a number so that
ZC’NZp (N)?/p! < 1.
p=1

Then, C' can be selected so that || f || /C < D(N), or equivalently, C >
f | /D(N). Thus, we have shown that || Xy (f) [[4< || f|l. The last
statement is straightforwardly shown. This completes the proof a

Thus, apparently, it suffices to establish a bound of the type E' | Xy (f) [P<
C(p) || f ||P for some C(p) that is somewhat well behaved as function in p for
p — 00 so that the previous lemma applies.

We use the following lemma to bound the p-th moment of Xy(f).

Lemma 3 Assume that, for each i =1,..., N, and each integer p, we have a
universal constant C so that
| £ = (BEHHOP)P<C £ (8)

Then, we have

P P
EIlfi<IIIfiluscrlirir.
j=1 j=1
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The bounding (8) is a straightforward consequence of our conditions stated in
the theorem.
Proof. By repeatedly applying Cauchy-Schwarz inequality, it follows that

p
ETL 5 < T (EfHHZ)V HHfJ ) lla; -
J Jj=1

By assumption, || f;(f) [l2;< C || f ||, so that the latter is bounded by
Cr|fp. O

The following lemma provides us with an upper bound for C(N, p) so that
E[Xn(f)P<CNp) L ]I

Lemma 4 Assume that, for each i, and each integer p, we have a universal
constant C' so that

| £:(F) o= (BUHOW < C 11

Given an index 7 = (iy,...,i,) € {1,...,N}? (one among NP elements),
we can draw a graph by drawing a line between any two elements i;,,1;, in
{i1,...,ip} whenever the two corresponding sets F(i;,) and F(i;,) have a non-
empty intersection. Let R(iy,...,i,) be an indicator, identified by indices i =
(i1,...,1p) € {1,..., N}, which equals 1 if there exist a set F(i;) among the
sets F(iy),..., F(i,) that is disjoint from the other sets.

Let

C(N.p) = N7 31 - R(i))

Then
| Xn(f) Ih< CN,p)CP || f [P

Proof. We have

E (1/\/NZZ fz)p = N—p/2 Zzl ..... ip ; 1fi]
— N-P/2 > z‘p(l — R(i, .-y ))EH 1fz]

,,,,,

By the previous lemma, we have EJ[}_, f; < C? || f || for a C' < 00, so that
we obtain

E (1/\/N2fi> <SN2NT (1= R(iy, ... i,)C" | £ 7

0150 ip

This completes the proof. O
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Lemma 5 Assume that, for each i, and each p, we have a universal constant
C so that

| fi(f) b= (BU(HOW P <l f -
Assume also that max; | F; |< K. For p an integer, we have E | Xy (f) [P<
C(N,p)CP || f |7, where

C(N,p)

N—P/2 Z (1= R(i1,...,10p))

< QP(K2p)p/2(N _ K2p)p/2N_p/2.

For (z) = ¢ — 1, we have | Xn(f) |4< C1 || f || for some universal
Cl < 00.

Proof. We first need to show that C'(N,p) < 2P(K?2p)P/2(N — K2p)P/2NP/2,
One needs to select p times in a row an element in {1,..., N}, which then re-
sults in one particular i. Without restrictions on this sequence of p draws, one
has N options at each of the subsequent p steps resulting in N? vectors. Sup-
pose we have arrived at the [-th draw, so that we have a sequence (i1, ...,%_1)
with corresponding sets F'(i1), ..., F(i;_1) For a given set F'(i5) we define the
set F(is) = Uierq,)F'(7). For a next 4, we define a binary B(i;) = 1 if F°(4;)
has no intersection with Us<;—1F°(i5), and we define B(7;) = 0 otherwise. The
maximal size of a set F'(i) is K so that the maximal size of a set F(i) is
K* = K2. Suppose B(i;) = 1. Among F(i),..., F(i;), F(i;) is an island, and
one cannot find a single element in {1,..., N}/{iy,...,4;} that connects both
i; and one of the others in {iy,...,4,_1}. In general, an element with B(i;) = 1
will need at least one future s > [ selection with B(is) = 0 in order to connect
i; with 75. Suppose in the sequence of p elements (B(i1), ..., B(iy)) there are
more than p/2 1’s. Then there will be at least one island of size 1 one corre-
sponding with a i, with B(i;) = 1. Thus, in that case 1 — R(i) = 0. Thus, we
only need to count the vectors for which B(iy), ..., B(i,) has at most p/2 1’s.
For a choice with B(#;) = 1, we have at most N — K?p possible choices since
we cannot select any of the elements in F(iy)", ..., F(i;_1)". For a choice
with B(i;) = 0, we have maximally K?p choices. The total number of se-
quences B(11), ..., B(i,) for which there are at most p/2 1’s is upper-bounded
by 2P. The total number of sequences fpresent in one such sequence is given
by (K?%p)P/2(N — K?p)P/2. To conclude, we have the following upper bound

