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

Mark J. van der Laan and Susan Gruber

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 targeted maximum likelihood estimator (TMLE) is an asymptotically
efficient substitution 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 max-
imizing the corresponding parametric likelihood till no more updates occur, at
which point the updated initial estimator solves the so called efficient influence
curve equation. In this article we construct a one-dimensional universal least fa-
vorable submodel for which the TMLE only takes one step, and thereby requires
minimal extra data fitting to achieve its goal of solving the efficient influence curve
equation. We generalize these to universal least favorable submodels through the
relevant part of the data distribution as required for targeted minimum loss-based
estimation. Finally, remarkably, given a multidimensional target parameter, we
develop a universal canonical one-dimensional submodel such that the one-step
TMLE, only maximizing the log-likelihood over a univariate parameter, solves
the multivariate efficient 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

Targeted learning (van der Laan and Rubin, 2006; van der Laan, 2008; van der
Laan and Rose, 2011) is a subfield of statistics concerned with the development
of asymptotically efficient substitution estimators of specific target parameters of
the data distribution, across possible data distributions within a realistic statistical
model. By necessity any such procedure will have to integrate the state of the art in
data adaptive estimation, but will also have to target such data adaptive estimators
of relevant parts of the data distribution so that they are minimally biased for the
target parameter.

Efficiency (Bickel et al., 1993) and empirical process theory (van der Vaart and
Wellner, 1996) for general statistical models provide the foundation for the con-
struction of such targeted machine learning algorithms. The canonical gradient of
the pathwise derivative of the target parameter mapping defines an asymptotically
efficient estimator with respect to the assumed statistical model 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 naturally involve the utilization of this canonical gradient.
The one-step estimator (e.g., (Bickel et al., 1993)) is such a general method that
adds to an initial estimator of the target parameter the empirical mean of the es-
timated efficient influence curve. Estimating equation methodology (van der Laan
and Robins, 2003; Robins and Rotnitzky, 1992) represents a related methodology
that assumes that the efficient influence curve can be represented as an estimating
function in the target parameter and a nuisance parameter, and defines the estima-
tor as the solution of the resulting estimating equation. These procedures do not
result in substitution estimators and thereby can lack finite sample robustness.

The targeted maximum likelihood estimator (TMLE) 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 paramet-
ric likelihood till no more updates occur. At that point the updated initial estimator
solves the so called efficient influence curve equation (van der Laan and Rubin, 2006).
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=1/ 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.,
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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.

The parametric submodel through the initial estimator with a score that spans
the efficient influence curve that is used in the TMLE procedure is called least favor-
able because it is the parametric submodel that maximizes the asymptotic variance
of the submodel-specific maximum likelihood estimator of the target parameter un-
der sampling from the initial estimator. 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 probabil-
ity 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 tai-
lored to be optimal locally around the initial estimator, so that its ability to indeed
provide maximal change in the target parameter per unit of information 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. We 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. Examples in the current literature in
which the TMLE converged in one step happened to already use a universal least
favorable submodel.

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 Py 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 — RR% 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.
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We assume that U is pathwise differentiable at each P € M with canonical gradient
D*(P). That is, for each path {P}, : €} through P at e = 0 and score Sy, indexed
by h in some index set H, we have

d k

Y (Pen)| = PDY(P)Sh,

e=0
where Pf = [ f(0)dP(o0) denotes the expectation operator w.r.t. P. 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 {Sy : h € H} in the Hilbert space
L3(P) of functions of O with mean zero under P, endowed with the inner-product
(S1,S2) = PS15s. R
An estimator of 1 is a mapping ¥ that maps the empirical probability distribu-

tion P, of O, ..., Oy into the parameter space ¥(M) C ]Rd7 and the corresponding
estimate of g is given by v, = \I/( »)- 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*(Fp):

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

Such an estimator satisfies (by CLT) v/n(1n—10) =4 N(0, %0 = Po{D*(Py)D*(Py)"}),
so that statistical inference can be based on the estimator of its influence curve
D*(Py). The canonical gradient D*(Py) of ¥ : M — RR? 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 {PO’lfm : 6} through P? at § = 0 with

d-dimensional parameter § and with score d Jog dPO lfm / dPO o = D*(PY).

This is used to define the corresponding maximum hkehhood estlmator 60 =
arg max P, log dP" (lsfm/dP,g. The one-step TMLE of Py is now defined as P} =

Pg (lsfom. This process is iterated by defining P! = phlim g 1,2,.. tillak=K

51{: )
for which 6% ~ 0. The TMLE of P, is then defined by the final update P;: = Pf{;lf(m,

which solves P, D*(P}) ~ 0. The TMLE of vy is the corresponding plug-in estimator
U(PF). Here =~ 0 can be replaced by op(1/4/n): for example, one might iterate till
| P,D*(PK) ||< 1/n, where one could use the Euclidean norm. Below, we will
ignore the numerical approximation error and just write P, D*(P;) = 0.

The asymptotic efficiency of the TMLE, under regularity conditions, is estab-
lished as follows. First, define the second order term Ra(P, Py) by the equation
U(P) — ¥(P) = (P — Py)D*(P) + R2(P,P). Due to D*(P) being a canonical
gradient, Ro(P, Py) will be a second order difference between P and Py. Applying
this identity to P = P, and using that P, D*(P}) = 0, results in the identity:

U(Py) — ¥ (Py) = (P, — Py)D*(P;;) + Rz2(Py, Po).
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Assuming Ra(P}, Py) = op(1/y/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(Py). The
latter is a very weak comsistency condition, so that the really crucial condition is
Ro(P*, Py) = op(n~1/?). To make the latter hold, it is crucial that one uses super-
learning incorporating highly adaptive estimators. The Donsker class condition will
hold if P} is not an overfit so that its variation norm is controlled, utilizing that the
class of functions with bounded variation norm is a Donsker class (van der Vaart
and Wellner, 1996).

