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One-Step Targeted Minimum Loss-based
Estimation Based on Universal Least
Favorable One-Dimensional Submodels

Mark J. van der Laan

Abstract

Consider a study in which one observes n independent and identically distributed
random variables whose probability distribution is known to be an element of a
particular statistical model, and one is concerned with estimation of a particular
real valued pathwise differentiable target parameter of this data probability distri-
bution. The canonical gradient of the pathwise derivative of the target parameter,
also called the efficient influence curve, defines an asymptotically efficient esti-
mator as an estimator that is asymptotically linear with influence curve equal to
the efficient influence curve.The targeted maximum likelihood estimator is a two
stage estimator obtained by constructing a so called least favorable parametric
submodel through an initial estimator with score, at zero fluctuation of the initial
estimator, that spans the efficient influence curve, and iteratively maximizing the
corresponding parametric likelihood till no more updates occur, at which point
the updated initial estimator solves the so called efficient influence curve equa-
tion. The latter property establishes the asymptotic efficiency of the TMLE under
appropriate conditions, including that the initial estimator is within a neighbor-
hood of the true data distribution.

In this article we construct a one-dimensional universal least favorable submodel
for which the TMLE only takes one step, and thereby requires minimal extra
fitting with data to achieve its goal of solving the efficient influence curve equa-
tion. We generalize these to universal least favorable submodels through the rel-
evant part of the data distribution as required for targeted minimum loss-based
estimation, and to universal score-specific submodels for solving any other de-
sired equation beyond the efficient influence curve equation. We demonstrate the



one-step targeted minimum loss-based estimators based on such universal least
favorable submodels for a variety of examples showing that any of the goals for
TMLE we previously achieved with local (typically multivariate) least favorable
parametric submodels and an iterative TMLE can also be achieved with our new
one-dimensional universal least favorable submodels, resulting in new one-step
TMLE:s for a large class of estimation problems previously addressed. Finally,
remarkably, given a multidimensional target parameter, we develop a universal
canonical one-dimensional submodel such that the one-step TMLE, only maxi-
mizing the log-likelihood over a univariate parameter, solves the multivariate ef-
ficient influence curve equation. This allows us to construct a one-step TMLE
based on a one-dimensional parametric submodel through the initial estimator,
that solves any multivariate desired set of estimating equations.



1 Introduction

Big data is taking over the world. The dimension of the data per unit as well as
the number of units on which one collects data has increased drastically over time.
We want to use data to learn the answer to a specific question about the underlying
experiment that generated the data. Many of the current statistical methods are
outdated by relying on parametric models that are much too simplistic to describe
the reality behind the data, making their coefficients non-interpretable, and statis-
tical inference more of game than a serious scientific effort. By not viewing the
selection of the statistical model as a choice driven by the actual data experiment
and the knowledge we have, the choice of statistical model and corresponding es-
timation and statistical inference becomes a non-scientific choice. By starting out
with a simplistic unreasonable formulation of the actual estimation problem, one
has given up on understanding the reality and one will be blinded regarding any
challenges one needs to deal with in order to approximate the true answer as best
as possible. An important consequence of this arbitrariness is that different data
analysts that are given the same data and scientific question of interest will end up
reporting drastically different results simply by selecting different models (Starmans,
2011). That is, if in the practice of statistics we do not respect the true meaning
of a statistical model as a set that is known to contain the true data distribution,
the field of statistics will be a wild-west: anything goes! It will lack respect for data
and for the science behind it.

Targeted learning (van der Laan and Rubin, 2006; van der Laan, 2008; Rose and
van der Laan, 2011) is a subfield of statistics concerned with the development of
targeted machine learning algorithms that provide statistical inference for specific
target parameters of the data distribution, across possible data distributions within a
realistic statistical model. By necessity any such procedure cannot rely on arbitrary
choices such as the selection of a parametric model or a specific machine learning
algorithm, and needs to construct estimators whose sampling distribution can be
estimated so that valid confidence intervals can be constructed. The latter requires
the estimator to be as unbiased as possible so that the bias can be ignored in
statistical inference. The first step in targeted learning is the formulation of a
statistical model that contains the true probability distribution of the data, at least
till close approximation, and includes the actual available knowledge about the
experiment, requiring deep study of the experiment. Given such statistical models,
the target parameter needs to be carefully defined to best approximate the answer to
the scientific question of interest. This often involves defining an underlying causal or
full-data model, defining a causal quantity or full-data target parameter of interest,
and establishing an estimand that identifies this target quantity from the observed
data distribution. The statistical estimation problem is now defined by the statistical
model and the target parameter mapping that maps any probability distribution in
the statistical model in the corresponding value of the target parameter. By having
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defined the estimation problem honestly, the estimand can be honestly interpreted,
and any estimator can now be scientifically judged and evaluated, both theoretically
and practically through simulation studies. A possible sensitivity analysis might
shed some more light about the possible discrepancy between the estimand and
the underlying target quantity of interest, due to violations of the identifiability
assumptions.

Fortunately, efficiency (Bickel et al., 1997) and empirical process theory (van der
Vaart and Wellner, 1996) for general statistical models provides a great foundation
for the construction of such targeted machine learning algorithms. The canoni-
cal gradient of the pathwise derivative of the target parameter mapping defines
an asymptotically efficient estimator as an estimator that is asymptotically linear
with influence curve equal to the canonical gradient, which is the reason that the
canonical gradient is also called the efficient influence curve. The construction of
an efficient estimator of a pathwise differentiable target parameter will thereby nat-
urally involve the utilization of this canonical gradient. The one-step estimator
(e.g., (Bickel et al., 1997)) is such a general method that adds to an initial estima-
tor of the target parameter the empirical mean of the estimated efficient influence
curve. Estimating equation methodology (van der Laan and Robins, 2003; Robins
and Rotnitzky, 1992) represents a related methodology that assumes that the ef-
ficient influence curve can be represented as an estimating function in the target
parameter and a nuisance parameter, and defines the estimator as the solution of
the resulting estimating equation. The targeted maximum likelihood estimator is
a two stage estimator obtained by constructing a parametric submodel through an
initial estimator of the data distribution with score, at zero fluctuation of the initial
estimator, that spans the efficient influence curve, and iteratively maximizing the
corresponding parametric likelihood till no more updates occur, at which point the
updated initial estimator solves the so called efficient influence curve equation. The
TMLE of the target parameter is now the corresponding plug-in estimator. The
fact that the targeted estimator of the data distribution solves the efficient influ-
ence curve equation provides the basis for establishing the asymptotic efficiency of
the TMLE under regularity conditions, beyond the crucial condition that the initial
estimator is within a neighborhood (e.g., n='/4) of the true data distribution. To
minimize the degree of violation of this crucial rate-of-convergence condition on the
initial estimator as much as possible, we have proposed to construct such an initial
estimator with the ensemble super-learner template fully utilizing the power and
generality of cross-validation(van der Laan and Dudoit, 2003; van der Vaart et al.,
2006; van der Laan et al., 2006, 2007; Polley et al., 2012), while integrating the state
of the art in machine learning. This super-learner has been proven to be optimal in
the sense that it performs asymptotically as well as the best weighted combination
of candidate estimators in its library of candidate estimators.

This parametric submodel through the initial estimator with a score that spans
the efficient influence curve is called least favorable because it is the parametric sub-
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model that maximizes the asymptotic variance of the submodel-specific maximum
likelihood estimator of the target parameter under sampling from the initial estima-
tor. In this article, we point out that this least favorable parametric submodel can
also be interpreted as the submodel that maximizes the absolute infinitesimal change
in target parameter (relative to initial estimator) divided by the information-norm
of the infinitesimal change in probability distribution (relative to initial estimator).
This provides a nice intuition about the targeted maximum likelihood step in TMLE
as a fitting procedure that locally maximizes the change in target parameter per unit
amount of fitting as measured by unit of information. However, it also shows that
this choice of submodel is tailored to be optimal locally around the initial estimator,
so that its optimality relies on the initial estimator being close enough to the true
probability distribution.

This motivates us in this article to define and construct a one-dimensional uni-
versal least favorable submodel whose score equals the efficient influence curve at
each of its parameter values, not just at 0, and show that such a universal least
favorable submodel makes the targeted maximum likelihood estimator perform the
desired job in one step, with minimal additional fitting of the data. As a conse-
quence, it maximally preserves the statistical performance of the initial estimator,
while achieving its desired targeted bias reduction. In particular, this universal least
favorable submodel avoids the need for iterative targeted maximum likelihood esti-
mation, and thereby possible overfitting in finite samples. It also provides the basis
to various generalizations as needed for targeted minimum loss-based estimation of
a possibly multivariate target parameter.

1.1 Organization of article

Up till the last few sections we will focus on one-dimensional target parameters. In
Section 2 we provide the above mentioned intuition behind a local least favorable
one-dimensional parametric submodel through an initial estimator of the data dis-
tribution as a submodel that maximizes, at zero fluctuation, the rate at which the
target parameter changes per change in initial estimator of data distribution, where
the latter is measured by the Kullback-Leibler divergence. Motivated by this intu-
ition, in Section 2 we define universal least favorable one-dimensional submodels,
and show that these now maximize the above rate of change in target parameter
at each amount of fluctuation of the initial estimator, and demonstrate that this
property results in a one-step targeted maximum likelihood estimator. In Section
3 we define a general universal least favorable submodel analytically in terms of a
differential and integral equation, and show that its key property indeed holds. We
also present its corresponding practical implementation based on discretizing the
differential equation and integral equation while making sure that, in spite of the
discretization, it results in a submodel by using a local least favorable parametric
submodel. In the Appendix we showcase this universal least favorable submodel
and its corresponding one-step TMLE for estimation of a particular target param-
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eter in a (high-dimensional) parametric model. In Section 4 we generalize these
universal least favorable submodels for fluctuating a data distribution (defined as
minimizer of the risk of the log-likelihood loss) to universal least favorable submod-
els fluctuating an infinite dimensional parameter of the data distribution, defined
as a minimizer of the risk of a specific loss-function. In Section 5 we demonstrate
this loss-function specific universal least favorable submodel and corresponding one-
step TMLE for nonparametric estimation of the causal effect of treatment among
the treated, resulting in a new one-step TMLE relative to the previously proposed
iterative TMLE (Zheng et al., 2013). In Section C in the Appendix we generalize
the universal least favorable one-dimensional submodels to universal score-specific
one-dimensional submodels that can be used to update an initial estimator into an
estimator solving any user supplied desired score equation, not just the efficient in-
fluence curve equation. This allows us to construct one-step TMLE based on such
universal score-specific one-dimensional submodels that satisfy additional desirable
properties beyond asymptotic efficiency when the initial estimator converges to the
truth. In Section C We demonstrate this with various examples, revisiting previous
iterative TMLEs that relied on higher dimensional local least favorable submodels.
In Section D in the Appendix we generalize the universal least favorable (or desired)
submodels w.r.t. some loss function to the case that the loss-function depends it-
self on unknown nuisance parameters, and propose corresponding one-step TMLE
using these universal least favorable submodels. In Section D We demonstrate this
one-step TMLE for estimation of the counterfactual mean under a dynamic multiple
time-point intervention based on a longitudinal data structure, resulting in a new
very simple TMLE that only requires minimizing an empirical risk over a single
fluctuation parameter, while our previous TMLE would use a separate parameter
for each time point (Gruber and van der Laan, 2012; Petersen et al., 2013).

In Section 6 we set as our goal to generalize these universal one-dimensional
least favorable submodels targeting a one-dimensional parameter to universal least
favorable submodels that target a multidimensional parameter, or more generally,
whose corresponding one-step TMLE map an initial data distribution into a targeted
update that solves a user supplied multidimensional (e.g., efficient influence curve)
equation in the probability distribution. Remarkably, we are able to construct a one-
dimensional universal canonical submodel for which the resulting one-step TMLE
solves the desired multidimensional efficient influence curve equation in the data dis-
tribution. We will refer to this submodel as the canonical submodel again since it is
uniquely characterized by the (now multivariate) canonical gradient. As before, we
will present the analytic differential and integral equation definition of this canon-
ical submodel as well as a practical implementation analogue in terms of a local
multidimensional least favorable submodel. The generalization to one-dimensional
universal score-specific submodels that imply that the one-step TMLE solves the
desired multidimensional score equation are immediate. Our presentation also ap-
plies to infinite dimensional pathwise differentiable target parameters. In Section
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7 we demonstrate that this generality of our universal canonical one-dimensional
submodel yields a one-step TMLE of a dynamic treatment specific counterfactual
survival function, solving an outstanding problem in the literature: i.e. how can one
compute an efficient substitution estimator (i.e., TMLE) of a high or even infinite
dimensional target parameter. In Section 8 we present the generalization of this
universal canonical submodel to arbitrary loss functions, not just the log-likelihood
loss, and in Section 9 we further generalize it to loss functions that depend on a
nuisance parameter. In Section 9 we also apply the corresponding one-step TMLE
to obtain a new TMLE for the d-dimensional parameter of a working marginal struc-
tural model for the conditional counterfactual mean given effect modifiers of interest
under a class of multiple time-point dynamic interventions. Our previous TMLE
would use a least favorable submodel with a d-dimensional parameter at each time
point, while this TMLE only maximizes over a single univariate parameter. Finally,
we conclude with a conclusion in Section 10.

1.2 Statistical formulation of the goal and result of this article

Let O1,...,0, be n independent and identically distributed copies of a random
variable O ~ Py with probability distribution P, that is known to be an element
of a set M of possible probability distributions. We refer to M as the statistical
model for the true data distribution Py. Let ¥ : M — R? be a d-dimensional
target parameter mapping, so that 1y = ¥(F) represents the target parameter or
estimand of interest that best approximates the answer to the question of interest.
We assume that ¥ is pathwise differentiable at each P € M with canonical gradient
D*(P). We will use notation Pf = [ f(0)dP(o) for the expectation operator w.r.t.
P. That is, for each path {P., : €} through P at e = 0 and score S}, indexed by h
in some index set H, we have

i\I’(Peh) = PD*(P)S,

de Nemo

and D*(P) is the unique gradient that is also an element of the so called tangent
space T(P), defined as the closure of the linear span of all scores {S}, : h € H} in
the Hlibert space L3(P) of functions of O with mean zero under P, endowed with
the inner-product (S7, S2) = PS1.52.

An estimator of v is a mapping U that maps the empirical probability distribu-
tion P, of Oy, ..., 0, into the parameter space ¥(M) C R, and the corresponding
estimate of g is given by v, = \iJ(Pn). An estimator \iJ(Pn) is asymptotically ef-
ficient at Py if and only if it is asymptotically linear with influence curve equal to
the canonical gradient D*(FPp):

U(P,) — W(Py) = (P, — Po)D*(Py) + op(1/y/n).

Such an estimator satisfies (by CLT) satisfies \/n(¢n—10) =4 N(0, X0 = Py{D*(Py)D*(Py)"}),
so that statistical inference can be based on the estimator of its influence curve
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D % (Pp). The canonical gradient D*(Py) of ¥ : M — IR% is also called the efficient
influence curve.