C(N, p) < 2p(K2p)p/2(N _ K2p)p/2N—p/2.

This proves that F | Xy(f) [P< CPC(N,p) || f ||’ We now want to
bound the orlics norm || Xn(f) |4, Firstly, we will do this for the orlics norm
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I X (

= inf

-

| /\

]

"B
/\O‘d

< inf

= inf

HHr—’HHH

Y1(x) = exp(z) — 1. Using that p! > (p/2)!(p/2)?/%, (N — K?p)/N < 1, we
have
o~ CPC(p,N
) llon= mf{ S, MU <1}
o szp (K2p)p/2 X ]éf/z;)” H < }
g 2CFHf|| pP/2
- ( <o > (p/2)! p/2 P2 = }
oo 2v2CVE2?||f||
( m ) < 1}
Thus there exists a ¢y = CO(KQ, C) || f || so that the term on the left of the
inequality is smaller or equal than 1, so that we have shown || Xn(f) |4 <
co(K?,C) || f |- This completes the proof.
Let’s now do the proof for the orlics norm identified by 1. Note E exp{(X,(f)/co)*}—
1= Z;il EX”T(J?QP Thus, we have
ey p!

p=1 !
= inf {CO DD e 02;'221, (K?%2p)P —(N K 2p) T”illjp < 1}

§inf{co Y (MC—OFWD % < 1}'

The term within ()" can be made smaller than an arbitrary number 6 > 0 by
just selecting co large enough. Therefore, we need to show that >, 6pP /p!
is bounded for some small enough § > 0. The proof then proceeds as above
for the v;-orlics norm. Now, we note that, using 1 — z & exp(—=z) for x ~ 0,

and 3% (j—1) =p(p—1)/2,

;% = ?:1{1 —(j—1)/p} = exp(— ?:1(] —-1)/p)
= exp(—>_7_,(j —1)/p) = exp(=1/pp(p — 1)/2) = exp(—(p — 1)/2).

Thus, 32, 67p?/p! behaves as 3%, 67 exp((p—1)/2). Since exp((p—1)/2) <
exp(p) is bounded by a p-th power of e, by selecting § small enough, this sum
can be made arbitrarily small. This completes the proof.

Ol

| Xn(f) ||¢2:inf{c | CCN U 1}

B.4 (A3): Asymptotic equicontinuity of 7.

The process Z = 1/vV/NY_, f¥ is a sum of independent random variables
conditional on (W, A), so that its analysis is a simple imitation of the general
analysis above. The proof that the || - ||, norm of fY(f) is bounded by the
supremum norm of f is trivial.
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B.5 (A3): Asymptotic equicontinuity of Z§

Conditional on W, for a fixed f = (iL,Q), we can represent this process as
VN MA; € F) =1/VNYEL FAC(A; - j € F)), E(ff | W) =0,
where C; € IR? for some d so that we can define f/ : R — R for a fixed d
not depending on N, and A;, i = 1,..., N are independent. Again, the above
general analysis can be applied, and the proof that the || - ||,-norm of f(f)
is bounded by supremum norm of f is trivial.

B.6 (A3): Asymptotic equicontinuity of Z{AV/(;L, Q).