TMLE has been generalized to targeted minimum loss-based estimation (still de-
noted with TMLE) in which one utilizes that W(P) can be represented as ¥ (Q(P))
for some function ¥y, where Q(P) = arg ming PL(Q) can be defined as a minimizer
of the risk of a loss-function L(Q)(O). One notes that D*(P) = D (Q(P),G(P)) for
some nuisance parameter G. Given an initial estimator (QY,G%), one now defines a

local least favorable submodel Qg’gm so that %L(Qg’gm) 5o spans D*(QY, GY), and

one updates QF by computing §* = arg ming PnL(Qﬁ’gm) and setting Q! = Qigﬁl,
resulting in a TMLE (Q7, GY) solving P, D*(Q%,G2) = 0, and corresponding TMLE
U1 (Qr) of 1g. To obtain a TMLE that solves additional score equations that serve a
certain purpose, one could use § of higher dimension than the target parameter, and
also simultaneously update Gfl with a submodel through Gfl, and iterate updates of
GF simultaneously with the updates of QF, resulting in a TMLE (Q%, G%).

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 P? € M, or an initial estimator (Q%,G%) of (Qo,Go), into
an updated P}, or (Q;,G}), with improved empirical fit w.r.t. the loss-function
of Py or (Qo,Go), so that P,D(P}) = 0, or P,D(Q%,G}) = 0. Due to this gen-
erality, 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: collaborative targeted maximum likelihood estimation (CTMLE) for tar-
geted estimation of the nuisance parameter in the canonical gradient (van der Laan
and Rose, 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 (CV-TMLE) to robustify the bias-reduction of the TMLE-step (Zheng and
van der Laan, 2011; van der Laan and Rose, 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 maxi-
mization (Rubin and van der Laan, 2008; van der Laan and Rose, 2011); double
robust inference by targeting censoring/treatment mechanism (van der Laan, 2012);
CV-TMLE to estimate data adaptive target parameters such as the risk of a can-
didate estimator and thereby develop a super-learner that uses CV-TMLE instead
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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).

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 small sample issues regarding convergence of the TMLE algorithm or causes finite
sample instability of the estimator. It also contrasts the principle goal of TMLE as
being a procedure that updates the initial estimator with minimal extra data fitting
into a new efficient estimator. 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] : €} through an initial P € M so that the above TMLE algorithm
only takes one step, and the dimension of € is smaller than or equal to d. The
construction of this parametric submodel, a so called universal least favorable sub-
model, 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 ex-
amples. 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 “short-
est” path towards its d-dimensional goal. We will show that this result extends to
an infinite dimensional target parameter.

3 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 j,~ : €}, dominated by P, for which P—g - = P, and
that maximizes the submodel specific Cramer-Rao lower bound for the asymptotic
variance of a regular asymptotically linear estimator of W(P.—g) for submodel { P, , :

e} defined by
2

(%‘I’(P@h)‘e:o)

d2 dPe’h
—P e log =35

CR(h | P) =

e=0
It maximizes CR(h | P) over all such parametric submodels { P j, : €} with h varying
over some index set whose closure of the linear span generated the full tangent space
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T(P) C L3(P) of the model at P. Given the pathwise differentiability with canonical
gradient D*(P), denoting the score of {P., : €} at € = 0 with S}, it follows that
this criterion for a submodel can be represented as follows:

(PD*(P)Sp)?

OR(h| P) = =g,
h

By the 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).

By using a second order Taylor expansion of € — PlogdP }/dP at e = 0 and that
this equals the information PS%, it follows that, under some smoothness assumptions
on the submodels, the criterion can also be represented as

o (W(Pp) — W(P))?
CR(P) = = b og dP JaP

This shows that CR(h | P) equals the square change in the target parameter divided
by the change in log-likelihood at P at an infinitesimal e. Therefore, we will say
that the path {P. - : €} that maximizes CR(h | P) follows at e = 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 €Y will be far from
local. Even though it moves in the right direction at € = 0, there is no guarantee that
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 €& ~ 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 W(Py)
will have larger finite sample variance than needed. Based on this insight, we would
like to construct a TMLE 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.
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Definition 1 Suppose that, given a P € M, Ulfm(P) = {FP, : € € (—a,a)} C M
18 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 Ulfm(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.

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

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

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
ary -

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 20 Since €2 is a local maximum it solves

0

ﬁn:

arg max P, log
€

n
its score equation, given by P,D*(P}) = 0. That is, it achieves the goal of solving
the desired efficient influence curve equation in one step. Further iteration will not
yield further updates: the next MLE
1

arg max P, log d]—%e =0.
Therefore, the TMLE of vy = ¥(P,) is given by the one-step TMLE 1} = 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 e in which the rate of square change in the parameter by unit
of information is maximized at each e-value.

1

n =

€
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4.2 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)dQT) 7 (2)

and, for € < 0, we recursively define

Pe = pexp (— /60 D*(Px)d:n> )

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, P.—y = P,
and, for each € € (—a,a), we have

0 0P
de & ap T

D*(P.).