A targeted maximum likelihood estimator (TMLE) is defined as follows. One
first constructs an initial estimator P € M of Py. In addition, one defines a
local least favorable parametric submodel {ng’(l;f ™ . §} through P? at § = 0 with

d-dimensional parameter § and with score d% log dPS:éf ™ /dP? o D*(P?). This is
used to define the corresponding maximum likelihood estimator 6° = arg max P, log dPS:éf ™ /dPY.
The one-step TMLE of Py is now defined as P! = Pﬁ’gm. This process is iterated
by defining PF+! = P::é{m, k=1,2,..., till a k= K for which 6% ~ 0. The TMLE
of Py is then defined by the final update P = PRL™ which solves P,D*(P}) =~ 0.

n,
The TMLE of 9y is the corresponding plug-in estimator W(P}). Here ~ 0 can be
replaced by op(1/y/n): for example, one might iterate till | P,D*(PK) ||< 1/n,
where one could use the Euclidean norm.

The asymptotic efficiency of the TMLE, under regularity conditions, is estab-
lished as follows. First, define Ro(P, Py) by the equation ¥(P) — U(FPy) = (P —
Py)D*(P) + Ra2(P, Fy), where, due to D*(P) being a canonical gradient, Ra(P, Pp)
will be a second order difference between P and Fy. Applying this identity to
P = Py, and using that P,,D*(P}) = 0, results in the identity:

V(F;) —¥(Ry) = (P, — R)D*(F,) + Ra(F, o).

Assuming Ry (P}, Py) = op(1/+/n), D*(Py) falls with probability tending to one in a
Py-Donsker class, and Py{D*(P})— D*(Py)}?> — 0 in probability as n — oo, implies
now the asymptotic efficiency of the substitution estimator W(P}).

In addition, TMLE has been generalized to targeted minimum loss-based estima-
tion (still denoted with TMLE) in which P is replaced by a Q(P) = arg ming PL(Q)
for some loss-function L(Q)(0), ¥(P) = ¥1(Q(P)) for some V1, D*(P) = D*(Q(P),G(P))
for some nuisance parameter G, resulting in a TMLE (Q, G}) solving P, D*(Q};, G) =
0, and TMLE W (Q}) of 1o, where often G, = G9 is not updated.

In general, TMLE presents an iterative algorithm, utilizing a local parametric
submodel with loss-function specific score equal to a user supplied D(), that maps
an initial estimator PY € M, or an initial estimator (Q%, G%) of (Qo, Gyo), into an
updated P, or (Q},G},), with improved empirical fit w.r.t. the loss-function of P
or (Qo, Go), so that P,D(Py) =0, or P,D(Q},GY) = 0. Due to this generality, its
statistical applications are diverse and widespread, going beyond the construction
of an efficient estimator of a pathwise differentiable target parameter for arbitrary
semi-parametric models and pathwise differentiable target parameter mappings: col-
laborative targeted maximum likelihood estimation (CTMLE) for targeted estima-
tion of the nuisance parameter in the canonical gradient (Rose and van der Laan,
2011; van der Laan and Gruber, 2010; Gruber and van der Laan, 2012; Stitelman
and van der Laan, 2010; Gruber and van der Laan, 2010); cross-validated TMLE
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(CV-TMLE) to robustify the bias-reduction of the TMLE-step (Zheng and van der
Laan, 2011; Rose and van der Laan, 2011); guaranteed improvement w.r.t. a user
supplied asymptotically linear estimator (Gruber and van der Laan, 2012; Lendle
et al., 2013); targeted initial estimator through empirical efficiency maximization
(Rubin and van der Laan, 2008; Rose and van der Laan, 2011); double robust
inference by targeting censoring/treatment mechanism (van der Laan, 2012a); CV-
TMLE to estimate data adaptive target parameters such as the risk of a candidate
estimator and thereby develop a super-learner that uses CV-TMLE instead of the
normal cross-validated empirical risk (van der Laan and Petersen, 2012; Diaz and
van der Laan, 2013, In press); higher-order TMLE in order to replace in the above
proof Ry() by a higher order term (Carone et al., 2014; Diaz et al., 2015).

In particular, in order to preserve asymptotic linearity of W(P¥) with a known
and desired influence curve when P is misspecified in the sense that D*(P}) con-
verges to a D*(P*) with a P* # P that still satisfies Ra(P*, Py) = 0, it has been
shown that replacing D*(P) by an appropriate score D(P) in the tangent space at
P that still satisfies D(Py) = D*(Py) is required (van der Laan, 2012b; Gruber and
van der Laan, 2012). In that case, the above formulation requires a local parametric
submodel of M through PY that generates this D(P?) as score at § = 0.

Even though the TMLE framework has been shown to be flexible enough to
handle any of the challenges we have encountered, in many cases the proposed TMLE
is iterative and uses a local parametric submodel through the initial estimator that
has more, and possibly many more, than d (fluctuation) parameters. This can result
in a small sample issues regarding convergence of the TMLE algorithm or causes
finite sample instability of the estimator. It also contrast the principle goal of TMLE
as being a procedure that updates the initial estimator with minimal extra fitting
into a new estimator that solves the desired estimating equation that provides the
basis of the desired asymptotic linearity and normality of the TMLE. By using an
over-parameterized local submodel or by using an iterative algorithm these TMLE
use more fitting of the data than should be needed to achieve the desired goal.

Goal of article: The goal set out in this article is to construct a parametric
submodel {P,%G : €} through an initial P} € M so that the above TMLE algorithm
only takes one step, and the dimension of € is smaller or equal than d. The con-
struction of this parametric submodel will be philosophically grounded by being in a
sense the shortest path (with distance measured by information/data fitting needed)
towards its goal (solving the desired score equation). We will first consider the case
d = 1 and construct a one-dimensional parametric submodel satisfying this key
property so that the TMLE is a one-step TMLE. We will generalize it to targeted
minimum loss-based estimation, with all its variations in choice of loss function,
and demonstrate it with various examples. Finally, we consider the general case
d > 1, and construct a one-dimensional parametric submodel through P for which
the one-step TMLE solves each of the d desired score equations. Apparently, this
one-dimensional path provides a ”shortest” path towards its d-dimensional goal.
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2 Intuition of TMLE: local and universal least favorable
submodels

Let’s consider one-dimensional target parameters (i.e., d = 1). A least favorable
model at P is a model §* = {P~ : €}, dominated by P, for which P.—o ;- = P,
and that maximizes the submodel specific Cramer-Rao lower bound defined by

( %\II(P@}L) ‘5:0)2

dP.

CR(h | P) = =
—P G log —p

e=0

over all such parametric submodels {P, : €} with h varying over some index set
whose closure of the linear span generated the full tangent space T'(P) C L3(P) of
the model at P. Given the pathwise differentiability with canonical gradient D*(P),
denoting the score of {P, j, : €} at € = 0 with Sy, it follows that this criterion for a
submodel can be represented as follows:

(PD*(P)Sp)?

CR(h| P)= g,
h

By Cauchy-Schwarz inequality, it follows that this is maximized over all scores in
the tangent space T'(P) by S = D*(P). Thus, a least favorable model can also be
defined as any parametric model through P that has a score at P equal to D*(P).
Under some smoothness assumptions on the submodels, the criterion can also
be represented as ,
- (Y(FP) — ¥(P))
CRV|P) = = B log P, jap

showing that it equals the square change in target parameter divided by the change
in log-likelihood at P at an infinitesimal e. Therefore, we will say that the path
{P.p+ : €} that maximizes CR(h | P) follows at ¢ = 0 (i.e., locally) a path of
maximal change in target parameter per unit of information. To stress that the
desired optimality property only applies locally, we will refer to such a submodel as
a locally (i.e., at € = 0) least favorable submodel.

This latter representation of the criterion is intuitively appealing, since a sensible
goal of a submodel {P, : €} through P is that a small fluctuation of P yields a
maximal change in target parameter, making the MLE ¢,, = arg max, P, log dP./dP
(as used in TMLE) for this parametric model locally all about fitting the target
parameter, not wasting data for anything else.

The intuition of TMLE has always been to minimally increase the empirical
fit of the initial estimator while achieving the desired bias reduction for the target
parameter, measured by solving P, D*(P;) with a good estimator P, of Py (so not
worse than P?). However, if P? is far away from Py, the MLE ¢! will be far from
local. Even though it moves in the right direction at € ~ 0, there is no guarantee that
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it follows a path of maximal change in target parameter per change in distribution
once € moves farther away from zero. In the end that means that the targeted
maximum likelihood estimator might not have followed such a targeted path after
all, and it might have taken various iterations to finally end up with a local ¢X ~ 0
at which point the algorithm stops. The distribution P? might have changed much
more than needed to obtain the bias reduction in the target parameter. That is,
the desired bias reduction came at an unnecessary cost of data fitting so that U(P})
will have larger finite sample variance than needed. Based on this insight, we like to
construct TMLEs that is based on a path that at each € (not just at e = 0) follows a
path of maximal change in target parameter per unit of information. We will refer
to such a path as a universal least favorable submodel.

Definition 1 Suppose that, given a P € M, ULFM(P) ={P.: €€ (—a,a)} C M
is a parametric submodel dominated by P, such that P.—o = P and for each ¢ €
(—a,a) C R, we have
d | dP,
de % dp

Then, we say that ULF M (P) is a universal least favorable submodel through P.

= D*(F). (1)

That is, this least favorable model is not only least favorable at ¢ = 0, it is a least
favorable model at each P. € ULFM(P). This article proposes such universal least
favorable submodels and corresponding targeted maximum likelihood and targeted
minimum loss-based estimators. A very nice by-product of these universal least fa-
vorable submodels is that the TMLE always ”converges” in one-step. This reflects
the above intuition of a universal least favorable submodel as a shortest path sub-
model in the sense that it achieves the desired bias reduction at minimal increase
in empirical log-likelihood.

3 A universal least favorable submodel for targeted max-
imum likelihood estimation

3.1 The TMLE based on a universal least favorable submodel takes
only one step

Let O1,...,0, ~ug Po € M and ¥ : M — IR is a one-dimensional pathwise
differentiable target parameter mapping. Let D*(P) be the canonical gradient of
the pathwise derivative at P € M Let P? be an initial estimator of Py. Suppose
that, given a P € M, we can construct a universal least favorable parametric model
ULFM(P)={P.: €€ (—a,a)} C M. If we use this as parametric submodel in the
TMLE, then the TMLE converges in one step. That is, let

0

n,e

dpy

0

fn:

arg max P, log
€
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One can replace the maximum €2 by the local maximum closest to ¢ = 0, which is
what we recommend in case the selected universal least favorable submodel allows

for multiple local maxima. Let P} = Pg 0. Since €2 is a local maximum it solves
n

its score equation, given by P, D*(Pl) = 0. That is, it achieved the goal of solving
the desired efficient influence curve equation in one-step. Further iteration will not
yield further updates: the next MLE

1

1 . n,e _
€, = argmgxPn log Pl 0.

Therefore, the TMLE of g = W(P) is given by the one-step TMLE ¢} = W(P}).

In addition, we strongly suspect that a TMLE using such a least favorable model
will often perform better in finite samples, certainly in situations in which the TMLE
requires an iterative algorithm. In addition, it is philosophically superior by always
following a path along € in which the rate of square change in the parameter by unit
of information is maximized at each e-value.

3.2 An analytic formula for a universal least favorable submodel

This motivates us to consider if such a universal least favorable model exists and
can be constructed. The answer is, yes, as our constructions below demonstrate.

In the following we use p. for the density of P. w.r.t. P, so that p =1, but we
will still use p (in case, one wants to use the formulas for densities w.r.t. another
dominating measure). For ¢ > 0, we recursively define

Pe = pexp </06 D*(Px)dx> 7 (2)

and, for € < 0, we recursively define

Pe = pexp (— /60 D*(Px)dx) .

Theorem 1 Consider the definition of {P. : € € (—a,a)} above. We have that
{P: : € € (—a,a)} is a set of probability distributions dominated by P, Pc—g = P,
and, for each € € (—a,a), we have

d dP.

2 %8 b

D*(P.).

Proof: To start with it follows trivially that for for each e % logpe = D*(P.). So
it remains to verify that p. satisfies [ pe(0)dP(0) = 1 (obviously, pc > 0). Define
C(e,P) = [pedP. Consider the probability density p.1 = C(e, P)"!'p.. We have
that its score at € is given by:

S(e, P) = C(:’P)iagp) + D*(P).
10
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We know that P.S(e, P) = 0. Since P.D*(P.) = 0, this implies that %C(e, P)=0.
Thus, C(e, P) = C(0, P) = 1. This completes the proof. O
Note that this recursive relation (2) allows one to recursively solve for peyge,
given {p, : © € [0, €]}, in the sense that (e.g.) for e > 0,
Petde _ oxp(D*(P.)de) = (1 + deD*(R,)).
This implies a practical construction that starts with p,,—o = p and recursively
solves for

Pz; = pwj—l(l + (zj — xj—l)D*(ijq))v j=1...,N
for an arbitrary fine grid 0 = zg < 21 < ... < xny = a. Similarly, one determines
recursively

P—z; = p—xjfl(]‘ - (x]' - x]'—l)D*(P—I];J)v j=1...,N.

If the model M is nonparametric, then this practical construction is a submodel
of M, but if the model is restricted the practical construction above might select
probability distributions P, that are not an element of M, even though it has score
at x;j equal to D*(P,;) in the tangent space at P, of the model M. Nonetheless, this
practical construction of this least favorable model can be used for any model M as
long as one can extend the target parameter ¥ to be well defined on the probability
distributions in this discrete approximation of the theoretical least favorable model,
and the TMLE will still only require one step and be asymptotically efficient for the
actual model M under regularity conditions. In addition, in the next subsection
Theorem 2 proves that under mild regularity conditions, quite surprisingly, the
theoretical formula (2) for this universal least favorable model, defined as a limit
of the above practical construction when the partitioning gets finer and finer, is
an actual submodel of M. Another way of viewing this result is that by selecting
the partitioning fine enough in the above practical construction {pm].,p_zj 1] =
0,...,N} this submodel will be arbitrarily close to the model M. Below we will
also provide an alternative to the above practical construction that does preserve
the submodel property while it still approximates the theoretical formula (2).

3.3 A universal least favorable submodel in terms of a local least
favorable submodel

An alternative representation of the above analytic formula (2) is given by a product
integral representation. Let de > 0. For € > 0, we define

Perae =p [[ (1+ D*(P)dx),
2€(0,€]

and for € < 0, we define

De—de = D H (1 — D*(P,)dx).
z€[e,0)

11
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In other words, p,t4, = pz(1+ D*(P;)dx), or, another way of thinking about this is
that p, 4, is obtained by constructing a least favorable model through P, with score
D*(P,) at P,, and evaluate it at parameter value dz, slightly away from zero. This
suggests the following generalization of the universal least favorable model whose
practical analogue will now still be an actual submodel of M.