Conditional on Fy, . .., Fy, we can represent Z{.(h, Q) as 1/N 3" {f/V (h, Q) (W :
Jj € Ry) — Pofl} where W;, j = 1,..., N, are independent. Specifically,
IV (h,Q) = [R(Q — Qo)golc | W). If F; N F; = 0, then, conditional on
Fy,...,Fx, fi; and f; are not only uncorrelated, but are completely indepen-
dent. Thus, we can apply our general proof above to establish the bound of
its orlics norm. It is again trivially shown that the || - ||, norm of fV(f) is
bounded by the supremum norm of f.

C Proof of (A2).

Define the process Z%VN( _) = % ZlNzl{f‘}h(Q) — Pofyy;(Q)} indexed by Q,
where f,.(Q) = [ Q(c)g; (¢ | W). We need to prove that Ryo = Zjy, v (Qx —
Q") = 0p(1). This proof is completely analogue to our proof above for es-
tablishing asymptotic equicontinuity of the other Zyy, N(h Q) process analyzed
above, but now with respect to athe supremum norm for Q.

D (A1l): Establishing weak convergence of first
order approximation of standardized esti-
mator

D.1 Outline of proof.
Recall

— Yo & Z fi(0) = Z{fxz‘ + fai+ fwil = 29 + Z + Zy,
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where

o B(Q*) VY — OvaleY
fY,z - }_l(go)( 7 )(YZ QY,O( i ))
. h(Q*) Y/ A A Y
fA,i = h(g())_(Ci )(QY,O - QY)(Ci )
h(g)  \ 7 =~ (o
- [FE0(@r0 = @)t | W)
fui = / Qvae)g (| W) — / Qv (¢ | W)Quwo(w).

We will establish weak convergence of each of the three terms separately.

The proof of weak convergence of Zi¥ can be based on standard CLT since,
conditional on (A, W), Z{ is a sum of mean zero independent random vari-
ables.

Lemma 6 7 = 1/\/NZZ-N:1 fvi converges weakly to a normal distribution
with mean zero and variance

N
1
2 _ : 2
% = Nhl%oﬁzl Fofyi
, - ho(c)
_ 2 2 0
= Jim [ ho(e) oy (c) = —dplc),

where
oy (c; ) = Eo({Yi — Qvo(ci )} | A W) = Eo({Y; — Qvo(ci )} | ¢ (A, ).
For example, if Y; is binary, then the latter expression equals
oy (e} ) = Qvol(l — Qvo)(c}).
Recall that ho/N = % > hog

We establish weak convergence of Z4 by establishing convergence of its p-
th moment. Specifically, we establish that E(ZY)? ~ p*/ QW for p even,
and E(ZY)? ~ 0 for p odd, where p represents the limit of the second moment
E(Z%)%. This convergence in moments implies that Zy converges weakly to a

normal distribution N(0,0% = p), where we utilize the following two lemmas.

Lemma 7 A random wvariable Z with EZP = ﬁpﬂﬁ;m! for p even, and

EZP = 0 for p odd has probability distribution equal to N(0,0% = p), the
normal distribution with mean zero and variance p.
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Proof. We have

Eexp(tZ) =" Lpzr =\ L pzw

p=0 p! p=0 (2p)!

=y 2P —p (2p)!

which is the moment generating function of N (0,02 = p), i.e., a normal dis-
tribution with mean zero and variance equal to p. O

Lemma 8 Suppose EZ%, < C? for a universal C' < oco. Suppose that EZ%, —
PP2p! ) (p/2)12P/% for p even, and EZR, — O for p odd. Then Zy converges in
distribution to Z = N (0,02 = 2d).

Proof. Consider the moment generating function Eexp(tZy) when EZ% —
o/ 2W By Fubini’s theorem,

EY X &zf =Y BEZY.

p=0 p!
Because EZ%, < C?, we have

N EZP<Z Cp

|
o P ot P

which converges to zero in M — oo. Therefore, we can truncate the summa-
tion defining the moment generating function of Zy and focus on establishing

convergence of EZP 0 tl: Z%, but the latter follows from EZY, — EZ? as

N — oo. This proves that
Eexp(tZy) — Eexp(tZ).