Proof: It follows trivially that for each e, % log pe = D*(P,). It remains to verify
that pe satisfies [ pc(0)dP(0) = 1 (obviously, pe > 0). Define C(e, P) = [ p.dP.
Consider the probability density p.1 = C(e, P)~!p.. We have that its score at € is
given by:
1 d
S(e,P) = ——— " C(e, P) + D*(P.).
(©P) = oy el P+ D' (P)
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 pei g,
given {p; : © € [0,¢€]}, in the sense that (e.g.) for e > 0,

Detde _ oxp(D*(P,)de) = (1 + deD*(P,)).
De

This differential equation is equivalent with stating that % logp. = D*(P.). This
implies a practical construction that starts with p,,—o = p and recursively solves for

Pz; = pzj,l(l + (l'j - $j71)D*(ij,1))7 Jj=1L....,N

for an arbitrary fine grid 0 = zg < 1 < ... < xxy = a. Similarly, one determines
recursively

Pz, = Pa; (1 — (xj —3j-1)D*(P_y;,)), j=1,...,N.
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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; 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.
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 {p, Pz 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).

4.3 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

Pet+de = P H (1 + D*(Px)dx)7
2€(0,€]

and for € < 0, we define

Pe—de = P H (1 - D*(P:C)dx)
z€[e,0)

In other words, p;+4. = pz(1+ D*(P;)dx), or, another way of thinking about this is
that p,1 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 < x1 < ... < xn = a be an equally spaced fine grid for the interval
[0,a]. Let h = 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 — {PI™ : § € (—a,a)} C M that maps any P € M into a local least
favorable submodel of M through P at 6 = 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
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an assumption. Let Pp—o = P. Let p;, = pgﬁh, and, in general, let p,, , = pg?}h,

j=1,2,...,N —1. Similarly, let —a = —zy < —zy_1 < ... < —21 < 29 = 0 be
the corresponding grid for [—a, 0], and we define p_,, , = pl_fr;lj7_h, j=1,...,N—1.
In this manner, we have defined Py, P—,,, j =0,..., N, and, by construction, each
of these are probability distributions in the model M. The choice N defines an end
value a, but one does not need to a priori select N. One only needs to select a small
dx = x; —xj_1, and continue until the first local MLE is reached. 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) — plgfm, is given by: for e > 0
and de > 0, we have

1fm
p5+d6 = pe,dg .

This allows for the recursive solving for p. starting at p.—o = p, and since pleﬁf? e M,

its practical approximation will never leave the model M.

Utilizing that the least favorable model h — pleﬁ,? is continuously twice differen-

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

1fm Ifm

d N
Pede =P+ pen|  de+0((de)?) = pe(1 + deD" (P)) + O((de)?),

h=0

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

Pe = PexXp (/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
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.

This implies:

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 — {ngm :0 € (—a,a)} C M that maps any
P € M into a local least favorable submodel of M through P at 6 = 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 Taylor expansion:

d
pifréle = Pe + 7pleﬁ}r; de + RQ(p& d6)7
) dh” " 1
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where
sup sup | Ra(pe, de)(0) [= O((de)?).
€ o0c0O
We also assume that sup, sup,cp | D*(Pe)pe | (0) < 00.
Then, the universal least favorable {pc : €} defined by (2) is an actual submodel
of M. lIts definition corresponds with peyqe = plef‘;le 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.

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

5.1 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 estima-
tion methodology. We now assume that ¥(P) = ¥;(Q(P)) for some parameter
Q: M — Q(M) defined on the model and real valued function ¥y. Here Q(M) =
{Q(P) : P € M} denotes the parameter space of this parameter Q). Let L(Q)(O)
be a loss-function for Q(P) in the sense that Q(P) = arg mingegag) PL(Q). With
slight abuse of notation, 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 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 {Q'™ : € € (—a,a)} € Q(M) be a local least
favorable model w.r.t. loss function L(Q) at e = 0 so that

d m *
L@ =D"(Q.G).
€ e=0
The dependence of this submodel on G is suppressed in this notation.
Let 0 =29 < x1 < ... < xny = a be an equally spaced fine grid for the interval
[0,a]. Let h = x; — z;_1 be the width of the partition elements. We present
a construction for Q;, j = 0,...,N. Let Qu=0 = Q. Let Q,, = Q™ and,

xg,h’
in general, let Q;,, = Qg;‘h, j=12,...,N — 1. Similarly, let —a = —ay <
—rN_1 < ... < —x1 < 29 = 0 be the corresponding grid for [—a, 0], and we define
Quam D= l_frgﬁ_h, Jj=1,...,N — 1. In this manner, we have defined Q;, Q—,,
4 =20,...,N, and, by construction, each of these are an element of the parameter
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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 € > 0 (and similarly for e < 0) is given by: for € > 0, de > 0,

Qeere = Qlef,rc?@ (3)

allowing for the recursive solving for Q). starting at Q.—o = @, and since Qlﬁﬁ}? €
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 . d
L@ = EQa)
dh h=0 dh """ =g
Then, by the local property of a least favorable submodel,
7Qlfm D*'(Qea G) )
=0 L (Qe)

Utilizing that the local least favorable model h — Qlfh is twice continuously differ-
entiable with derivative D*(Q., G)/L(Q.) at h = 0, we obtain the following second

order Taylor expansion:

QM = Qe Q| det O((de))
h=0

D*(QE7 ) 2
mde—l— O((de)?).

Note that Q). can also be represented as Qlfm This implies the following recursive
analytic definition of the universal least favorable model through Q:

@+ [ i (1

/ D* va

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.