Let 0 =29 < 1 < ... < any = 7 be an equally spaced fine grid for the interval
[0,7]. Let h = x; — xj_1 be the width of the partition elements. We will provide
a construction for P, j = 0,..., N. This construction is expressed in terms of a

mapping P — {Péfm :0 € (—a,a)} C M that maps any P € M into a local least
favorable submodel of M through P at ¢ = 0 and with score D*(P) at § = 0, where
a is some positive number. For any estimation problem defined by M and ¥ one is
typically able to construct such a local least favorable submodel, so that this is hardly
an assumption. Let P,—o = P. Let p;, = p;]; TZ, and, in general, let p,  , = pg 7771,
j=1,2,...,N —1. Similarly, let —7 = —zy < —zy_1 < ... < —x1 < 29 = 0 be
the corresponding grid for [, 0], and we define p_,, , = pl_f;?’_h, j=1,...,N—1.
In this manner, we have defined P, P—,,, j =0,..., N, and, by construction, each
of these are probability distributions in the model M. This construction is all we
need when using the universal least favorable submodel in practice, such as in the
TMLE.

This practical construction implies a theoretical formulation by letting N con-
verge to infinity (i.e., let the width of the partitioning converge to zero). That is,
an analytic way of representing this universal least favorable submodel, given the
local least favorable model parameterization (e, P) — Pelf "™ is given by: for € > 0
and de > 0, we have

_ lfm
Petde = pe,de .

This allows for the recursive solving for p. starting at p.—o = p, and since plef ,:n e M,
its practical approximation will never leave the model M.
Utilizing that the least favorable model h — plEf f:” is continuously twice differen-

tiable with a score D*(P.) at h = 0, we obtain a second order Tailor expansion

pli =pet Zpd| e O((d0)%) = pe(1 + deD*(P)) + O((de)?),

h=0

so that we obtain
Perde = Pe(1 4+ deD*(P.)) + O((de)?).

Pe = pexp (/06 D*(Px)d$> :

Thus, we obtained the exact same representation (2) as above. This proves that,
under mild regularity conditions, this analytic representation (2) is a submodel of
M after all, but, when using its practical implementation and approximation, one

This implies:

12
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should use an actual local least favorable submodel in order to guarantee that one
stays in the model. We formalize this result in the following theorem.

Theorem 2 Let O be a mazximal support so that the support of a P € M is a subset
of O. Suppose there exists a mapping P — {Péfm 10 € (—a,a)} € M that maps
any P € M into a local least favorable submodel of M through P at § = 0 and
with score D*(P) at 6 = 0, where a is some positive number independent of P. In
addition, assume the following type of second order Tuailor expansion:

Ifm

d
Plge = Pe+ %pg}?z de + Ra(pe, de),
h=0

where
supsup | Ra(pe, de)(0) |= O((de)?).
€ 0€0
We also assume that sup, sup,co | D*(Pe)pe | (0) < o0.
Then, the universal least favorable {pe : €} defined by (2) is an actual submodel
of M. Its definition corresponds with Peiqe = pg,gz whose corresponding practical
approximation will still be a submodel.

We refer to the Appendix for an application of the universal least favorable
submodel and a corresponding one-step TMLE for high dimensional parametric
models.

4 Universal least favorable model for targeted mini-
mum loss-based estimation

4.1 A universal least favorable submodel w.r.t. specific loss-function

Let’s now generalize this construction of a universal least favorable w.r..t log-likelihood
loss to general loss-functions so that the resulting universal least favorable submodels
can be used in the more general targeted minimum loss based estimation methodol-
ogy. We now assume that ¥(P) = ¥;(Q(P)) for some parameter @ : M — Q(M)
defined on the model and real valued function ¥;. Let QM) = {Q(P) : P € M}
be the parameter space of this parameter. Let L(Q)(O) be a loss-function for Q(P)
in the sense that Q(P) = argmingegay PL(Q). Let D*(P) = D*(Q(P),G(P)) be
the canonical gradient of ¥ at P, where G : M — G(M) is some nuisance parame-
ter. We consider the case that the efficient influence curve is in the tangent space of
@, so that a least favorable submodel does not need to fluctuate G: otherwise, just
include G in the definition of Q. Given, (Q,G), let {QY™ : ¢ € (—a,a)} C QM)
be a local least favorable model w.r.t. loss function L((Q) at e = 0 so that

d lfm _ *
ZheIn| =p@o)

13

Hosted by The Berkeley Electronic Press



The dependence of this submodel on G is suppressed in this notation.
Let 0 =29 < x1 < ... < xny = 7 be an equally spaced fine grid for the interval
[0,7]. Let h = x; — x;_1 be the width of the partition elements. We present

a construction for Q;, j = 0,...,N. Let Qz=0 = Q. Let Q,, = Qlfm and,

xg,h’
in general, let Q,,, = QY% j = 1,2,...,N — 1. Similarly, let —7 = —ay <

—xN-1 < ...< —x1 < 29 = 0 be the corresponding grid for [—7,0], and we define
Qozjy = Qlfm _p»J=1,...,N — 1. In this manner, we have defined Q;, Q—s;,
7=0,...,N, and by constructlon, each of these are an element of the parameter
space Q(M). This construction is all we need when using this submodel in practice,
such as in the TMLE.

An analytic way of representing this loss-function specific universal least favor-
able submodel for e > 0 (and similarly for € < 0) is given by: for € > 0, de > 0,

l
QEere = Q€{$7 (3)
allowing for the recursive solving for Q). starting at Q.—o = @, and since Qlf o
Q(M), its practical approximation never leaves the parameter space Q(M) for Q
Let’s now derive a corresponding integral equation. Assume that for some
L(Q)(0), we have

d Ifm Ifm
ety ) —
dh (Q@h ) he0 (Q ) Q heo
Then,
iQme _ D*‘(QE)G)‘
dh "M |,y L(Qc)

Utilizing that the local least favorable model h — Qif 2" is twice continuously differ-

entiable with derivative D*(Qe, G)/ L(Qe) at h = 0, we obtain the following second
order Tailor expansion:

m d m
QUM = Q.+ Qlf de + O((de)?)
€,de dh he0

D*(Q0,G)
£(Q)

This implies the following recursive analytic definition of the universal least favorable

model through Q:
D*(Qa, &
=0+ [ TS (®)

/ D( Qx,

14
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As with the log-likelihood loss (and thus Q(P) = P), this shows that, under
regularity conditions, this analytic representation for Q. is an element in Q(M),
although using it in a practical construction (in which integrals are replaced by sums)
might easily leave the model space Q(M), so that our above practical construction
in terms of the local least favorable model and discrete grid represents the desired
practical implementation of this universal least favorable submodel. The following
theorem formalizes this result stating that the analytic formulation (4) is indeed a
universal least favorable submodel.

Theorem 3 Given, any (Q, G) compatible with model M, let {ngm 10 € (—a,a)} C
Q(M) be a local least favorable model w.r.t. loss function L(Q) at § =0 so that

%(Q“‘m) D*(Q,G).

6=0
Assume that for some L(Q)(O), we have

droumy  _ oy L oim
dEL(Qe ) _L(Q) dEQE

e=0 e=0
Consider the corresponding model {Q. : €} defined by (4). It goes through Q at
e =0, and, it satisfies that for all €

d

“eL(Q0) = D"(Qu.G). )

In addition, suppose that the a > 0 in the local least-favorable submodel above
can be chosen to be independent of the choice (Q,G) € {Qe, Ge : €}, and assume the
following second order Tailor expansion:

Qe = Qo SQUM et Ro(Qu, G de)
h=0

D*(Qe, G)
- Q€+'7d€+R2(Q67G7d6)7
L(Qe)
where
supsup | Ba(Qe, G de) o) |= O((de)?).
€ o€
We also assume that sup, sup,co ‘DLE?;’) )( ) |< 0.

Then, we also have {Q. : ¢} C Q(M).
Proof: Let € > 0. We have

(o [ o) - Leogoe.

O
- D'(Q.C)
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This completest the proof of (11). The submodel statement was already shown
above, but we now provided formal sufficient conditions. O

We refer to the appendix for an example demonstrating that the analytic formula
(11) is indeed a submodel.

5 Example: One-step TMLE of effect among the treated

Let O = (W, A,Y) ~ Py and let M be a locally nonparametric statistical model.
Let ¥ : M — R be defined by V(P) = Ep(Ep(Y | A=1,W)—Ep(Y | A=0,W) |
A =1). The efficient influence curve of ¥ at P is given by (Zheng et al., 2013):

D*(P)(0) = Hi(g,q)(A,W)(Y — Q(A, W) + 2{6_2(1, W) = Q(0,W) — ¥(P)},

where g(a | W)= P(A=a|W), Qla,W)=Ep(Y | A=a,W), q= P(A=1), and

s -

We note that

W) = 1(Qw. Qug.0) = [1Q0.w) - Q(O,w)}g(lq‘u})de(w),

where Qw is the probability distribution of W under P. So, if we define Q@ =
(Qw,Q,9,q), then ¥(P) = ¥1(Q). For notational convenience, we will use ¥(P)
and U(Q) interchangeably. Since we can estimate Qy and g with their empirical
probability distributions, we are only interested in a universal least favorable sub-
model for (Q, g). We can orthogonally decompose D*(P) = D;(P)+ D}(P)+ D3(P)
in LZ(P) into scores of Q, g, and Qu, respectively, where

g1 | W)

pip) = L Gam) - gom) - v@y
DI(P) = Hy(Q)(W)(A—g(1| W)
Dy(P) = g“'q””{@(LW)—@(&W)—@(@)L

and

QL) ~ Q0. W) - (@)
q

Thus the component of the efficient influence curve corresponding with (Q,g) is
given by D7(Q) + D5(Q).

Hay(Q)(W) =

16
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We consider the following loss-functions and local least favorable submodels for
Q and g (Zheng et al., 2013):

Li(@Q)(0) = —{Y1ogQ(A, W)+ (1—-Y)log(l— QA W))}
LogitQY™ = LogitQ — eH1(g,q)
L2(g)(0) = —{Alogg(1| W)+ (1— A)logg(0| W)}

Logltglfm = Logitg — eH2(Q).

L1(Q) + La(g) and local least favor-

We now define the sum loss function L(Q, g) =
(Q,g) at € = 0 satisfying

able submodel {QY™, g™ : ¢} through

LL@Im g™ = DiQ) + DYQ).

e=0

Thus, we can conclude that this defines indeed a local least favorable submodel for

(@Q.9)-
The universal least favorable submodel (3) is now defined by the following re-
cursive definition: for € > 0 and de > 0,

LogitQcrge = LogitQ/}"

= LogthE — deH1(ge, q)
Logitge = Logitg!/j"
= Logitg. — deHz(Qw, Qc, q).

Similarly, we have a recursive relation for ¢ < 0, but since all these formulas are
just symmetric versions of the ¢ > 0 case, we will focus on € > 0. This expresses
the next (Qctde, Jerde) in terms of previously calculated (Qz, g, : © < €), thereby
fully defining this universal least favorable submodel. This recursive definition cor-
responds with the following integral representation of this universal least favorable
submodel:

LogitQ. = LogitQ — / Hi(9s,q)dx
0
€
Logitge = Logitg — / Hy(Qw, Qz, q)dx
0
Let’s now explicitly verify that this indeed satisfies the key property of a universal
least favorable submodel. Clearly, it is a submodel and it contains (Q,g) at e = 0.
The score of Qe at € is given by H; (9¢,9)(Y — Q) and the score of g. at € is given
by HZ(QW7 QEa Q)(A i gE(W))7 so that

—L(Qc,90) = Hi(9,0)(Y = Qc) + H2(Qw, Qe, 1) (A — ge(W))
T DT(QW?Q&QH(D+D;(QW7QE7967(])7
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explicitly proving that indeed this is a universal least favorable model for (Q, g).

In our previous work on the TMLE for the effect among the treated we imple-
mented the TMLE based on the local least favorable submodel {Qlf m gi{m €1,€2},
using a separate €; and ey for Q and g. This TMLE requires several iterations till
convergence.

The TMLE based on the universal least favorable submodel above is imple-
mented as follows, given an initial estimator (Q, g). One first determines the sign
of the derivative at h = 0 of P,L(Qp,gn). Suppose that the derivative is negative
so that it decreases for h > 0. Then, one keeps iteratively calculating (Qc.qe, g6+d€)
for small de > 0, given (Qxag:c rx < e), till B L(Qe-‘rdeng-‘rdE) > b L(QQQJ
which point the desired local maximum e, is attained. The TMLE of (Qo, go) is
now given by Q.,,9e,, which solves P,{D}(Q.,) + D3(Q.,)} = 0, where Q., =
(Qwons Qens Gen» dn)s Qwons gn are the empirical counterparts of Quw,qo. Since, we
also have P, D3(Q.,) = 0, it follows that P,D*(Q.,) = 0. The (one-step) TMLE of
U (Qo) is given by the corresponding plug-in estimator ¥(Q.,, ).

6 Universal canonical one-dimensional submodel that
targets a multidimensional target parameter

Let ¥ : M — H be a Hilbert-space value pathwise differentiable target parameter.
Typically, we simply have H = IR? endowed with the standard inner product (x,y) =
2?21 x;jy;. However, we also allow that W(P) is a function t — W(P)(t) from
T C IR to R in a Hilbert space L?(A) endowed with inner product (hi,hs) =
[ hi(t)ha(t)dA(t), where A is a user supplied positive measure with [ dA(t) < oco.
For notatlonal convenience, we will often denote the inner product (hy,ho) with
R ha, analogue to the typical notation for the inner product in RY. Let || h ||=
\/(h, h) be the Hilbert space norm, which would be the standard Euclidean norm
in the case that H = RY. Let D*(P) be the canonical gradient. If H = IR?, then
this is a d-dimensioncal canonical gradient D*(P) = (Dj(P) : j = 1,...,d), but in
general D*(P) = (D;(P) : t € 7). Let L(P) = —logp, where p = dP/dyu is a density
of P < p w.r.t. some dominating measure u. In this section we will construct a
one-dimensional submodel {P, : € > 0} through P at e = 0 so that, for any € > 0,

& PuL(p) =| PD* (P | (6)
The one-step TMLE P, with ¢, = argmax, P,L(P,), or €, Chosen large enough
so that the derivative is smaller than (e.g.) 1/n, now solves 7= i p L(P,) =0 (or
< 1/n), and thus || P,D*(P.,) ||= 0 (or < 1/n). Note that || P,D*(P.,) ||I= 0
implies that P,Dj(P.,) = 0 for all ¢ € 7 so that the one-step TMLE solves all
desired estimating equations.

18
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6.1 A universal canonical submodel that targets a multidimen-
sional target parameter

Consider the following submodel: for € > 0, we define

(P.D*(P,)) T D*(P,)
107 | d”“”)

Pe = pH[O,e] (1+

 ([BDENDE),
=7 p(o 1077y | d)

Similarly, for € < 0, we could define

_ (PD*(P) D" (P)
e = ot (1= T )

(BB D)
”p(e 1075 | d)

but the only relevant direction for the TMLE is the one that moves in the direction
in which the log-likelihood increases and that is the one for ¢ > 0. Therefore, it
suffices to only define the submodel for € > 0.

Theorem 4 We have {p. : € > 0} is a family of probability densities, its score at
€ is a linear combination of D} (P.) for t € T, and is thus in the tangent space at
T(P.), and

d

geInl(Pe) = PaD™(Fe) || -
€

As a consequence, we have %PnL(PE) = 0 implies | P,D*(P,) ||= 0.

As before, our practical construction below demonstrates that, under regularity
conditions, we actually have that {pe : €} C M is also a submodel.