This proves that Zy(Q) converges in distribution to Z(Q) = N(0,02 = p) as
N — oc0. O

D.2 (A1l): Establishing convergence of p-th moment for
2
Lemma 9 Let ZY =Y. fi(4), and fi(A) = fi(A; : j € F}). Let

p(jr, o | W) = Eo(fj,(A) fj,(A) | W).
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Specifically, for Z§ we have

<jl,j2 W) = [ 37 (Q = Q)fen) (e2) (@0 — Qe lersea | W)
-[& () (Qo — Q)(e)gou (e | W) [ 38 )

;‘ |

2 (c)(Qo = @)(€)go3o(c [ W),

where go ;. ; is conditional distribution of (Ci(A, W), C;(A, W)), given W, which
only depends on A through (A; : 1 € F; U F}). Let pa(j1,Jj2) = E(p(j1,72 |
W) | F). For two integers (iy,is2), define Ro(i1,i2) as the indicator that the
intersection of N(i1) and N(is) is non-empty. Assume

:‘l

1 . _
N Z PA(Zh 12) —N—ooco PA-

i1,i2,R2(i1,i2)=1

We have for p even,

E (\/LN 2 fi> o @/Q?Wpﬁx/ as N — oo.
For p odd, this p-th moment converges to zero.

Proof. Given an index i = (iy, ... ip) € {1,...,N}? (one among NP), we
can draw a graph by drawing a line between two elements 4;,, 4, in {iy,...,0,}
whenever the two corresponding sets F'(i;,) and F(i;,) have a non-empty in-
tersection. Classify an element (iy,...,7,) by the sizes of the connected sets
that make up the graph of (iy,...,4,). One category of indices is that each
connected set is of size 2, assuming p is even, and let Ry(7) be the indicator
of falling in this category. For each of the other categories with all connected
sets of size larger or equal than 2, but at least one larger than 2, we assume
that its number X of elements is of smaller order than N~7/2: N?/2X — 0
as N — oo. This can be shown to hold under our assumption that | Fi |< K.
In addition, for i with Rg(ﬁ) =1,let j =1,...,p/2 index the p/2 pairs that
are connected, and let j; (i), jo(1) denote the two indices in {i,...,i,} cor-
responding with each j-th pair. We also note that (f;,, fj,) are independent
across the pairs j, conditional on W. We can now state

E (ﬁ pH, fi>p = N?/? Zu, ip Ra(ir, .. ip) Hp/2 Jl l)fm +o(1)
:Nip/22‘ i R (Zl7~~- )Hg 1P(]17.72’W)+0( )’

215-5lp

where

(c2)(Qo—Q)(c2) o ju g (c1, c2 | W).

plirns | ) = [ RN Gy @)(er)
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Let (F;, W;) represent the i-specific baseline covariates, so that F; is sep-
arate from W;. We take a conditional expectation, given Fi, ..., Fy. Condi-
tional on Fi,..., Fy, the indicators Rg(;) are fixed. Since p(ji,j2 | W) only
depends on W through (W; : i € Nj, U Nj,), the sets N;, U N,, in the prod-
uct over j are disjoint across j, and for any pair (¢,1), W;, W, is conditionally
independent, it follows that, conditional on F = (F}, ..., Fy),

P p/2
E <¢%;fi(é)> ~ NP2 “z:w Ry(i, ... ,z'p)jglE(p(jl,jQ W) | F).

Let pn(j1,j2) = E(p(j1, 2 | W) | F). For two integers (i1, i2), define Ry(i1, i2)
as the indicator that the intersection of N(i;) and N (i3) is non-empty. Let
Ro = {(i1,i2) € {1,...,N}? : Ry(i1,iz) = 1}, and Rg/Q is the cartesian

product of this set. Let R = {(iy,...,4,) : Ry(i) = 1}, where we are reminded

that Ry(7) is the indicator of all connected sets among {1, . ..,1%,} being of size
2. We have the following lemmas.