- Q-+

Similarly, for € < 0, we obtain
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Theorem 3 Given, any (Q, G) compatible with model M, let {Q¥™ : 6 € (—a,a)} C
Q(M) be a local least favorable model w.r.t. loss function L(Q) at 6 =0 so that
7L(Qlfm)

= D*(Q, G).
§=0

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

d Ifm 7 i Ifm
SLEEm) = EQ) ek

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 .
@L(Qe) =D (Qea G) (5)
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 Taylor expansion:

m = Qi+ Q| de+ Ry(Qu, G, de)

dh h=0
D*(Qe, @)
= Q¢+ ———de+ Ra(Q, G, de),
L(Qe)
where
s | R0 Gde)o) [ = O((de)).
€ o€

We also assume that sup, sup,co | D*L-((%’)G) (0) |< o0.

Then, we also have {Q. : €} C Q(M).

Proof: Let € > 0. We have

2i(or [ Hota) - Heoge.

= 1@

= D*(QeG).

This completes the proof of (5). The submodel statement was already shown above,
but we now provided formal sufficient conditions. O
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5.2 Example demonstrating that analytic formula (4) for universal
least favorable submodel is indeed a submodel

Suppose O = (W, A,Y) ~ Py, A € {0,1} binary, Y € {0, 1} also binary, 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 ¥ : M —
IR be defined by ¥(P) = EpEp(Y | A = 1,W). The efficient influence curve
D*(P)(0) = A/GW)(Y — Q(W)) + Q(W) — W(P), where g(W) = P(A = 1|V
and Q(W) = Ep(Y | A = 1,W). We note that ¥(P) = ¥1(Q) = Qw(, where
Q = (Qw,Q), and Qu is the probability distribution of W under P. We can
decompose D*(P) = D%(Q,g) + D§(Q), where D}(Q,g) = 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){¥ log Q(W) + (1 - Y log(1 — Q(W))}.
Consider the local least favorable submodel through Q:
LogitQI™ = LogitQ — eH(g),

where H(g)(A,W) = A/g(W). This is indeed a local least favorable submodel for
Q since

= D1(Q, 7).

d Alfm
—L (22
de ( ‘ )e:()

Let’s now compute the corresponding theoretical universal least favorable submodel
(4). We have B
d = d Y — Qe
—L(Q)= Q< —-IA=1)=——>.
de (Q ) deQ { ( )Qe(l_Qe)}
Thus, _
Y — Qe
QE(l - Qe) '
Thus, the universal least favorable submodel (4) through @ is given by:

L(Qe) =—I(A= 1)

Q.= G- H(g) /0 Q.1 - Qo).

This integral equation shows that
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This has as solution Q. = Q™ and since there is only one solution, this proves that
the universal least favorable submodel Q. = ngfm. Indeed, it follows directly that
for all € p
L@ = DI(QM™, 9),

showing that our local least favorable submodel is already a universal least favorable
submodel. Indeed, the TMLE using Qlefm 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.

We refer to supplementary material for the construction of a universal least
favorable submodels to general loss functions that are allowed to depend on an
unknown nuisance parameter, and corresponding example from the causal inference
literature. These examples also demonstrate that in examples for which the TMLE
based on the local least favorable model already converged in one step, the least
favorable submodel is actually already a universal least favorable submodel.

6 Example: One-step TMLE of average treatment ef-
fect among the treated

Let O = (W, A,Y) ~ Py and let M be a 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, )(A, W)(Y — Q(A, W) + ?{Q(L W) = Q(0,W) — ¥(P)},

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

s -

We note that

¥(P) = ¥1(@w, Q0,0 = [ (@0 w) - @(o,w>}Wde<w>,

where Qw is the probability distribution of W under P. So, if we define Q =
(Qw,Q,9g,q), then ¥(P) = ¥{(Q). For notational convenience, we will use ¥(P)
and U(Q) interchangeably. Since we can estimate @y and ¢ with their empirical
probability distributions, we are only interested in a universal least favorable sub-

model for (@, g). We can orthogonally decompose D*(P) = D} (P)+ D3 (P)+D3(P)
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in L3(P) into scores of Q, g, and Qw, respectively, where

Di(P) = Hi(g,q)(A W)Y - Q(A,W))

Dy(P) = Ha(Q)(W)(A—g(1[W))

pyr) = 0w - . - v,
and

@) - ALV =Q0W) - ¥Q)

Thus the component of the efficient influence curve corresponding with (Q,g) is

given by D1(Q) + D5(Q).
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—Q(A,W))}
Logit@lefm = LogitQ — eHi(g,q)
Ly(9)(0) = —{Alogg(1|W)+(1—A)logg(0| W)}

Logitg™ = Logitg — eH2(Q).

We now define the sum loss function L(Q, g) = L1(Q) + L2(g) and local least favor-
able submodel {Q!™ g™ : ¢} through (Q, g) at € = 0 satisfying

LD, g™ = Di@) + D3(Q)
€ e=0

Tllus, 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,

LOgitQ€+de = LOgthlef,?ije
= LogitQ. — deH1(ge, q)
Logitgerqe = Logitg.y.

= Logitge — deH2(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 (Qetdes getrde) in terms of previously calculated (@, 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(9z,q)dx
0

Logitge = Logitg—/ HQ(QW,QmQ)diU-
0
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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 (@, g) at € = 0.
The score of (), at € is given by Hi(ge,q)(Y — Q¢) and the score of g. at € is given

by HZ(QW7 Qév Q)(A - ge(W)), so that

d = _ _
&L(nge) - Hl(g67Q)(Y_Q6)+H2(QW7Q€7q)(A_g6(W))
= DT(QW?QGQOQ) +D§(QW7QE7967Q)7

explicitly proving that indeed this is a universal least favorable model for (Q, g).