The normalization by || D*(P,) || is motivated by a practical analogue construc-
tion below and provides an important intuition behind this analytic construction.
However, we can replace this by any other normalization for which the derivative of
the log-likelihood at € equals a norm of P,D*(P,). To illustrate this let’s consider
the case that H = R?. For example, we could consider the following submodel. Let
Y0 (Py) = Po{D*(P;)D*(P;)"} be the empirical covariance matrix of D*(P,), and
let X 1(P,) be its inverse. We could then define for e > 0,

AT ( / G{PnD*<Px>}Tz;1D*<Px>dx) ,

In this case, we have

d
o P,L(P,) = PnD*(PG)TEn(PE)*anD*(PG).
€
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This seems to be an appropriately normalized norm, equal to the euclidean norm of
the orthonormalized version of the original D*(P;), so that the one-step TMLE will
still satisfy that || P,D*(P.,) ||=0.

It is not clear to us if these choices have a finite sample implication for the
resulting one-step TMLE (asymptotics is the same), and if one choice would be
better than another, but either way, the resulting one-step TMLE ends up with a
P, satisfying P,D*(P.,) = 0 (or op(1/4/n)), the only key ingredient in the proof
of the asymptotic efficiency of the TMLE.

6.2 The practical construction of a universal canonical one-dimensional
submodel targeting a multidimensional target parameter

Let’s define a local least favorable submodel {pgf "6} C M by the following local

property:

d lfm i * T

dT;lngfS d=D*(P) 4.

6=0

For the case that H = IRY, this corresponds with assuming that the score of the
submodel at 6 = 0 equals the canonical gradient D*(P), while, for a general Hilbert
space, it states that the derivative of logp. in the direction ¢ (a function in H)
equals (D*(P),0) = [ Df(P)d(t)dA(t).

Consider the log-likelihood criterion PnL(Péf ™), and we note that its derivative
at 6 = 0 in the direction & equals (P,, D*(P), ) = {P,D*(P)} . For a small number
dx, we want to maximize the log-likelihood over all § with || § ||< dz, and locally,
this corresponds with maximizing its linear gradient approximation:

§ — (P,D*(P))"6.

By the Cauchy-Schwarz inequality, it follows that this is maximized over § with
10 ]< dx by

P, D*(P)
| B D*(P) |

where we defined ¢ (P) = P,D*(P)/ || P,D*(P) ||. We can now define our update
Ve = ngf('}g dr)’ This process can now be iterated by applying the above with P
replaced lr)Ly P, resulting in an update Psg;, and in general Pk g,. So this updating

process is defined by the differential equation:

o (P, dx) = dx = 6, (P)dz,

_ plfm
Px+dx - P:c,é;;(Px)dz)’

where Pfcf gn is the local least favorable multidimensional submodel above but now
through P, instead of P.
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Assuming that the local least favorable model h — p;f Z"” is continuously twice

differentiable with a score D*(P,) at h = 0, we obtain a second order Tailor expan-
sion

Ifm B d itm
px,é;;(Pz)dac = Pzt { %px,h heo

= po(1+ {05 (o)} D*(Py)dz) + O((dz)?),

N
} 5 (Py)dz + O((dx)?)

so that, under mild regularity conditions, we obtain
Prrde = Po(1+ {05 (P2)} ' D*(Po)dz + O((d)?).

This implies:
C(PDU(P))T )
= pex ~— 2 _D*(P,)dxz ).
Pa =P p<0 1By - )

So now we obtain the exact same representation (7) as above. Since the above
practical construction starts out with P € M and never leaves the model M, this
proves that, under mild regularity conditions, this analytic representation (2) is
actually a submodel of M after all, but, when using its practical implementation
and approximation, one should use the actual local least favorable submodel in
order to guarantee that one stays in the model. We can formalize this in a theorem
analogue to Theorem 2, but instead such a theorem will be presented in Section 8
for the more general targeted minimum loss-based estimation methodology.

The above practical construction provides us with an intuition for the normal-
ization by || P,D*(P;) ||

6.3 Existence of MLE or approximate MLE e¢,.

Since .
P, log pe :/ | P.D*(Py) || dz,
0

and its derivative thus equals || P,,D*(P,) ||, we have that the log-likelihood is non-
decreasing in e.

If the local least favorable submodel in the practical construction of the one-
dimensional universal canonical submodel {p. : ¢ > 0} (7) only contains densities
with supremum norm smaller than some M < oo (e.g., this is assumed by the
model M), then we will have that sup,.qsup,co pe(0) < M < oco. This implies that
P, log p. is bounded from above by log M. Let’s first assume that lime_y o0 P log pe <
oo. Thus, the log-likelihood is an strictly increasing function till it becomes flat, if
ever. Suppose that limsup,_ . || P,D*(P;) ||> d > 0 for some § > 0. Then it
follows that the log-likelihood converges to infinity when e converges to infinity,
which contradicts the assumption that the log-likelihood is bounded from above by
log M < co. Thus, we know that limsup,_,. | P,D*(P;) ||= 0 so that we can find
an €, so that for € > ¢, || P,D*(P) ||< 1/n, as desired.
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Suppose now that we are in a case in which the log-likelihood converges to
infinity when € — o0, so that our bounded log likelihood assumption is violated.
This might correspond with a case in which each p. is a continuous density, but p.
starts approximating an empirical distribution when ¢ — oco. Even in such a case,
one would expect that we will have that || P,D*(P:) ||— 0, just like an NPMLE of
a continuous density of a survival time solves the efficient influence curve equation
for its survival function.

The above practical construction of the submodel, as an iterative local maximiza-
tion of the log-likelihood along its gradient, strongly suggests that even without the
above boundedness assumption the derivative || P, D*(FP,) || will converge to zero as
€ — 00 so that the desired MLE or approximate MLE exists.

6.4 A universal score-specific one-dimensional submodel targeting
a multivariate score equation

In the above two subsections we could simply replace D*(P) by a user supplied
D(P), giving us a theoretical one-dimensional parametric model {P, : €} so that
the derivative %PnL(Pe) at € equals || P,D(P) ||, so that a corresponding one-step
TMLE will solve P,,D(P.,) = 0. Similarly, given a local parametric model whose
score at € = 0 equals D(P) will yield a corresponding practical construction of this
universal submodel. One can also use such a universal score-specific submodel to
construct one-step TMLE of a one-dimensional target parameter with extra proper-
ties by making it solve not only the efficient influence curve equation but also other
equations of interest (such as the P,Dy in Section C). A variety of such types of
TMLE have been proposed in the literature using an iterative TMLE based on a
local score-specific submodel.

7 Example: A one-step TMLE, based on universal canon-
ical one-dimensional submodel, of an infinite dimen-
sional target parameter

An open problem has been the construction of an efficient substitution estimator
U(P}) of a pathwise differentiable infinite dimensional target parameter W(Fy) such
as a survival function. Current approaches would correspond with incompatible
estimators such as using a TMLE for each W(Py) separately, resulting in a non-
substitution estimator such as a non-monotone estimator of a survival function. In
this section we demonstrate, through a causal inference example, that our universal
canonical submodel allows us to solve this problem with a one-step TMLE.

Let O = (W,A,T) ~ Py, where W are baseline covariates, A € {0,1} is a
point-treatment, and 1" is a survival time. Consider a statistical model M that only
makes assumptions about the conditional distribution go(a | W) = Po(A =a | W)
of A, given W. Let W — d(W) € {0,1} be a given dynamic treatment satisfying
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go(d(W) | W) >0 a.e. Let ¥ : M — H be defined by:
U(P)(t)=EpP(T>t|A=dW),W), t>0.

Under a causal model and the randomization assumption this equals the counter-
factual survival function P(Ty > t) of the counterfactual survival time 7,; under
intervention d.

Let H be the Hilbert space of real Valued functions on R>o endowed with inner
product h{ hy = (hy, ha) = [ hi(t)ha(t)dA(t) for some user-supplied positive and
finite measure A. The norm on thls Hllbert space is thus given by || h ||= VhhT =

\/ [ h(t)2dA(t). Let QuA,W) = P(T >t | AW),Y(t) =I(T >t), and Qw the
marginal dlbtmbution of W. The efficient influence curve D*(P) = (D;(P) : t > 0)
is defined by:

Di(P)(©0) = TN (0 - QA W) + Q). W) - w(P)(0)

= T,t(ng) + D3 (P),

where D7, (g, Q) is the first component of the efficient influence curve that is a score
of the conditional distribution of T', given A, W. Notice that ¥(P) = ¥1(Qw, Q) =
(QwQ: : t > 0). We will estimate Qw,o with the empirical distribution of W1, ..., Wy,
so that a TMLE will only need to target the estimator of the conditional survival
function Qg of T, given A, W. Let q(t | A, W) be the density of T, given A, W and
let g, be an initial estimator of this conditional density. For example, one might
use machine learning to estimate the conditional hazard qo/Qo, which then implies
a corresponding density estimator ¢,. We are also given an estimator g,, of gg.

The universal canonical one-dimensional submodel (7) applied to p = ¢, is de-
fined by the following recursive relation: for € > 0,

€ * 9 T y* 2
qn,e = qn €XP < / {20 D (n ?n’x)}f D1 (9n, Gns) dx> .
H Dl(ngn,x) ||

To get some more insight in this expression, we note, for example, that the inner
product is given by:

{PnDT(gTM Qn,x)}TDT (9n, Qn,x)(o) = /t(PnDT,t (9n, Qn,x)Dit (Gns Qn@)(o)d[\(t),
(8)

and similarly we have such an integral representation of the norm in the denom-
inator. Our theorem 4, or explicit verification, shows that for all € > 0 ¢, is a

conditional density of T, given A, W, and

d o
S Palogqne = PaDi (90, @n) |-
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Thus, if we move € away from zero, the log-likelihood increases, and, one searches for
the first €, so that this derivative is smaller than (e.g.) 1/n. Let ¢} = ¢, and let
D (AW) = ([ q;(s | A,W)ds : t > 0) be its corresponding conditional survival
function. Then our one-step TMLE of the d-specific survival function ¥ (Fp) is given

by ¥ = U(Qwin, Q}) = QwaQp:
1 -
Y (t) = - > Q5 (d(W), W),
=1

Since g} is an actual conditional density, it follows that ¢} is a survival function.
Suppose, that the derivative of the log-likelihood at €, equals zero exactly (in-
stead of 1/n). Then, we have || P,D*(gn, Qwn, Q%) ||= 0, so that for each ¢ > 0,
PoDj (gn, Qwn, Q) = 0, making v (t) a standard TMLE of ¢/y(t), so that its asymp-
totic linearity can be established accordingly, and that proof can be easily extended
to be uniformly in all £ € 7. In this manner, under the previously mentioned regu-
larity conditions and a second order term condition (now uniformly in t), we obtain

Yy, — o = (Pn — Po)D*(Fy) + Ry,

where, by assumption, sup, | R,(t) |= op(1/y/n). In particular, if go is known, then
the second order term condition is automatically satisfied. This asymptotic linearity
proves the asymptotic efficiency of the substitution estimator v} as an estimator
of the infinite dimensional survival function. The asymptotic linearity (and its
required Donsker class condition) implies that /n(¢) — 1) converges weakly to
a Gaussian process with covariance function p(s,t) = PyD%(Py)D;(Fy). This also
allows the construction of a simultaneous confidence band for ¥gy. Due to the double
robustness of the efficient influence curve, one can also obtain asymptotic linearity
with an inefficient influence curve under misspecfication of either g, or Q,.

If we only have || P,D*(P}) ||= 1/n (instead of 0), then the above proof still
applies but with a second order term R, for which now || R, ||= op(1/y/n), so
that we obtain asymptotic efficiency in the Hilbert space norm, beyond the point-
wise efficiency of ¢ (t). However, in practice, one can actually track the supremum
norm || P,D*(P.,) |lco=sup; | P,D;(P.,) |, and if one observes that for the selected
€n, this supremum norm is smaller than 1/n, then, we still obtain the asymptotic
efficiency in supremum norm above.

Regarding the practical construction of g, ¢, we could use the following infinite
dimensional local least favaroble submodel through a conditional density ¢ given by

! * 2
a5 = q(1+ 8" Di(9.Q)).
and follow the practical construction described in the previous section for general lo-

cal least favorable submodels. Notice that here 6" D} (g, Q) = [ §(t) 1409, Q)dA(t).

In order to guarantee that the supremum norm of the density qéf " for local § with
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|  |[< dr remains below a universal constant M < oo, one could present such
models in the conditional hazard on a logistic scale that bounds the hazard between
[0, M]. However, we doubt that this will be an issue in practice, and may be it is
necessary that the continuous density ¢, approximates an empirical distribution
is some sense in order to solve || P,D*(P:) ||= 0, in which case we do not want to
obstruct this to happen.

8 Universal canonical one-dimensional submodel for tar-
geted minimum loss-based estimation of a multidi-
mensional target parameter

8.1 A universal canonical one-dimensional submodel

For the sake of presentation we will focus on the case that the target parameter
is Euclidean values, i.e. H = IR but the presentation immediately generalizes
to infinite dimensional target parameters, as in the previous section. Let’s now
generalize this construction to a universal canonical submodel for the more general
targeted minimum loss based estimation methodology. We now assume that U(P) =
U1 (Q(P)) € R? for some target parameter Q : M — Q(M) defined on the model
and real valued function ¥; : Q(M) — RY. Let QM) = {Q(P) : P € M} be the
parameter space of this parameter. Let L(Q)(O) be a loss-function for Q(P) in the
sense that Q(P) = argmingega) PL(Q). Let D*(P) = D*(Q(P),G(P)) be the
canonical gradient of ¥ at P, where G : M — G(M) is some nuisance parameter.
We consider the case that the linear span of the components of the efficient influence
curve D*(P) is in the tangent space of @, so that a least favorable submodel does
not need to fluctuate G: otherwise, one just includes G in the definition of (). Given,
(Q,G), let {ngm 10} C Q(M) be a local d-dimensional least favorable model w.r.t.
loss function L(Q) at 6 = 0 so that

CL@Q™)  =DpQ.a).
6=0
The dependence of this submodel on G is suppressed in this notation.

Consider the empirical risk PnL(ng "), and we note that its gradient at § = 0
equals P,D*(Q, ). For a small number dz, we want to maximize the empirical risk
over all 6 with || § ||< dx, and locally, this corresponds with maximizing its linear
gradient approximation:

§ — (P,D*(Q,G))"6.

By the Cauchy-Schwarz inequality, it follows that this is maximized over § with
[0 || < dx by
P, D*(Q,G)

Q) = T b g T = Q)
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where we defined 6 (Q) = P,D*(Q,G)/ || P.D*(Q,G) ||. We can now define our
update Qg, = Q?;ELQ’ dz)’ This process can now be iterated by applying the above
with @ replaced by @4, resulting in an update QQ24,, and in general Qg q4,. So this
updating process is defined by the differential equation:

_ Alfm
Qz+da: - Qx,é;;(Qz)dx)’
where Qif gn is the local least favorable multidimensional submodel above but now

through @, instead of Q. .
Assume that for some L(Q)(O), we have

d o ifm i d ifm
GUQIn|  —b@a) | o)
Then,

iQme _ D*(@s,G)

dh "M L(Qy)

Utilizing that the local least favorable model h — erf o' is continuously twice
differentiable with a score D*(Q,G) at h = 0, we obtain a second order Tailor
expansion

m d _ifm .
Ui = Qut Q| 5(Qu)dr+0((d0)?)
_ DY@ G)" . )
= Qe+ T OO Qa)de + O((do)?)