Lemma 10 We have

N=P2Y o erer Be((da -5 = Lo p/2) T2 pw (i )
_ 2 . .
=N p/2 Z(i1,i2)€7312)/2 H?il pN(]la]Q) +0(1)

Proof of Lemma 10. Note that the right-hand side sums over vectors Rg/ 2
while the left-hand side sums over vectors that are both in Rg/ ? and satisty
i € R. Since a vector made up of p/2-connected pairs can correspond with
connected sets of larger size than 2, we have that R C RQ/Q, i.e., the right-
hand side sums over more elements. However, the number of these extra
vectors i € Rg/ ? /R that should not have been counted is of smaller order than
NP/2_so that the contribution is negligible. O

Lemma 11 We have

N_p/2 Zil,...,’ip R2<i17 RN ,Z.p) H?izl pN(j17j2>
\ ¥ L 2 i
. (p/2€?12p/2N p/2 Z(jl,jg)eR’;/z Ry(j1,42:7=1,...,p/2) H?Ll pn (J1, J2)-

Proof of Lemma 11: Consider a vector of three connected pairs (1,1), (2,2), (3, 3)
(i.e., p = 6). These three connected pairs appear 3! (i.e. (p/2)!) times on right-
hand side. However, on the left-hand side, any vector of length 6 with two 1’s,
two 2’s, and 2 3s is counted, and there are 6!/23 (i.e., p!/2P/?) of such vectors:

the number of ordered vectors of length 6 is 6!, but flipping the two 1’s or two

2’s or two 3’s does not yield a different vector. O

Finally, we state the following trivial result
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Lemma 12 We have

p/2 p/2
Z HpN<.]l7]2> - Z PN(il,iz)
(j1,j2)ERE/? I=1 i1,i2,Ra(i1,iz)=1

This proves that

N_p/2 Zil """" N R2(i17 . ,7:];) ?ii pN(jlan) =
| 7 .. . 2 g
(MQI))WN P/2 Z(j1,j2)672§/2 RZ(]IJQ rg=1,... 7p/2) Hfil 'ON(‘h"h)
| 3 2 ..
~ (ZJ/QI)JWN v Z(jhh)engﬂ Hﬁil px(jt: 2)

! L \\P/2
= a7 (VN i P (i i2))

Finally, we assumed that the latter summation within the power converges to
p. Thus,

D.3 (A1l): Convergence of p-th moment of Zi) .

The same proof can be applied to establish the convergence of the p-th moment
of Z{J resulting in the following lemma.

Lemma 13 Let Z&V/ = Zz(fZ(W) - POfi); and fl(W) = fZ(W] : j S Rl) fO?"
set R; defined by F with | R; |< K for some fized K < oo, where we condition
on F. Let
pw (J1: g2) = Eo(f;; (W) f5,(W) [ F) = Eo(f;,(W) | F)Eo(f5,(W) | F).
Specifically, for Z§: we have
#0) = [ Qrale! (@ W)@ | W) = [ Qralelgi (e W),

We assumed that g*((A; : j € F;) | W) only depends on (W; : j € R;) for sets
R; implied by ¥. Thus, in this case

pw (i1, J2) = Ew [ Qvo(er)Qyo(c2)gos(c | W)go,(c| W)
—Ew [ Qvo(c)goj(c| W)Ew [ Qyo(c)goz(c| W).
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For two integers (i1,12), define Ry(iy,i2) as the indicator that the intersec-
tion of F;, and F;, is non-empty. Assume

1 oo _

N Z PW(Zl, Z2) —N—ooo P-

i1,82,Ra(i1,i2)=1

We have for p even,

p

For p odd, this p-th moment converges to zero.

E Outline of proof of asymptotic normality of
TMLE for general longitudinal data.