In our previous work on the TMLE for the average treatment effect among
the treated we implemented the TMLE based on the local least favorable sub-
model {Qleflm,ggm : €1,€62}, using a separate e; and e for Q and g. This TMLE
can also be implemented using a single € by regressing a dependent variable vec-
tor (Y, A) on a stacked design matrix consisting of an offset and covariate H, the
vector (H1(g,q)(A, W), H2(Q)(W). This TMLE require several iterations until con-
vergence, whether it is implemented using using a single € or separate (€1, €3).

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 (Qcidc, getde)
for small de > 0, given (Qz, g, : = < €), till PoL(Qcyde, Gerde) > PuL(Qe, gc), at
which point the desired local maximum likelihood €, is attained. The TMLE of
(Qo, go) is now given by Qe,,, ge,,, which solves P,{D3}(Q,) + D3(Q, )} = 0, where
Qe,, = (Qwin, Qc.. Ger s Gn), and Qwn, qn are the empirical counterparts of Qw,, qo-
Since, we also have P, D5(Q.,) = 0, it follows that P,D*(Q,) = 0. The (one-step)
TMLE of ¥(Qp) is given by the corresponding plug-in estimator ¥(Q.,, ).

7 Simulation Studies for the average treatment effect
among the treated

The iterative TMLE for estimating the average treatment effect among the treated
(ATT) parameter returns to the data several times to make a sequence of local moves
that updates the estimate of Q,,(A4, W) and g, (A, W) at each iteration. In contrast,
the one-step TMLE using the universal least favorable sub-model fits the data once,
where the MLE step requires a series of micro updates within a much smaller local
neighborhood defined by a tuning parameter step size, de. When there is sufficient
information in the data for estimating the target parameter these two approaches
can be expected to have comparable performance. When there is sparsity in the
data theory suggests the one-step TMLE will be more stable, having lower variance
than the iterative TMLE.

Two simulation studies demonstrate these properties. The iterative TMLE was
implemented using a single €, the closest analog to the one-step TMLE. de was set
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to 0.001 for the one-step TMLE. Source code for the estimators and the simulation
studies is available as supplementary materials. The parameter of interest is defined
by the mapping ¥1(Q) = [{Q(1,w) — Q(0, w)}#d@w(w). Each TMLE targets
initial estimates QU (A, W) and g2(W) towards the parameter of interest. The pa-
rameter estimate is evaluated by plugging the updated estimates, Q% (A, W), g (W)
into the mapping, with the integral approximated by taking the empirical mean over
all observations in the data, 1, = %E?:l {Q;(l, W;) — Q:x/(0, Wz)} w.

Simulation Study I: For this study 1000 datasets were generated at two sample
sizes, n = 100 and n = 1000. Two normally distributed covariates and one binary
covariate were generated as W; ~ N(0,1), Wa ~ N(0,1), W3 ~ Bern(0.5). All
covariates are independent. Treatment assignment probabilities are given by P(A =
1| W) = expit(—0.4—0.2W; —0.4W5+0.3W3). A binary outcome, Y was generated
by setting P(Y = 1| A, W) = expit(—1.2—1.2A—0.1W; —0.2W5—0.1W3). The true
value of the ATT parameter is )9 = —0.1490. There are no theoretical positivity
violations (treatment assignment probabilities were typically between 0.07 and 0.87),
but at the smaller sample size there is less information in the data for estimating
g within some strata of W. This suggests that some of the generated data sets
will prove more challenging to the iterative TMLE than to the one-step TMLE.
Estimates were obtained using correct and misspecified logistic regression models
for the initial estimates of Q) and g. Q.. Was estimated using a logistic regression of
Y on A, Wi, Wa, W3. Qm;s was estimated using a logistic regression of Y on A, Wj.

Jeor Was estimated using a logistic regression of A on Wy, Wy, W3, and gms was
estimated using a logistic regression of A on Wj. Bias, variance, mean squared error
(MSE), and relative efficiency (RE = MSEgpe—step / MSEjser) are shown in Table 1.
RE < 1 indicates the one-step TMLE has better finite sample efficiency than the
iterative TMLE.

Results: The one-step and iterative TMLESs exhibit similar performance when n =
1000, with RE = 1. When n = 100 the iterative TMLE failed to converge for
24 of the 1000 datasets. The performance of the two TMLEs on the remaining
976 datasets was quite similar. However, the fact that the bias, variance, and
MSE of the one-step TMLE are larger when evaluated over all 1000 datasets tells
us that the 24 omitted datasets where the iterative TMLE failed were among the
most challenging. One way to repair the performance of the iterative TMLE is
to bound predicted outcome probabilities away from 0 and 1. We re-analyzed the
same 1000 datasets enforcing bounds on @Q,, of (1079, 1 —107?) for both estimators.
This minimal bounding prevents the iterative TMLE from failing, and should not
introduce truncation bias. Bounding Q,, allowed the iterative TMLE to produce a
result for all analyses. Enforcing bounds had no effect on estimates produced by the
one-step TMLE. This confirms that the strategy of taking many small steps within a
local neighborhood whose boundaries shift minutely with each iteration helps avoid
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extremes. Although the iterative TMLE no longer failed when @Q,, was bounded,
it had higher variance and MSE than the one-step TMLE. Efficiency gains of the

Table 1: Simulation Study I. Bias, variance, mean squared error (MSE) and relative
efficiency (RE) of the one-step TMLE and iterative TMLE over 1000 Monte Carlo
simulations (n = 1000 and n = 100). Results when n = 100 are shown with and
without omitting 24 challenging runs from the analysis, and when Q,, is bounded
away from 0 and 1 for both TMLEs.*