This implies the following recursive analytic definition of the universal canonical
submodel through Q:

_ eD*(Q&CaG)T * -
Q=0+ /0 ey tHQudr (10)

Let’s now explicitly verify that this indeed satisfies the desired condition so that
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the one-step TMLE solves P,D*(Q.,,G) = 0. Only assuming (9) it follows that

d d

d

. * T
_ PHL@E)D(;(?;)’();U;(@E)

= P,D*(Q.,G) 5:(Q.)

* PuD (@0, G)
= {P,D"(Q.,G)}"
D@ O 1B Brga o)

S {P D Qe G)

| PuD*(Qe, G) |
= [ PaD™(Qe, G) I -

In addition, under some regularity conditions, so that the following derivation in
terms of the local least favorable submodel applies, it also follows that Q. € Q(M).
This proves the following theorem.

Theorem 5 Given, any (Q,G) compatible with model M, let {Qf;fm 10 € B,(0)} C
Q(M) be a local least favorable model w.r.t. loss function L(Q) at § =0 so that
d m .
L™ =DM(Q.6).
6=0

Here B,(0) = {z :|| = ||< a} for some positive number a. Assume that for some

L(Q)(0), we have

Aol iy L oim
SLQIm| =@ Lo

e=0 e=0
Consider the corresponding univariate model {Q. : €} defined by (10). It goes through
Q at € =0, and, it satisfies that for all €

d

Pn%L(QE) :H PﬂD*(Qea G) H’ (11)

where || z ||= 1/2?:1 x? is the Euclidean norm.
In addition, assume that a in B,(0) can be chosen to be independent of (Q,G)
in {(Qe, G) : € > 0}, and assume the following second order Tailor expansion: for

h:(hlw"?hd)}

m d m
ng{ch L Qe + %ngh h + RZ(Qea Ga || h ||)
h=0

D*(Qev G)

= Qe+ L(Qe)

h + RQ(QE? G, H h H)?
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where

SUp Sup | Ro(Qe, G, || kD) (o) |= O((]l 1 [1%).

We also assume that sup, sup,co %(0) |< o0.

Then, we also have {Q. : ¢ > 0} C M.

9 Universal canonical one-dimensional submodel for tar-
geted minimum loss-based estimation of a multidi-
mensional target parameter when the loss function
depends on nuisance parameters

9.1 A universal canonical one-dimensional submodel

Let’s now generalize this construction of a universal canonical submodel in the previ-
ous section to a parameter () whose loss-function depends on a nuisance parameter.
As in the previous section we assume that ¥(P) = ¥ (Q(P)) € R? for some tar-
get parameter @ : M — Q(M) defined on the model and real valued function
U, : QM) = R Let Lrp(Q)(O) be a loss-function for Q(P) in the sense that
Q(P) = argmingeqm) PLrpy(Q), where I' : M — T'(M) is some nuisance pa-
rameter. Let D*(P) = D*(Q(P),G(P)) be the canonical gradient of ¥ at P, where
G : M — G(M) is some nuisance parameter. We consider the case that the linear
span of the components of the efficient influence curve D*(P) is in the tangent space
of @), so that a least favorable submodel does not need to fluctuate G: otherwise,
one just includes G in the definition of Q. One will have that I'(P) only depends
on P through (Q(P),G(P)), so that we will also use the notation I'(Q, G). Given,
(Q,G), let {Qéfm 1€} C Q(M) be alocal d dimensional least favorable model w.r.t.
loss function Lpg,q)(Q) at § = 0 so that

d m *
—Lroe (@™ =D"(Q,G).
do =0

The dependence of this submodel on G is suppressed in this notation.

Consider the empirical risk PnLF(Q,G)(Qéf "), and we note that its gradient at
d = 0equals P, D*(Q, G). For a small number dz, we want to maximize the empirical
risk over all 0 with || 4 ||< dz, and locally, this corresponds with maximizing its linear
gradient approximation:

§ — (P,D*(Q,G))"6.

By the Cauchy-Schwarz inequality, it follows that this is maximized over § with

|6 1I< d by
. P.D*(Q,G) .
1) dz) = dr =6 d
n(@ ) =g (g, q) | 1 = @
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where we defined 6 (Q) = P,D*(Q,G)/ || P.D*(Q,G) ||. We can now define our
update Qg, = Qg{r(nQ dz)’ This process can now be iterated by applying the above
with @ replaced by Qg, and I'(Q, G) replaced by I'(Qgz, G), resulting in an update
@24z, and in general Qi q4.. So at the k-th step, we have

_ ifm
Quthde = Qo (k—1)de 55(Q 1) )

where
on(Qk-1)dz) = Po D™ (Q(1—1)de» G)/ || PaD™(Q(r-1)au» G) | -
So this updating process is defined by the differential equation:

_ Alfm
Qz+da: - sz(;:;(Qz)dx)’

where Qéf M is the local least favorable multidimensional submodel above but now

through @, instead of Q. ‘
Assume that for some Lp(Q)(O), we have

. d
= Lr,(Qx) %vale ) (12)

d m
L Q)
h=0

iy .
dh h=0

where we used the notation I'y = I'(Q,, G). Then,

h=0 Lr,(Qx)
Utilizing that the local least favorable model h — Qif ,T is continuously twice
differentiable with a score D*(Q,,G) at h = 0, we obtain a second order Tailor

expansion

d _ifm
%Qr,h

d
Ifm _ & Hlfm
Qz,éfl(Qz)daz - Qz—i_ thm,h N
D*(Q., G)"
LF;(;(QQT)

This implies the following recursive analytic definition of the universal least favorable
model through Q:

. 51 (Qz)dx + O((dx)?)

= Qo+ 05 (Qa)dz + O((dz)?).

¢ D*(Qiﬁv G)T
0 LF,c (Qx)

Let’s now explicitly verify that this submodel defined by (13) indeed satisfies the
desired condition that the one-step TMLE @, with €, defined as the value closest
to zero for which

Qe=Q+ 07 (Qz)da. (13)

d

—PuLrq.,c)(Qetn)

=0
dh

h=0
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solves || P,D*(Qe,,G) ||= 0. Only assuming (12) it follows that

d d
%PnLFE (Qe-‘rh) o = P dhLFe (Qe+h) o
= PnI‘/l"6 (Qe)%@e
T D* E?G T *
= Pubr (@) 712 Q)

= PnD* (Q67 G)T(S:L(QE)

i P,D*(Q., Q)
= {P,D*(Q.,G)}"
{ Qe &)y | P.D*(Qe, G) |

= [ PaD™(Qe, G) I -

So this proves that indeed this submodel and the corresponding one-step TMLE
(which updates the loss through I'c when moving along ¢€) indeed solves | P, D*(Q.,,,G) ||=
0.

In addition, under some regularity conditions, so that the above derivation in
terms of the local least favorable submodel applies, it also follows that Q. € Q(M).
This proves the analogue of Theorem 5.

9.2 Example: One-step TMLE of parameters of marginal struc-
tural working model for multiple time-point interventions

In this subsection we develop a new one-step TMLE based on the universal canon-
ical one-dimensional submodel, while the previous closed form TMLE developed
in(Petersen et al., 2013) was based on a local least favorable submodel with d-
parameters at each time point.

Suppose that the observed data structure is O = (L(0), A(0), L(1), A(1),Y) ~
Py, where Y € {0,1} or continuous with Y € (0,1). Let V = f(L(0)) be some
potential baseline effect modifier of interest. Suppose that our statistical model
M only makes assumptions about go = (go, A(0)» 90, A(l))- Consider a set of dynamic
treatment regimens D, and for a d € D, let Ey(Yy | V') be the conditional mean of Yy,
given V, under the G-computation formula pg = qr(0)9r(1)qy da(0)da(1) obtained by
replacing go 4(0) 9o,4(1) in the factorization of the density py of Py by the degenerate
conditional distributions d 4y and d4(1). Here Qo) is the marginal distribution of
L(0), and Qr1), @y are the conditional densities of L(1), given A(0), L(0), and of
Y, given L(1), A(1), respectively, while qr,), q1(1), 9y are their respective densities.
Given a working model {mg : 8 € R?} for Eg(Y; | V), and weight function (d, V') —
h(d,V), the target parameter ¥ : M — IR? is defined by

U(P) = arg Hgn Ep Y h(d,V)LF (my(d,V))(Ya, V),
deD
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where LT (m)(Yy, V) = —{Yqlogm(d,V) + (1 — Yy)log(1 — m(d,V))} is the log-
likelihood loss function for F(Yy | V). By the sequential regression representation
of Ep(Yyq | V) (Bang and Robins, 2005), it follows that ¥ (P) = ¥1(Qp (), Q), where

Q=(Q"Q% =(Q", Q> :de D), and
QUE) = Ep(Y | L(), AQ1) = d(L(1)))
QL) = Ep(Q*(L(1)) | L(0), A(0) = da()(L(0))).
We assume that Logitmg(d,V) = 87 ¢(d, V) for some vector of basis functions

¢ = (¢1,...,0q). The efficient influence curve of ¥ at P is given by D*(Q,G) =
Q)" D(Q, G), where

D(Q.G)(0) = Y m(dV)(@Q"(d,L(0) — myg)(d,V))
deD
# 3 m(a) TEO=BGEO) @p) - @)
deD
A=) g
dEZDhldv om0 Q)

= D°(Q)+D'(Q,G)+ D*(Q.G),
and
hi(d,V) = h(d,V)o(d,V)
() = Ep Y h(d,V)o(d,V)p(d, V) my(l—my)(d,V).

deD

Consider the following loss functions for the components of Q = (Q',Q?) =
(Ql’d, Q%4 de D):

Lo(Q%) = =Y I(AQ) = d(LA)){Y log @ + (1 - V) log(1 — Q*)}
deD

Lig@) = - 14 (L(0)){Q>Mog @4 + (1 - Q) log(1 — Q4)}.
deD

Given Q! , we will estimate Qg with Q% = P,Q}, an empirical mean. As a conse-
quence, we only need a TMLE of Q2% and Q}, and the TMLE of QY follows by taking
the empirical mean over L(0) of the TMLE of Q.

We can now define the sum loss function for Q:

Lgai(Q) = La(Q%) + Ly g2 (Q"),

which is indexed by nuisance parameter Q? itself. For notational convenience, let’s
denote this nuisance parameter with I'(Q) = Q2. Then, this loss-function can also
be represented as:

Ly(@* Q") = L2(Q%) + L1,(Q").
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Indeed, we have L,,(Q) is a valid loss function for Qo = argming PoL+,(Q). )
Consider the following local least favorable d-dimensional submodel through Q) =

(@*Q"):
LogitQ>*™ = LogitQ*? — 6" Ha(d, g)
LogitQé’d’lfm = LogitQ" — 6" H(d, g)

where H3(d, g) = h1(d, V)I(A(1) = d(L(1)))/(94(0)941)(0)), and Hi(d, g) = h1(d, V)I(A(0) =
do(L(0)))/g4(0)(O). Indeed, we have

d m _ _ _
Q™| =D(Q,G)=D"Q,G)+D*Q.0).
6=0
Let dx be given. Define the d-dimensional vector
00(Q)=———""—
"D =1RDb@o T

We can now define our first update Qg, = Qlf ™ . In other words, for each d € D,

we have

LogitQ%! = LogitQ>? — &% (Q)dxHa(d,
LogitQCllf = LogitQY? — &%(Q)dxH,(d, g).

We can now iterate this updating process. So let

P D(dev )

Q) = T 5G|

lfm

02,6% (Qus ) In other words, for

We can now define our second update Qg = Q
each d € D, we have

LogitQyy, = LogitQ%! — 6%(Qax)dzHa(d, g)
= LogitQ?? — 6%(Q)dzHs(d, g) — 67 (Qux)drHs(d, g)

1
= LogitQ™" — Y~ 65 (Qrdx)dzHa(d, g)
k=0

1
Logthzdx = LogitQ"? — Z 85 (Qraz))dzH1(d, g).
k=0

So, by iteration it follows that the desired universal one-dimensional submodel
is given by

Lfm
Q Qf(] 5* Qz)dx'
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Let’s define the d-dimensional vector

/E P,D(Qu, G)
o | PaD(Qu, G) ||

Then the desired universal canonical one-dimensional submodel can be presented as
follows: for each d € D, and € > 0,

Ch(€) = dx.

LogitQ*>? = LogitQ*? — C,(e) " Ha(d, g)
LogitQ>? = LogitQ" — C,(e)" Hi(d, g).

Let’s now explicitly verify that the one-step TMLE indeed solves P, D(Q.,,G) =

0 at €, > 0 defined by the smallest ¢ > 0 for which %PnLQg (Qecsn) o 0. Here
we use that the empirical risk decreases in €. Let -
d P.D(Qe, G)
Cl(€) = —Chple) = — .
9= &I T TRDQ.) ]
We have
d - _ _
%PnLQE (Qe-‘rh) = B, Z hy (d7 V)C;L(E)THl (da g)(QLd - QOVd)
h=0 deD
+Pa ) ha(d,V)Cp(e) T Ha(d, 9)(Y — Q)
deD
PD(QeG) , ~
== PoD(Qe, G)
[ 7D(@C) |
= [ PD(Qe,G) | -

This proves that it is indeed a submodel that satisfies the desired condition so that
the TMLE of W(/) is given by the one-step TMLE ¥1(Qr0)5, Qe,)-

10 Concluding remark

Given a d-variate estimating function (Q,0) — D(Q,G)(O), a loss function L(Q)
for @ : M — Q(M), a local d-dimensional submodel {Q§™ : 6} C Q(M) so that
%L(ng)} s—0 = D(Q,G), we constructed a one-dimensional universal submodel
{Qe : € > 0} € Q(M) through @, at e = 0, that has the property that for all
e>0 %PnL(QG) =|| P,D(Qe, G) ||, where || - || is the Euclidean norm. Our analytic
formula for this universal submodel does not depend on the local submodel, but the
local submodel can still play a role for the practical construction. In the special
case d = 1, we also constructed a universal one-dimensional submodel so that for
all € % (Qe) = D(Q¢, G), which then implies %PnL(QE) = P,D(Q., G). For each
of these universal submodels, the one-step TMLE @, with €, = arg min, P, L(Q.)
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solves each P,D;(Q.,,G) =0, j = 1,...,d. We showed how this result immedi-
ately extends to an infinite dimensional estimating function D = (D, : t € 7), by
replacing the Euclidean inner product by an Hilbert space inner product. If D() is
the canonical gradient of a target parameter, we referred to this submodel as the
universal canonical submodel, and, if d = 1, the universal least favorable submodel.

The constructions of these universal submodels correspond with iteratively defin-
ing Qeide = Qg Where 6(€) = P.D(Qe, G)/ || PaD(Qe, G) || moves along the
gradient of the empirical risk P,L(Q.) at €. These practical constructions demon-
strate that this algorithm succeeds in updating an initial () into an update @}, = Qe,
that solves the desired equation P,D(Qe,,G) = 0 while minimally decreasing the
empirical risk relative to its initial value P,,L(Q). That is, with minimal additional
data fitting it achieves the desired goal, while fully preserving the statistical prop-
erties of the initial estimator represented by Q.