Recall that D* = 1/N Z;VZI D3(0) is a sum over the individuals j. We will
use the notation PyD* = 1/N Y11, D5(O), while P\D* = 1/N 3" Ep,D5(O)
is its expectation w.r.t. distribution Py. Let W = L(0). We have D* =
Dy, + D7, BDi(Qy. Qwo) = 0, R DI (QY, Qwyo) = o — ¥(Qx, Qwo) + Ry,
and PyDy, (Qy,Qwny) = PnDi(Qn, Qw,n) = 0. We assume that Ry =
0p(1/\/N). In particular, this yields

P D*(Qy, Qwo) = o — V(Q, Qwo) + Bn.
We now proceed as follows:

U(Qn: Qwi) — Yo = VY (Qy, Qwn) — Y(Q, Qwo) + Y(QN, Qwo) — Yo
=V(Qx, Qwn) — V(QN, Qwo) — PoDi (QN, Qwyo) + Ry
=V (Qn, Qwn) — V(QN, Qwyo) + (Pnv — Po) D (QN, Qwp)
—Pn{D7(Qy, Qwyo) — Di(Q¥, Qwn)} + Ry
= U(Qy, Qwn) — ¥(Qy, Qwyo) + (Pyv — Po) DI (Qy, Qwyo)
+(Py — PoO{ D1 (Qn, Qw,n) — DI (Q, Qwo) }
+Po{D;(QN, Qwn) — DI (Qy, Qwyo)} + Rn.

Assume,
V(Qy, Qwr) — ¥(Qy, Qo) = ¥(Q*, Qw) — ¥(QF, Qwp)
=1/N Zz fl}[/z iy OP(l/\/N)

(Py — P){D;(Q%. Qw.n) — Di(Q%, Qwo)} = op(1/V'N)

Po{Di(Qy, Qwn) — DI (Qy, Qwo)} = Po{ D1(Q", Qw,y) — DI(Q", Qwyp) }
+op(1/VN)

=1/N Zz fi%[/z 57 OP(l/\/N)

(Py — Po)Di(Qx: Qwo) = (Px — Po) D} (Q*, Qwyo) + op(1/VN).
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To establish these op(1/v/N)-results, we will have to establish asymptotic
equicontinuity of a process Zy(h, Q) indexed by (h,Q), and we can use the
same template as we used for the single time point case to analyze these
processes. Thus, any function f(O) is decomposed in Soito i (k) Dm0 fAGE

where fL(k:) Eo(f(0) | L(k), Alk — 1)) — Eo(f(O) | L(k — 1), A(k — 1)), and
fawy = Eo(f(O) | L(k), A(k)) = Eo(f(O) | L(k), A(k — 1)). In this manner,

we obtain an orthogonal decomposition of Zy(h,Q) = T+1 Zﬁk (h,Q) +

Y r—o Zﬁf(k)(h, Q). Each of these orthogonal components of thls process will
be analyzed separately completely analogue as we analyzed our orthogonal
components Zyy, Zn,a and Zy y for the single time point case. For example,
we can represent Zy ruy as »,; fi(L(k) | Pa(L(k))), where f; has conditional
mean zero, given Pa(L(k)) (L(k — 1), A(k — 1)), and f; only depends on
L(k) through L;(k) for j in a finite set (e.g., F;(k)), and apply our general
results above for analyzing such processes.
In this manner, we obtain the following first order approximation

U=t = )~ B+ SRV — Rufi)
+(Pn = Po)D}(Q", Qwy) + or(1/VN).

Analysis of first order approximation: Let fy; = fvlw + fgw The
first order approximation equals

1/N Y AD; (Q%, Qo) + fwi(W) — Po{ D5 ; + fw,}}
=1/N>, fi(O).

Using our notation, this thus equals (Py — Py) f. It remains to prove that this
first order expansion converges to a normal limit distribution. This proof has
its own outline. Firstly, we decompose any f(O) as f = 1/N ZTH fran(O) +

Y reo fau (O), where

fuw(0) = E(f | L(k), 7(’?—1)) E(f | L(k = 1), A(k — 1))
faw(0) = E(f | L(k), A(k)) — E(f | L(k), A(k — 1)).

In this manner, we decompose /N (Py—Py) f orthogonally in 3770 ZN L(k)(f)+
> k=0 A(k )(f), where Ziv(k) =1/VN Zil fiL(ry and Z,Jva(k)(f) = 1/VN Zi\il itk

We will then need to show that

Z2g =a N(0,07 ;)
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Due to the orthogonality of the empirical processes, using moment generating
functions, it also follows that

D Zhw + D Zhuy =a N(0,07 =) ofuy + > ohay).
k k k k
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