Bias Variance MSE
one-step iterative one-step iterative one-step iterative RE
n = 1000

Q correct
Jeor —0.00042 —0.00042  0.00059 0.00059 0.00059  0.00059 1.00
gmis —0.00050 —0.00050  0.00057 0.00057 0.00057  0.00057 1.00
Q misspecified
Jeor —0.00035 —0.00035  0.00059 0.00059 0.00059  0.00059 1.00
gmis  0.01210  0.01210  0.00049 0.00048 0.00063  0.00063 1.00
n = 100, all runs

Q correct
Jeor 0.00049 0.00694 0.00693
9Imis —0.00215 0.00635 0.00635
Q misspecified
Jeor 0.00113 0.00685 0.00684
9gmis  0.01226 0.00528 0.00543
n = 100, (24 runs omitted)
Q correct

Yeor 0.00296  0.00295  0.00679 0.00678 0.00679  0.00679 1.00
gmis  0.00023  0.00023  0.00621 0.00621 0.00621  0.00620 1.00
Q misspecified
Jeor 0.00357  0.00363  0.00671 0.00669 0.00671  0.00670 1.00
gmis  0.01474  0.01473  0.00509 0.00509 0.00530  0.00530 1.00
n = 100, Q bounded

Q correct
Jeor 0.00049 —0.00182  0.00694 0.00781 0.00693 0.00781 0.89
gmis —0.00215 —0.00168  0.00635 0.01033 0.00635 0.01033 0.62
Q misspecified
Geor 0.00113 —0.00052  0.00685 0.00738 0.00684 0.00738 0.93
gmis  0.01226  0.01031  0.00528 0.00592 0.00543  0.00602 0.90

*bounding @, had no effect on estimates produced when n = 1000.
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one-step TMLE were between 7 and 28 percent.

Simulation Study II: This study more closely examines estimator performance
when there is sparsity in the data. Sparsity was introduced by overfitting the ini-
tial QY, leaving little signal for the targeting step. Theory suggests the one-step
TMLE will be a more stable estimator than the iterative TMLE under these chal-
lenging conditions. To explore the impact of overfitting the data on the iterative
and one-step TMLEs we constructed a nested sequence of correct logistic regression
outcome models. Covariates Wi, Wy, W3 were generated as above. Eight additional
independent and identically distributed covariates Wy, ..., Wis were drawn from a
normal distribution with mean 0 and standard deviation 1. None of the additional
covariates were causally related to Y or A. The binary treatment indicator, A was
generated in the same way as in study I. The outcome was generated by setting
PY=1|AW)=expit(—1.2—-1.24 - 0.1W; — 0.2W5 — 0.1W3). The smallest cor-
rect model, .1, regresses Y on A, Wi, Wy, W3. Subsequent models were constructed
by adding a single covariate to the model. The ten nested models were defined as

Qa1 : E[Y|A, W] = expit(A+ W1 + Wa + W3),

Qe2 : E[Y|A, W] = expit(A+ W1 + Wa + W3 + Wy),

Qe : E[Y|A, W] = expit(A+ Wy + Wo + W3 + Wy + W),

Qca : EY|A, W] = expit(A+ Wi + Wa + Wz + Wy + W5 + W),

Qes : E[Y|A, W] = expit(A+ Wy + Wa + Wa + Wy + W5 + Ws + Wr),

Qe : E[Y|A, W] = expit(A+ W1 + Wa + W3 + Wy + W5 + Ws + Wy + Wh),

Qer: E[Y|A, W] = expit(A+ Wy + Wo + W3 + Wy + W5 + Ws + Wy + W + W),

Qes : E[Y|A, W] = expit(A+ W1 + Wy + W3 + Wy + W5 + W + Wy + We + Wy + W),

Quo : E[Y|A, W] = expit(A + Wi + Wa + Wy + Wy + Ws + We + Wr + W + Wo + Wi
+ W),

Qc10 : E[Y|A, W] = expit(A+ W1 + Wa + Wa + Wy + W5 + W + Wy + W + Wy + Wiy

+ Wit + ng).

Each of these regression models is correct, but as the model grows larger and larger

the model fitting procedure begins to respond to random variation in the outcome.
This problem is more acute at smaller sample sizes.

Estimates were obtained from 1000 datasets (n = 100), with g modeled correctly
as a regression of A on Wy, W5, W3. Bias, variance, MSE, and RE are reported in
Table 2. The iterative TMLE failed on a large number of datasets. On the less
challenging datasets where it did converge, performance of the iterative and one-step
TMLESs was quite similar. When bounds on @Q,, were enforced at (107, 1—-1079), the
performance of the one-step TMLE was unchanged, while the iterative TMLE was
repaired. The iterative TMLE had larger bias, variance, and MSE than the one-step
TMLE, which was up to four times more efficient then the iterative TMLE. These
results are plotted in Fig. 1, along with estimates obtained when the parameter was
evaluated based on each initial non-targeted outcome regression fit. The behavior
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Figure 1: Simulation study II. Bias, Var, MSE for iterative TMLE, one-step TMLE,
and the non-targeted Initial estimator as overfit increases, Q¢ - @c10-

of the iterative TMLE is erratic, while that of the non-targeted estimator and the
one-step TMLE are quite stable.