The universal submodels have dramatic implications for the TMLE literature
by allowing one to construct one-step TMLE for any multivariate and even infinite
dimensional pathwise differentiable target parameters, solving the desired estimating
equation, so that this TMLE is asymptotically efficient and possibly has additional
desired properties implied by solving the equation P, D(Q,,G) = 0. The one-step
TMLE step only involves minimizing an empirical risk over a univariate fluctuation
parameter €. In the current literature, we proposed defined various iterative TMLE
based on multivariate local submodels that can now be replaced by a more stable
one-step TMLE only relying on maximizing over a univariate e. We demonstrated
such new one-step TMLE for various examples in this article, but obviously this will
impact many more problems than the ones presented here.

The important advantages of the TMLE based on a local least favorable sub-
model relative to estimating equation methods and the one-step estimator have
been emphasized in the literature. Since the estimating equation methodology is
more limited than the one-step estimator by 1) relying on an estimating function
representation of the efficient influence curve, 2) existence and 3) uniqueness of its
solution, let’s focus on contrasting the TMLE to the one-step estimator. One im-
portant advantage of the TMLE relative to the one-step estimator has been that it
is a substitution estimator thereby making it in principle more robust by respect-
ing the global constraints of the model M. Beyond this, the fact that the TMLE
updates an initial estimator through minimization of a loss-function specific empir-
ical risk, it allows one to further refine the targeted update step such as carried
out in C-TMLE. Another advantage is that it actually provides a corresponding
data distribution P} € M compatible with the estimator of the target parameter,
for example, allowing one to compare different TMLE by the empirical risk of P;.
On the other hand, the one-step estimator takes only one step, and that can add
important stability relative to a possibly iterative TMLE, making the comparison
not so clear in the case that the TMLE is iterative. However, our new universal
submodels presented in this article make the TMLE also a single-step estimator,
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thereby dealing with this possible criticism of TMLE.

The benefit of being a substitution estimator is particularly appealing if one
estimates an infinite dimensional target parameter such as a survival function with
clear global structure. Due to our universal canonical one-dimensional submodel,
we could provide one-step TMLE that complete respects this global structure of the
infinite dimensional target parameter, something a one-step estimator (or estimating
equation method) can not achieve.

Future simulation studies will have to evaluate the practical benefits that come
with the new one-step TMLESs based on universal least favorable or canonical sub-
models, relative to TMLEs based on the typical local least favorable submodel.

References

H. Bang and J.M. Robins. Doubly robust estimation in missing data and causal
inference models. Biometrics, 61:962-972, 2005.

P.J. Bickel, C.A.J. Klaassen, Y. Ritov, and J. Wellner. Efficient and Adaptive
Estimation for Semiparametric Models. Springer-Verlag, 1997.

M. Carone, I. Diaz, and Mark J. van der Laan. Higher-order targeted minimum loss-
based estimation. Technical Report 331, www.bepress.com/ucbbiostat/paper331,
University of California, Berkeley, 2014.

I. Diaz, M. Carone, and Mark J. van der Laan. Second order inference
for the mean of a variable missing at random.  Technical Report 337,
www.bepress.com/ucbbiostat /paper337, University of California, Berkeley, 2015.

Ivan Diaz and Mark J van der Laan. Targeted data adaptive estimation of the
causal dose response curve. Journal of Causal Inference, 2013, In press.

S. Gruber and M.J. van der Laan. An application of collaborative targeted maximum
likelihood estimation in causal inference and genomics. Int J Biostat, 6(1), 2010.

S. Gruber and M.J. van der Laan. Targeted minimum loss based estimator that
outperforms a given estimator. The International Journal of Biostatistics, 8(1):
Article 11, doi: 10.1515/1557-4679.1332, 2012.

Samuel D Lendle, Bruce Fireman, and Mark J van der Laan. Balancing score
adjusted targeted minimum loss-based estimation. 2013.

M. Petersen, J. Schwab, S. Gruber, N. Blaser, M. Schomaker, and M.J.
van der Laan. Targeted minimum loss based estimation of marginal struc-
tural working models. Journal of Causal Inference, submitted, technical report
http://biostats.bepress.com/ucbbiostat /paper312/, 2013.

35

Hosted by The Berkeley Electronic Press



E.C. Polley, Sherri Rose, and M.J. van der Laan. Super learning. In M.J. van der
Laan and S. Rose, editors, Targeted Learning: Causal Inference for Observational
and Experimental Data. Springer, New York Dordrecht Heidelberg London, 2012.

J.M. Robins and A. Rotnitzky. Recovery of information and adjustment for depen-
dent censoring using surrogate markers. In AIDS Epidemiology, Methodological
issues. Bikh&auser, 1992.

S. Rose and M.J. van der Laan. Targeted Learning: Causal Inference for Observa-
tional and Fxperimental Data. Springer, New York, 2011.

D.B. Rubin and M.J. van der Laan. Empirical efficiency maximization: Improved lo-
cally efficient covariate adjustment in randomized experiments and survival anal-
ysis. The International Journal of Biostatistics, Vol. 4, Iss. 1, Article 5, 2008.

R.J.C.M. Starmans. Models, inference and truth: Probabilistic reasoning in the
information era. In M.J. van der Laan and S. Rose, editors, Targeted Learn-
ing: Causal Inference for Observational and Ezrperimental Studies, pages 1-20.
Springer, New York, 2011.

O.M. Stitelman and M.J. van der Laan. Collaborative targeted maximum likelihood
for time to event data. Technical Report 260, Division of Biostatistics, University
of California, Berkeley, 2010.

M.J. van der Laan. Estimation based on case-control designs with known
prevalance probability. The International Journal of Biostatistics, page
http://www.bepress.com/ijb/vold /iss1/17/, 2008.

M.J. van der Laan. Statistical inference when using data adaptive estimators of
nuisance parameters. Technical Report 302, Division of Biostatistics, University
of California, Berkeley, submitted to IJB, 2012a.

M.J. van der Laan. Causal inference for networks. Technical Report 300, Division
of Biostatistics, University of California, Berkeley, 2012b. Submitted to JCI, also
technical report http://www.bepress.com/ucbbiostat/paper300.

M.J. van der Laan and S. Dudoit. Unified cross-validation methodology for selection
among estimators and a general cross-validated adaptive epsilon-net estimator:
Finite sample oracle inequalities and examples. Technical report, Division of
Biostatistics, University of California, Berkeley, November 2003.

M.J. van der Laan and S. Gruber. Collaborative double robust penalized targeted
maximum likelihood estimation. The International Journal of Biostatistics, 2010.

M.J. van der Laan and M.L. Petersen. Targeted learning. In Ensemble Machine
Learning, chapter pages 117-156, ISBN 978-1-4419-9326-7. Springer, New York,
2012.

36

http://biostats.bepress.com/ucbbiostat/paper33s



M.J. van der Laan and J.M. Robins. Unified methods for censored longitudinal data
and causality. Springer, New York, 2003.

M.J. van der Laan and D. Rubin. Targeted maximum likelihood learning. The
International Journal of Biostatistics, 2(1), 2006.

M.J. van der Laan, S. Dudoit, and A.W. van der Vaart. The cross-validated adaptive
epsilon-net estimator. Statistics and Decisions, 24(3):373-395, 2006.

M.J. van der Laan, E. Polley, and A. Hubbard. Super learner. Statistical Applications
in Genetics and Molecular Biology, 6(25), 2007. ISSN 1.

A. W. van der Vaart and J. A. Wellner. Weak Convergence and Emprical Processes.
Springer-Verlag New York, 1996.

A.W. van der Vaart, S. Dudoit, and M.J. van der Laan. Oracle inequalities for
multi-fold cross-validation. Statistics and Decisions, 24(3):351-371, 2006.

W. Zheng and M.J. van der Laan. Cross-validated targeted minimum loss based
estimation. In M.J. van der Laan and S. Rose, editors, Targeted Learning: Causal
Inference for Observational and Experimental Studies. Springer, New York, 2011.

W. Zheng, M.L. Petersen, and M.J. van der Laan. Estimating the effect of a
community-based intervention with two communities. Journal of Causal Infer-
ence, 1(Issue 1):83-106, 2013.

Appendix

A Example for Section 3: Universal least favorable sub-
model for parametric models, and resulting one-step
TMLE

This section represents the final subsection of 3.

Even though the standard MLE for a parametric model is asymptotically effi-
cient for any pathwise differentiable target parameter, if the dimension of the finite
dimensional parameter is high relative to sample size, then the MLE is often not
well defined or overly variable so that regularization is needed, and in that case
a TMLE is still needed. High dimensional linear regression is an example of such
types of high dimensional parametric models, but also saturated models when O is
discrete (but possibly with many possible values). This type of application of TMLE
motivates us to consider the universal least favorable submodel and corresponding
one-step TMLE for parametric models.
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Let O ~ Py, € M = {Py: 0 € © C R%} be modeled with a d-dimensional
parametric model. Assume that the model is dominated by a single dominating
measure p, and the density dPy/dp will be denoted with pg. Let ¥ : M — R
be a real valued target parameter, which is pathwise differentiable with canonical
gradient D*(Fp) at Py € M. Let S;(P) = %logdPg/du be the score of 6,
j=1,...,d. The tangent space T(Fy) at Py is the linear span of these d scores. Let
a(Py) = (aj(Py) : j =1,...,d) be a uniquely defined vector of scalars such that

d
D*(Py) =Y aj(Py)S;(Pp).
j=1

Such a vector a(Fy) exist and is unique if the d x d information matrix I(FPy) =
PQSQS; is invertible, but even when the tangent space is of lower dimension than
d, there exist a whole space of such vectors of scalars, and this just selects one of
them in a unique manner.

A local least favorable model {P{é,fE " . €} through Py at € = 0 is given by:

lfm _ _
Py'e” = Potea(Py) = Ploj+ea;(Py):j=1,...d)-

Let
07 (¢) = 6+ ca(Py)

be the corresponding least favorable path in the © space, so that we can denote
Py™ = Pyigm(e. Indeed,

1d

o - I%&pe—i—ea(Pg)

d ILfm
—1
de BP0

e=0

= D*(Pp).

Let the universal least favorable model through 6 be defined by the following
differential equation: for € > 0,de > 0

O(e + de) = 0(e)V™(de) = H(e) + dea(Py(e))-

Similarly, we define 0(e — de) for € < 0. The corresponding integral equation is given
by: for e > 0 we have

9(6) =0+ /06 a(Pg(I))dx
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This differential or integral equation allows one to solve recursively for 6(e), given
previous values 6(x) for x < e.

A corresponding universal least favorable submodel {Py : €} through Py is now
defined by: for € > 0

PG,e = PH(e)

- P9+f06 a(Pg(z))dx‘

And similarly we can define Py, for ¢ < 0. By our results, we also know that we
could define this universal least favorable submodel through Py by: for € > 0

P@,e = Pg exXp (/ D*(ng)dl‘) y
0

but for the sake of practical approximation one should prefer the above formulation
in terms of a local least favorable submodel.

Suppose that P, log Pgism (o) is decreasing at € = 0. Then, the TMLE is defined
by an initial estimator 6,,, and defining €,, as smallest local maximum larger than 0
of € = P, logpg, (). The TMLE of 6 is now given by 0}, = 0,(€y), and the TMLE
of W(Py,) is given by W(Fp:).

B Example for Section 4 demonstrating that analytic
formula (11) for universal least favorable submodel
is indeed a submodel

Suppose O = (W, A,)Y) ~ Py, A € {0,1} binary, Y binary in {0,1} or Y € (0, 1),
and let the statistical model M be the nonparametric model or any model that
only restricts the tangent space of the conditional distribution of A, given W. Let
U : M — R be defined by ¥(P) = EpEp(Y | A = 1,W). The efficient influence
curve D*(P)(0) = A/g(W)(Y —Q(W))+Q(W)—¥(P), where g(W) = P(A = 1|W)
and QW) = Ep(Y | A = 1,W). We note that ¥(P) = ¥1(Q) = QwQ, where
Q = (Qw,Q), and Qu is the probability distribution of W under P. We can
decompose D*(P) = D;(Q,5) + D(Q), where Di(Q,5) = A/g(Y — Q(W)) is a
score of the conditional distribution of Y, given A, W, while D§(Q) is a score of the
marginal distribution of W. Since we estimate Qo with the empirical probability
distribution of Wy, ..., W, there is no need to construct a submodel through Q,
so that we focus on constructing a submodel through @ only.

A valid loss function for @ is given by

L(Q)(0) = ~I(A=1){Y log Q(W) + (1 = Y) log(1 — Q(W))}.
Consider the local least favorable submodel through Q:

LogitQ!/™ = LogitQ — eH(7),
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where H(g)(A, W) = A/g(W). This is indeed a local least favorable submodel for
Q since

= Di(Q,9).

d _
ly lfm
df (QE ) =0

Let’s now compute the corresponding theoretical universal least favorable submodel

(4). We have

droyve Lol japn Y =—Q
0@ = o -ra=ng =%,
Thus, _
_ . Y — Qe
L(Qe) B I(A 1)Q5(1 - Qe)

Thus, the universal least favorable submodel (4) through @ is given by:
€
Q.=Q-H() [ Q- Qs
0

This integral equation shows that

d A~
3@ _
A~ (g).
Qe(l - Qe)
This has as solution Q. = lef ™ and since there is only one solution, this proves

that the universal least favorable submodel Q, = Qlef " Indeed, it follows directly

that for all € J

showing that our local least favorable submodel is already a universal least favorable
submodel. Indeed, the TMLE using Qif "™ requires only one step. In particular, as
predicted by our theory, this demonstrates that the analytic formula (4) respects
the constraints that @ € (0,1), even though that is not immediately obvious from
its analytic integral or differential representation.

C Universal score-specific submodel generalizing the uni-
versal least favorable submodel

This section could be read after Section 5

Consider the above setting O ~ Py € M, ¥ : M — R, V(P) = ¥ 1(Q(P)),
Q(P) = argming PL(Q), ¥ is pathwise differentiable at P with canonical gradient
D*(Q(P),G(P)) for some nuisance parameter G that is orthogonal to ¥ in the sense
that the nuisance tangent space of G is orthogonal to the tangent space of Q.

In Section 5 constructed universal least favorable models {Q : €} for any loss-
based parameter () whose loss-based score %L(QE) at € equals the efficient influence
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curve D*(Q¢, G). Using this universal least favorable submodel through an initial
estimator of (Jg results in a TMLE that takes only one step, and, as any TMLE, is
asymptotically efficient under regularity conditions.

Let L2(G) be a loss function for G so that G(P) = argming, ey PL2(G1).
Let L(Q, G) = L(Q) + L2(G) be the sum loss-function for (@, G). Let D2(Q, G) be
a user supplied element of the tangent space T (P) of G in L3(P). Let’s define a
local score-specific (i.e., Dy()-specific) submodel {GZ™ : €} C G(M) as a submodel
through G at € = 0 satisfying

SL(G)|  =Da@.G).

e=0

Then, given a local least favorable submodel {Qlef " . €} through @, we have that
{( m GI™) e} C (Q,G)(M) satisfies

4

lfm sm
c L@, am

= D(Q,G) = D*(Q,G) + D5(Q, G).
e=0

We refer to such a submodel {QY™ G5™ : ¢} as a local D()-specific submodel.