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

Let ¥ : M — H be a Hilbert-space valued pathwise differentiable target parameter.
Typically, we simply have H = IR? endowed with the standard inner product (z,y) =
E;-lzl x;jy;. However, we also allow that W(P) is a function t — W(P)(t) from
7 C R 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 notational convenience, we will often denote the inner product (hi,he) with
h{ 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-dimensional canonical gradient D*(P) = (D;(P) : j = 1,...,d), but in
general D*(P) = (D;(P):t € 7). Let L(p) = —log p, where p = dP/dp 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) = D" (P | (6)
The one-step TMLE P, with €, = argmin, P, L(P,), or €, chosen large enough so
that the derivative is smaller than (e.g.) 1/n, now solves %PHL(PE)L:O =0 (or
< 1/n), and thus || P,D*(P,) ||= 0 (or < 1/n). Note that || P,D*(P.,) ||= 0
implies that P,D;(P.,) = 0 for all ¢ € 7 so that the one-step TMLE solves all
desired estimating equations.
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Table 2: Simulation Study II. Bias, variance, mean squared error (MSE) and relative
efficiency (RE) of the one-step TMLE and iterative TMLE over 1000 Monte Carlo
simulations, n = 100.

Bias Variance MSE
One-Step Iterative  One-Step Iterative  Omne-Step Iterative RE

Q. unbounded, problematic runs omitted*
Qe 0.00545  0.00544  0.00368  0.00367 0.00370  0.00370 1.00
Qc2 0.00509  0.00512 0.00376  0.00376 0.00379  0.00379 1.00
Qe3 0.00345 0.00346  0.00384  0.00384 0.00385  0.00385 1.00
Qcs 0.00109  0.00110  0.00408  0.00408 0.00408  0.00408 1.00
Qs —0.00047 —0.00031  0.00425  0.00425 0.00425  0.00425 1.00
Qs —0.00276 —0.00279  0.00443  0.00444 0.00444  0.00445 1.00
Q.7 —0.00468 —0.00472  0.00461  0.00462 0.00463  0.00464 1.00
Qs —0.00821 —0.00873  0.00514  0.00550 0.00520  0.00557 0.93
Qe —0.00980 —0.01013 0.00549  0.00561 0.00558  0.00570 0.98
Qc0 —0.01306 —0.01311  0.00579  0.00580 0.00596  0.00597 1.00

Q. bounded at (107%,1 —1079)

Q:a  —0.00308 —0.00687 0.00425  0.01649 0.00426  0.01652 0.26
Qe —0.00341 —0.00672  0.00435  0.01509 0.00435  0.01512 0.29
Qe —0.00480 —0.00979  0.00448  0.01363 0.00450  0.01371 0.33
Qe —0.00622 —0.00909 0.00466  0.01508 0.00470  0.01515 0.31
Qs —0.00784 —0.01420 0.00482  0.00872 0.00487  0.00891 0.55
Qe —0.00958 —0.01613  0.00501  0.00708 0.00510  0.00734 0.69
Q.7 —0.01117 —0.01519  0.00521  0.01002 0.00533  0.01024 0.52
Qs —0.01393 —0.01979  0.00565  0.00777 0.00583  0.00816 0.72
Qe —0.01528 —0.02086  0.00597  0.00778 0.00620  0.00821 0.76
Qc0 —0.01746 —0.01745 0.00632  0.01241 0.00662  0.01270 0.52
*Number of omitted runs: 119,110, 104, 94, 86, 73,67, 57, 56, 42.
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8.1 A universal canonical submodel that targets a multidimen-
sional target parameter

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

. (PuD*(P)) D" (P)
e = ot (1 S )
e [ RDENTDR)
= e ([ PSR )

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

(7)

d *
&PnL(Pe) :H P.D (Pe) H .

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 {p. : e} 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
Yn(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,

Pe = pexp </OE{PnD*(Px)}TE;ID*(PI)dx> .

In this case, we have

d

d—PnL(Pe) = P,D*(P.)"%,(P.)"*P,D*(P.).
€

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., satistying P,D*(P.,) = 0 (or op(1/4/n)), the only key ingredient in the proof

€n

of the asymptotic efficiency of the TMLE.
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8.2 The practical construction of a universal canonical
one-dimensional submodel targeting a multidimensional target
parameter

Let’s define a local least favorable submodel {p};fm : 0} € M by the following local
property: for all §

d | §=D*(P)T§

B loep| 0= (P) 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 0 (a function in H)
equals (D*(P),8) = [ Df(P)d(t)dA(t).

Consider the log-likelihood criterion P, L(PI™), and note that its derivative at

§ = 0 in the direction § equals (P, D*(P),d) = {P,D*(P)}"4. 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 ]|< dz by
P,D*(P)

(P, dr) = ————-_dx = §*(P)dz,

AP0 = Doy = )
where we defined §}(P) = P,D*(P)/ || P,D*(P) ||. We can now define our update
Py = P;%I?R dz)’ This process can now be iterated by applying the above with P
replaced by Py, resulting in an update Pag4,, and in general Pgg4,.. So this updating

process is defined by the differential equation:
1f
Px—i—dm = ac,%n;j(Px)dm’

where Pf’gl is the local least favorable multidimensional submodel above but now
through Px instead of P.