Typically, @ can be decomposed as @ = (Q1,Q2) in which Q2o can always be
consistently estimated, and one select D2(Q = (Q1,Q2), G) so that Dy (Q1, Q20,Go)
equals minus the projection of D*(Q1,Q20,Go) onto a subspace of the tangent
space of G in L?(P). Such a choice implies that 1) for any Q1 D*(Q1, Qa20,Go) —
Dy (Q1,Q20,Go) is a desired influence curve with significantly smaller variance than
D*(Q1, Q20, Go) at misspecified Q1 and 2) D*(Q10, @20, Go) + D2(Q10, @20, Go) =
D*(Q10, @20, Gop). That is, Dy yields a correction to a misspecified D*(Q1, @20, Go)
that only kicks in when @7 is misspecified. In this way, the model is still a local
least favorable submodel so that the TMLE is asymptotically efficient when both
Qo, G are consistently estimated.

Specifically, one might be given a user supplied influence curve D°(Q1, Q20, Go)
at Py (for any given 1), which one can represent as

D%(Q1,Q20, Go) = D*(Q1, @20, Go) + Da(Q1, @20, Go),

for some Dy (Q1, Q20,Go) € Tz(FPp). One can now define the desired score as:

D(Q17Q207G0) = D*(QDQQOaGO)
_ P{D*(Q1, Qa0, Go) D2(Q1, @20, Go) }
PyD3(Q1, @20, Go)

This influence curve has smaller or equal variance than DY(Q1,Qa9,Go), and if
Q = Qo (i.e. Q1 = Q10), then D(Q1, Q20,Go) = D*(Qo, Gp) is the efficient influence
curve. By using this as the desired score equation, one will obtain a one-step TMLE
that will be more efficient than an estimator with the user supplied influence curve

DO(Qla Q207 GO) at F.

D3 (Q1, @20, Go)-
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Such a TMLE is analyzed by using that P,D(Q5,,, Q2n,G}) =0,

POD(QTnv QQna G;) = \I’(QO) - \IJ(Q:L) + RQna

for a second order term in (Q2, — Q20) and G}, — Gp, even when @Q)F, is inconsistent
for @19, so that

U(Qy) = ¥(Qo) = (P — Bo) D(Q1p, Qan, Gr,) + Ran.

If now R, = op(1/y/n), D(Q3,,, Q2n, G3) falls in a Py-Donsker class, Po{D(Q5,,, Q2n, G)—
D(Q1, Q20,Go)}? — 0 in probability, then it follows that

U(Qr) — ¥(Qo) = (P — Po)D(Q1,Q2, Go) + op(1/v/n).

In particular, if Q1 = Q19 it is asymptotically efficient, but even at misspecified Q1
it has a desired influence curve D(Q1, Q20, Go).

In the current literature such TMLE have always been iterative TMLE, using
more fitting than needed for the desired asymptotic properties(Gruber and van der
Laan, 2012; Lendle et al., 2013). This motivates us again to define a universal score-
specific (i.e., D()-specific) submodel as a submodel {(Q, G,) : €} C (Q,G)(M) so
that for all €

%L(QE, Ge) = D*(Q€7 Ge) + DQ(Qe; Ge)

Such a universal submodel is defined by the recursive differential equation definition:
!
(Qe—i—dea Ge—i—de) = (QJ(Z’ Gijcrlbe)a

where we need to keep in mind that the submodel Qlef }:n uses G it its definition (if it
depends on G), and, similarly, the submodel G} uses Q. in its definition. As in the
previous sections, this can be used to generate7 an analytic integral representation.
However, in most applications such integral representations follow immediately, so
that we just present the above recursive differentiable equation relation. Since

d m sm *
7L(Qle{§ » Te,§ ) =D (Q€7 Ge) + D2(Q€7 Ge):
do 5—0

it follows that this submodel is indeed a universal score-specific submodel.

As before a TMLE using this universal score-specific submodel for updating
(Q,G) will only require one step, and the TMLE (Q,, Ge,) will solve the desired
score equation

0= PnD(QEn> Gen) = Pn{D*(Q€n7 Gen) + D2(Q5n7 GEn)}v

so that it can be analyzed as above showing that, under regularity conditions, it is
asymptotically linear with influence curve D(Q1, Q20, Go), which equals the efficient
influence curve if ()1 happens to be the true value Q9.
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C.1 Example: Targeting the treatment mechanism in TMLE for
the additive treatment effect to obtain a more efficient esti-
mator at misspecified )

Let O = (W, A,Y) ~ Py and let M be a model that puts at most restrictions on the
conditional probability distribution go(a | W) = Po(A=a | W). Let ¥ : M — R
be defined by ¥(P) = Ep{Ep(Y | A=1,W) - Ep(Y | A=0,W)}. We have that
U(P) = ¥1(Q) = ¥1(Qw, Q) is only a function of the distribution Qy of W and
the conditional mean @ of Y, given A, W. Let D*(Q,g) be the efficient influence
curve at P, and let D*(Q,g) = Hi(9)(Y — Q) be the corresponding efficient score
for Q, while D} (Q) = Q(1,W) —Q(0, W) —¥(Q) is the corresponding efficient score
of Qw, so that D*(Q, g) = Di(Q, g) + D;(Q). For a given Q, let

Do(Q, Q20, 90) = —TI(D;(Q, g0) | T2(90)),

where Th(go) C L3(P) is a subspace of the nonparametric tangent space of g at Py
consisting of all functions of (A, W) with conditional mean zero, given W, and II
denotes the projection operator onto Th(go) in the Hilbert space L3(F). Since a
function of W is orthogonal to a function of A, W that has mean zero, given W, we
also have that

Dy(Q,Q2.90) = —I(D;(Q,90)+ Dy (Qwo, Q) | To(go))
= —I(D*(Qwo,Q,90) | T2(90))-

For example, T5(gp) could be the tangent space of a parametric model through go.
In the latter case this projection depends on covariances under Py so that Qo indi-
cates this dependence on Py beyond gy, and it is clear that Q99 can be consistently
estimated. We assume that T(go) (i-e., G) is small enough so that the projection op-
erator (i.e. QQ20) can indeed be consistently estimated. This projection can be repre-
sented as DQ(Q, @20, 90)(A, W) = Ha(Q, Q20, go)(W_)(A — go(W)) fOI‘ some Hsy. The
TMLE will now be tailored to solve P,{D*(Qw.n,Qs, 9s) + D2(Q5, Q2n,95)} = 0,
where Qyw,, is the unbiased empirical distribution of Qy9, @2, is the unbiased es-
timator of the covariances coded by Q9, while Q%, g% are the targeted estimators
of Qo, go, using the TMLE.

Given (Q,g), the local least favorable submodel through @ and local desired
submodel through g are defined by

LogitQ/™ = LogitQ — eHy(g)
Logltg_]?m = L0g1t§ - GHQ(Qa Q27 g)

Let Ly(g) = —logg, and L(Q)(0O) = —{Y logQ + (1 — Y)log(1 — Q)} be the quassi-
log-likelihood loss. Let L(Q,g) = L(Q) + Lz2(g) be the sum loss function for (Q, g).
The corresponding universal score-specific submodel through (Q, g) is defined by
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the following differential recursive relation: for € > 0

LOgithere = LOgith — deH; (ge)
Logitge+qe = Logitge — deHa2(Qc, Q2, ge)-

Similarly, we can define this submodel for ¢ < 0. Equivalently, their integral repre-
sentation is given by: for € > 0

LogitQ. = LogitQ — / H1(gz)dx
0

LOgltge = LOgltg - / HQ(QJH Q27 gm)dl’,
0

and, for € < 0,
- - 0
LogitQ. = LogitQ + / Hy(g,)dx

0
Logitge = Logit§+/ Hy(Qz, Q2, gz)dz,
€

The TME based on this universal score-specific submodel is now computed as fol-
lows. Let Qwn, Qn, gn, Qo2n be the initial estimators. Let h > 0 be a small number.
Determine first in which direction the empirical risk increases: PnE(th, Gn,h) <
PoL(Qn,gn) or Pnl_‘/(@n,,h,gn,,h) < P,L(Qn,9,). Suppose that h > 0 is the
direction that decreases the empirical risk of the sum loss function. Now, one
finds the first local minimum ¢, of ¢ — Pnfl(@n,e,g; = gne) for € > 0. The
TMLE of (Qw.0, Qo, go, @20) using this universal score-specific submodel is defined
by (Qwin, Qf = Qn.ens Gnens Q2n), and the corresponding TMLE of vy is given by
V(Qwns Qn.e,)- The TMLE solves P, {D*(Qwn,Q},95) + D2(Q5, Qan,95)} = 0.
By definition of Do, the correction Ds improves the efficiency of the TMLE relative
to the TMLE that does not use this correction.

C.2 Using a universal score-specific submodel to obtain asymptotic
linearity under milder conditions

Consider again the setting that O ~ Py € M, ¥(P) = ¥ 1(Q(P)), D*(P) =
D*(Q(P),G(P)) for a nuisance parameter G(P) orthogonal to Q(P). In the pre-
vious subsection we showed that targeting an initial estimator g, can make the
TMLE more efficient at misspecified Q),, when g, is a well behaved MLE of gg under
a correctly specified model G for gg.

Suppose now that g, is based on a machine learning algorithm such as the
ensemble super-learner based on a user supplied library of machine learning algo-
rithms. We want to guarantee that the TMLE remains asymptotically linear even
when @, is misspecified, but now without relying on g, to be an MLE of a rela-
tively small correct model. Instead we will rely on g, to converge at a good enough
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(non-y/n-rate) to go (van der Laan, 2012a). We will now show how this can be
achieved with a universal score-specific submodel. Suppose that we use the TMLE
(@} = Qne,, Gl = Gpe,) based on a universal score-specific submodel (Qr ¢, Gr.c)
so that

P{D™(Q5,Gp) + Da2(Q,, Gr) } = 0. (14)

We will now go through a template for proving asymptotic linearity of ¥ (@), which
will then demonstrate how Dy needs to be chosen. Firstly, we use that

—RD*(Q;, Gy) = ¥(Qy) — ¥(Qo) + Ra(Qy, Qo, Gy Go), (15)

where Rj is a second order term in differences (f1(Q})— f1(Qo)) and f2(G;,) — f2(Go)
for some fi, fo. Since @), can be inconsistent, this second order term cannot be
assumed to be negligible. This second order term is assumed to have the so called
double robust structure so that Re(Qo, Qo, G, Go) = R2(Q, Qo, Go, Go) = 0, i..e it
equals zero when either Qg or Gy is correctly specified. Combining (14) and (19)
yields:

(P — PO){D*(Qy,,Gy) + D2(Qy,,Gr) Y = ¥(Q),) — ¥ (Qo) (16)
+R2(Q;,, Qo, Gy, Go) — PoD2(Q,, Gy).

Suppose now that by utilizing the special structure of Ry() we can construct a data
adaptive real valued G — ®,(G) such that

RQ(Q:L QO; G:La GO) = (I)n(G;;) - @n(GO) + Rgn? (17)

for some second order term in terms of differences (G,, — Gy) and @], — Qf for some
much easier to estimate parameter Q of (Qo,Gp). We would now assume that

3, = op(1//n).

For example, in the FY; example, we have

R2(Q,Q0,G,Go) = Po(Q —Qo)(g — 90)/9)
= EoEo(Y — QW) | A=1,50,Q)(g — 50)/9)
= 2055009 = 24 g,.0(90);
where

Do5.000(d1) = / Eo(Y — Q| A=1,50,Q)g1/gdPo(w).

Define Qo0 = Eo(Y — Q | A = 1,70, Q) and let Qa, be the corresponding estimator
E,(Y —Qn| A=1,5n,Qn), treating g,, Q, as fixed functions of W. Then, we can
also denote @ 7 = o = PQs0,Qu,o» and we can define ®,, by @, qy,,- Thus, in this
example, we can define

(I)n(gl) = EPnEn(Y - Qn ’ A= 1a§n7 Qn)gl/gna
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and the second order term R%, involves square differences (g, —g0)?, (Q2n—Q20)(Gn—
Jo), and square differences involving (P, — Py) over W, all reasonable second order
terms.

So combining (16) with (17) yields:

(P = PO{D*(Qy,, Gr,) + D2(Qy,GR)} = ¥(Qr) — ¥(Qo)
+0,(Gr,) — ®u(Go) — PoD2(Qr,, G,) + op(1/y/n).

Let Dy ,,(Fy) be efficient influence curve of ®,, at Py, viewing ®,, as a given real value
parameter defined on M. By augmenting the original definition of () with whatever
extra parameters are needed to evaluate this efficient influence curve, we can denote
Dy o(Py) with D2(Qo, Go,Y0), where 7p is the part that is externally estimated with
Yn. By the general property of an canonical gradient of a target parameter mapping,
one will have that

where RS, is a second order term. We will assume RS, = op(1/y/n). Combining
this with the previous equation yields:

(P — PoO{D™ (@5, G},) + D2(Q, G )} = ¥(Q7) — ¥(Qo) + op(1/v/n),
where the op(1/4/n) now equals RS, + RS,. That is, we have shown
U(Qr) — ¥(Qo) = (P — P){D™(Q5, G},) + D2(Qr,, Gri ) } + op(1/v/n).

We can now finalize the proof as usual by assuming that D(Q%,G?) = D*(Q%, G+

Do (Q:, G%, yy) falls in a Py-Donsker class with probability tending to 1, and Po{D(Q}, G%,vn)—
D(Q, Go,70)}? converges to zero in probability for some possibly misspecified Q #

Qo, so that

U(Qr) — ¥(Qo) = (Pn — Po)D(Q, Go,v0) + op(1/v/n).

When @ = Qo, it follows that D3(Qo, Go,v0) = 0, so that this TMLE ¥(Q3) is
asymptotically efficient when both @,, G, are consistent.

To conclude, we selected D2(Qo, Go,v0) to be equal to the efficient influence
curve of G — ®((G), a parameter that is constructed by careful study of the second
order term Ry (Q, Qo, G, Go) ~ ®(G) — ®(Gp) where the dependence on Py of &
requires a much easier to estimate function of Qg, Gg. Using the TMLE based on the
corresponding universal score-specific submodel, we obtain a TMLE that preserves
asymptotic linearity when @, is inconsistent, but still consistent for the easier to
estimate pieces needed to make the second order terms, RS, RS, op(1/y/n), under
regularity conditions.

The proof above proves the following formal theorem.
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Theorem 6 Define the second order term Ra() by

—PD*(Q,G) = ¥(Q) — ¥(Qo) + R2(Q, Qu, G, Go). (19)

For a given (Q1,G1,7), let g, G, : M = @0, ¢,~(M) be a parameter mapping,
where ®q, g, ,(P) = ®1.0,,6.~(G(P)) only depends on P through G(P), and it
is indexed by an unknown parameter I' : M — T'(M) (which can be consistently
estimated). We use this parameter to approzimate the second order term Ry() as
follows:

Ry (Q,Qo,G,Go) = P1,0,G,~0(G) — P1,0,6,7(Go) + Ry (70, Q", Qp, G, Go)

for some second order term RS in differences Q" — Qg and G— Gy for some relatively
easy to estimate Qq (relative to original Qo). Let Da g c~(Qo,Go) be the efficient
influence curve of ®g g~ at Py. Let the second order term Ro g c~() be defined by:

~PyD2g.c4(Q,G) = 2g.6~(Go) — P,6(G) + Rog,64(Q", Qp, G, Go),

where again Ry g.c~() is second order in terms of an easier to estimate parameter
Q) instead of original Q.

Let 7y, be a consistent estimator of vo. Let (Q, G) be an estimator of (Qo, Go)
that solves

0= P,D(Qr, Gr ) = Po{D™(Q5, G1) + D2,03.,65.4, (@1 G1) 3

Assume R3(Yn, Q7. Q0, Gy, Go) = op(1/y/n) and R q; 63, (@, @0, Gry Go) =
op(1/y/n). Assume also that D(Q%, G5, ) falls in a Py-Donsker class with proba-
bility tending to 1, Po{D(Q}, G, vn)—D(Q, Go,v0)}? converges to zero in probability
for some possibly misspecified Q # Qo. Then,

U(Q;) — ¥(Qo) = (Pn— Po)D(Q,Go,70) + op(1/v/n).

C.3 Universal score-specific submodels for one-step higher-order
TMLE

Of course, the above formulation can be further generalized as follows. Given a local
desired submodel for which %L( lefm)‘ .= D(Q,G) for some specified D(Q, G),

e—=!
the corresponding universal score-specific submodel is defined by the recursive dif-
ferential equation definition:

l
Qeere = QJZZ

Under weak regularity condition, this now satisfies that %L(QE) = D(Q., G), and
the one-step TMLE defined by @, with €, = argmin, P, L(Q.) solves P,D(Q., ,G) =
0. Therefore, this universal score-specific submodel can also be used to define one-
step second-order TMLE of second order pathwise differentiable parameters(Carone
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et al., 2014; Diaz et al., 2015). In this case D(Q,G) plays the role of D(Q,G) =
DYQ,G)+P,D?*(Q,q), where D/ (Q, G) is the j-th order efficient influence function,
j = 1,2. Given an initial estimator (Q,, Gy), the TMLE Q,, ,, solves P, DY (Qp.,., Gn)+
P2D?(Qn.e,,Grn) = 0, providing the basis for asymptotic efficiency of the second or-
der TMLE under a condition that a third-order difference between (Qe,,G,) and
(Qo, Go) is op(1/y/n), while a first order TMLE relies on a second order difference

being op(1/y/n).

D Generalization to universal least favorable submod-
els with loss-functions that depend on nuisance pa-
rameters

This section could be read after Section D Let O ~ Py ¢ M, ¥ : M — R,
D*(P) = D*(Q(P),G(P)), G(P) is orthogonal to Q(P). Consider a loss function
Lr(Q) so that Q(P) = argming PLppy(Q), where I' : M — T'(M) is some nuisance
parameter. For example, I'(P) might depend on P through Q(P), G(P), or both
(Q(P),G(P)). Let {Qlefm : €} be a local least favorable submodel through @ = Q(P)
at € = 0 w.r.t. this loss function L,:

d

aLr(p)(Qifm) e D*(Q(P),G(P)).

A TMLE based on this local least favorable submodel could now proceed in the
following two manners. Simultaneously, the resulting universal least favorable sub-
model and corresponding one-step TMLE will follow naturally and be described as
well.

Case I: Fixing the nuisance parameter in the loss-function. Given an
initial (@, @), and corresponding v = I'(Q, G) or external estimate 7, one defines

n —

) = argmin P, L. (QY™),
€

one defines the update Q' = ng, and one iterates this updating process with

67]2 = arg mein PRLW(Qf’me),

k=1,2,... till & ~ 0, thus fixing v throughout. The TMLE of Qo based on this
local least favorable submodel is now Q* = Q¥ and solves

PnD*(’YvQ*>G) ~ 07
where p
D*(v,Q,G) = L (QY™)

de e=0
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Under reasonable conditions on the estimator of vy = I'(Fp), one will still have

_POD*(77 Q7 G) = \II(Q) - \IJ(QO) + R#(’% Y0, Q7 Q07 G7 G0)7 (20)

for a second order term involving square differences of (Q —Qo), G — Gg, and v — .
Therefore, one can still establish asymptotic efficiency of such a TMLE under the
condition that the second order term is op(1/4/n), and some regularity conditions.
The price we paid by fixing the nuisance parameter in the loss function is that the
TMLE now solves an incompatible efficient influence curve equation in the sense
that the estimator v will not be compatible with the TMLE (Q;,Gy,). Generally,
speaking this seems of little consequence, as long as D*(, @, G) still has the desired
second order expansion (20).

The construction of an L,-specific universal least favorable submodel can now
proceed analogue to the case that the loss-function was known by replacing L(Q)
by L,(Q), and D*(Q,G) by D*(v,Q,G) fixing v. In other words, we define the
L.,-specific universal least favorable submodel by the differential equation: for e > 0
and de > 0,

l
Q6+d6 = QE{$7

and, similarly for ¢ < 0 and de < 0, we define Q._4. = Q
results, we now have that for all ¢ > 0,

lLfm

cde By our previous

d
%L’Y(QE) = D*(% Qéa G)a

and similarly for e < 0. The TMLE using this L,-specific universal least favorable
submodel takes only one step so that the TMLE of Qo is given by Q* = Q.0 solving
P,D*(v,Q*,G) = 0.

Case II: Updating the nuisance parameter. Given an initial (@, G), and
corresponding v = I'(Q, G), one defines

€ = arg mein P, L,(QY™).

One defines the update Q' = Qi{jm, and v! = T'(Q',G), and one iterates this
updating process with
€® = argmin PnLk (QFLImy,

n —

k=1,2,... till & ~ 0, thus updating v* throughout. The TMLE of Qg based on
this local least favorable submodel is now Q* = QX and solves

P,D*(Q*,G) ~ 0.

The asymptotic efficiency of the TMLE under the usual conditions follows accord-
ingly.
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We define the universal least favorable submodel by the same differential equa-
tion as above for the fixed loss-function case: for € > 0 and de > 0,

l
Qeere = QG{CZL’

and, similarly for € < 0 and de < 0, we define Q._g4c = Qlef (ZL . As a consequence, for

all e > 0,

d .
——Lr@.c)(Qctn) = D*(Q., G).
dh h=0

Thus, for all € > 0,
d R
%Lv(Qe) =D (QeaG)-

The MLE-step for the one-step TMLE is now defined as follows. First determine
the sign of h for which PnLV(Q,G)(QldJ;m) < PuLy@,6)(Q). Suppose the empirical
risk decreases in the direction h > 0. Now, we determine the first €) > 0 for which

d
7PnLF(Q5,G) (Qetn) =0,

dh h=0
or equivalently, at which
P,D*(Q.,G) = 0.

Notice that this corresponds with the first €2 at which PpLy o (Qeo 11) is not increas-
ing in h > 0 anymore. !

The TMLE using this universal least favorable submodel w.r.t loss L (Q) takes
only one step so that the TMLE of Q is given by Q* = Qo solving P, D*(Q*, G) =
0.

D.1 Example: Sequential regression TMLE of counterfactual mean
for multiple time point intervention using universal least fa-
vorable model

Here we develop a TMLE based on the universal one-dimensional least favorable
submodel, while in our previous work (Gruber and van der Laan, 2012; Bang and
Robins, 2005) we use a local least favorable submodel with a parameter for each
time point. Let O = (L(0), A(0), L(1), A(1),Y) ~ Py, and let the statistical model
M only put restrictions on the conditional probability distributions g4(o) and g4(1)
of A(0), given L(0), and A(1), given L(1), A(0), respectively. Let L(0) — do(L(0))
and L(1) — di(L(1)) be two functions that can be used to deterministically assign
treatment A(0) = do(L(0)) and A(1) = di(L(1)), respectively. Let d = (do,d1).
Given this dynamic treatment regimen (dy, d;) we define the target parameter ¥ :
M — R by

U(P) = Ep(Ep(Ep(Y | A(1) = d(L(1)), L(1)) | A(0) = do(L(0)), L(0))).
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Let Q2 EP(Y | A(1) =d(L Q)) L(1)), Q" = Ep(Q* | A(0) = do(L(0)), L(0)), and
Qg p(QY). Let Q = (Q%,Q'), and Q = (Q, Q") and note that ¥(P) = ¥(Q) =
Q.

The efficient influence curve of W at P is given by:

. Al A0, LA0) =do(L(0)) =2 A1
D(P) = (@ -Q%+ (@ - Q)
I(A( ) =d(L(1) s A2
- 094 1)(0) ¥=9

_ Dy(P)+ DI(P) + DY(P)

We will also denote D*(P) with D*(Q, ), g = (9a(0): 9a(1)), and D3(P) = D3(Q, ),
Di(P) = Di(Q,9)- )
Consider the following loss functions for the components of Q:

Ly(Q%) = —I(AQ1) = d(L(1))){Y log @ + (1 - Y)log(1 - @*)}
Ly (@) = —I(A(0) = do(L(0)){Q*log Q" + (1 -~ Q*)log(1 — Q")}.

Given @), we will estimate Qg with Q% = P,QL, an empirical mean. As a conse-
quence, we only need a TMLE of Q2% and Q}, and the TMLE of QY follows by taking
the empirical mean over L(0) of the TMLE of Q.

We can now define the sum loss function for Q:

Lgai(Q) = La(Q%) + Ly g2 (Q"),

which is indexed by nuisance parameter Q? itself. For notational convenience, let’s
denote this nuisance parameter with I'(Q) = Q2. Then, this loss-function can also
be represented as:

Ly(Q* Q") = L2(Q%) + L1,(Q").

Indeed, we have L.,(Q) is a valid loss function for Qo = argming PyL,(Q). Con-
sider the following local least favorable submodel through Q:

Logith’lfm = LogitQ? — eHs(g)
LogitQi’lfm = LogitQ' — eH(g)

;vl(lierede(gilz I(A(1) = d(L(1)))/(94(0)94(1)(O)) and Hy(g) = I(A(0) = do(L(0)))/g4(0)(O)-

D L@ =D2Q.0)+ DM (Q0).
€ e=0
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Case I: Fixed loss function L,. The corresponding L,-specific universal

least favorable submodels are defined by the differential equation QE rde = 7?’2/: m
and Qi Nde = Q:’fl{m, which implies the integral representation given by

LogitQ? = LogitQ? — eHs(g)

LogitQ! = LogitQ' — eHi(g).

Thus, the L.-specific universal least favorable submodel through Q = (Q% Q')
equals the local least favorable submodel: Qlef ™ = Q.. Indeed,

D 1on(@0) = Halg)(Y — Q) + Hi(9)(Q* — Q)

de
= D3(Q7.9)+ Di(Q%Qc.9).
The one-step TMLE based on this L.-specific universal least favorable submodel is

defined by —
€n = arg mein PnLQ,% (Qn,e)s

and the TMLE of Qo is given by Q... The resulting TMLE of v is simply
U(Qnye,) = PoQ! . This TMLE will now solve the incompatible efficient influence
curve equation 0 = P, D*(Q2,Q%, g,) defined by

D*(Q3,Qr 9n) = D3(Q7", 90) + D1 (@7, Qi gn) + D5(Qy", Q).
The typical TMLE solves the compatible efficient influence curve equation 0 =
P, D*(Q%, gn), where

D*(Q5,9n) = D3(Q%, 9n) + DI(QF, Qr', 9n) + Dg(Qr5, Q7).
Let’s now prove that this incompatible efficient influence curve still allows the
desired second order expansion the asymptotic linearity and efficiency proof relies

upon. By the general representation theorem for the efficient influence curve in
CAR-censored data models (Robins and Rotnitzky, 1992; 7), we have

D*(Q*ag) = DIPTW(g7 QO*) + DCAR(Q*7Q)7

where Drpriv(g, Q%) = I(A = d(L)/g1Y — Q°, and Dcar(Q, g) is a score of the
censoring mechanism, thereby, being a function of O that has conditional mean
zero w.r.t. g (for every value of Q). Thus the incompatible efficient influence curve

D*(Q?%, Q*,g) can be represented as D;prw (g, Q%) + Doar(Q, g), where Q # Q*.
We have
PoD*(Q* Q% 9) = Po{Drprw(9,Q")+ Dcar(Q.9)}
= Po{Drprw(g, Q") + Dcar(Q*,9)}
+Py{Dcar(Q",9) — Dcar(Q,9)}
= ¥(Qo) — ¥(Q") + R2(Q", Qo, G, Go)
+Po{Dcar(Q*,9) — Dcar(Q,9)}-
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So we need to show that the last term is a second order term. But this last term
equals:

R2a(Q*, Q. 9,90) = Po{Dcar(Q*,9) — Dcar(Q, 9) — Doar(Q*, go) + Doar(Q, go)}-

Thus, we conclude that

POD*(Q27 Q*ag) - \II(QO) - \II(Q*) + RQ(Q*7Q0ag790) + RQG(Q27Q2*79790)7

which thus yields a desired double robust second order remainder term defined as
the sum of Ry and Ro,. Since the compatible TMLE generates a second order term
Ro, it might be the case that for finite samples the second order term Rs 4+ Ro, of
the incompatible TMLE is larger.

Case II: Updating the loss function with e¢. The universal least favorable
submodels are defined as above:

LogitQ? = LogitQ* — eHa(g)
LogitQ! = LogitQ! — eHi(g)

Indeed, it has the following key property with respect to the loss function LQQ(Q):

@) = Ha(o)(Y ~ Q)+ Ha()(@ ~ Q)

h=0 ~ _
= D3(Qc,9) + D1 (Qe, 9).

Let’s assume that we determined that the empirical risk PnLQ% (ang) is decreasing
at € = 0, so that we need to determine the desired €, > 0. The solution ¢, is defined
by the smallest € > 0 for which

d

%PTLLQ%,S (Qn,&—i—h) o )

or, equivalently, the smallest € > 0 for which
PnD*(Qn,ev gn) =0,

where

Qn,e = ( 31,57 111,67 (7]1,6 - PnQi)
The TMLE of ¢ is now defined by ¥(Qy, ) = P,Q! , and it solves P, D*(Qn.e,., gn) =
0.
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To obtain some insight in solving for €,, note that it requires solving:

Since Q%e is a simple adjustment of the initial estimator Q, (just adding eH;(gn)
on the logistic scale), j = 2,1, this estimator is very easy to compute.

This implementation of TMLE is quite different from the current implementation
of TMLE that carries out the TMLE update step by fitting a separate € for updating
each @7, and sequentially carrying out these updates starting with Q2 and going
backwards. In addition, it involves first targeting the regression before defining it
as outcome for the next regression backwards in time. For example, if there are
many treatment nodes over time, then the TMLE presented above still only relies
on fitting a single €, while the current TMLE would require iteratively fitting many
€;'s. We suspect that the TMLE proposed here could be significantly more stable

in finite samples.
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