Assuming that the local least favorable model h — plemh is continuously twice
differentiable with a score D*(P,) at h = 0, we obtain a second order Taylor expan-
sion

.
} 55 (Py)dx + O((dz)?)

d

1 1f)

Py (Poyde = Put { @Pm,mh -
= po(L+{6,(Po)} D*(Py)dx) + O((dx)?),

so that, under mild regularity conditions, we obtain

Potde = (1 + {05 (P)} D*(P,)dx) + O((dz)?).
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This implies:
APD* (P} .
Pz = pexp oD (Pr)d ) .
< o || PaD*(Py) ||

So we obtained the exact same analytical 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 (7) 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 10 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;) ||

8.3 Existence of MLE or approximate MLE e¢,.

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

and its derivative thus equals || P, D*(F.) ||, 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 logpe <
oo. Thus, the log-likelihood is a strictly increasing function till it becomes flat, if
ever. Suppose that limsup,_, o || P,D*(Py) ||> 6 > 0 for some 6 > 0. Then it
follows that the log-likelihood converges to infinity when x converges to infinity,
which contradicts the assumption that the log-likelihood is bounded from above by
log M < oco. Thus, we know that limsup,_, . || P,D*(Pz) ||= 0 so that we can find
an €, so that for e > ¢, || P,D*(P.) ||< 1/n, as desired.

Suppose now that we are in a case in which the log-likelihood converges to
infinity when ¢ — oo, 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
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€ — 00 so that the desired MLE or approximate MLE exists. Our initial practical
implementations of this one-step TMLE of a multivariate target parameter demon-
strate that it works well and that finding the desired maximum or approximate
maximum is not an issue. We will demonstrate the implementation and practical
demonstration of such a one-step TMLE for challenging causal inference problems
in a future article.

8.4 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, Dj(Q}) = P,D3(Q7) = 0 in Section 6). In the
current literature, solving multiple score equations typically required an iterative
TMLE based on a local score-specific submodel, so that these estimation problems
can be revisited with this new one-step TMLE (see our supplementary material).

9 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(F)(t) 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 the one-step TMLE defined
in the previous section.

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

U(P)(t) = EpP(T >t | A= d(W),W), t > 0.
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Under a causal model and the randomization assumption this equals the counter-
factual survival function P(T; > t) of the counterfactual survival time Ty under
intervention d.

Let H be the Hilbert space of real Valued functions on R>p endowed with inner
product hThQ = (h1,h2) = [ 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 || & ||= VRhT =

\/ [ h()2dA(t). Let QiAW) = P(T >t | A W), Y(t) = I(T > t), Qw the
marginal probability distribution of W, and Q = (Q, Qw). The efficient influence
curve D*(P) = (Df(P) : t > 0) is defined by:

DiP)O) = ETAIR (0 - QAW + {QudW). W) - ¥(P)(0)

= Df,t(gu Q) =+ D;,t(P)a

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 U(P) = ¥1(Qw, Q) =
(QwQ: : t > 0). We will estimate Qo 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 qq/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,

¢ PnD* N 7nz TD* s 7n:1:
Gn,e = qn €XP </ { 1(9 ? - )}— 1(9 Q ’ )d$>
H Dl(ngn,x) ”

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

(PaD} (g Qe } D5 (g, Q) (0) = / (BuD 40 Q) D5y (g Qo) (0)AA(H),
(8)

and similarly we have such an integral representation of the norm in the denomi-
nator. Our Theorem 4, or explicit verification, shows that for all € > 0, ¢, is a
conditional density of T, given A, W, and

d . _
%Pn IOan,e :H P, Dy (gnaQn,e) || .

Thus, if we move e 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 ¢} = ¢n.e,,
and let Qr (A, W) = [ ¢;(s | A,W)ds be its corresponding conditional survival
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function, ¢ > 0. Then our one-step TMLE of the d-specific survival function W(F)
is given by ¥ = ¥ (Qwn, Q) = QwnQy:

Yt = -3 Q5 (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 (instead
of being smaller than 1/n). Then, we have || P,D*(gn, Qwn, Q) [|= 0, so that
for each t > 0, P,D;j(gn, Qwn, Q) = 0, making 7 (¢) a standard TMLE of (%),
so that its asymptotic linearity for a fixed ¢ can be established accordingly. Let’s
now consider a proof of weak convergence of \/n(y; — 1) as a random function.
Firstly, let’s assume that an exact MLE is obtained so that P,, D*(gn, Qw.n, Q%) = 0.
Combined with ¥(Q}) — ¥(Qo) = —FPyD*(gn, Q) + R2((Q%, gn), (Qo, 90)), where
Rs() = (R2t() : t € 7) for an explicitly defined Ryt (P, Py), we then obtain

y, — o = (Pn — Po)D*(gn, Qr) + R2((Q}y1 9n), (Qo, 90))-

We now assume that {D}(P) : P € Mt € 7} is a Py-Donsker class, sup;c, Po{D; (gn,

Q3)=Di (90, Q0)}” — 0 in probability, and sup, | Rae((Q7, 9a). (@0, 90))| = 0p(n~'/?).
Then, it follows that

V(W — o) = V(P — Po)D*(Py) + op(n™/%) =4 Gy,

that is, v/n(1) — 1p) converges weakly as a random element of the cadlag function
space endowed with the supremum norm to a gaussian process Gy with covariance
structure implied by the covariance function p(s,t) = PyD3(Py)D; (Fo). In partic-
ular, if go is known, then Roi((Q%, g0), (Qo,90)) = 0, so that the second order term
condition sup, | Rat((Q%, 9n), (Qo, 90)) |= op(n~1/?) is automatically satisfied with
op(n~1/?) replaced by 0. This also allows the construction of a simultaneous con-
fidence band for ¥. Due to the double robustness of the efficient influence curve,
under appropriate conditions, one can also obtain asymptotic linearity and weak
convergence with an inefficient influence curve under misspecfication of either g,, or
Qn.

If we only have || P,D*(P}) ||= op(n~'/?) (instead of 0), then the above proof
still applies so that we now obtain:

\/E(Ib; - 1/10) = (Pn - PO)D*(PO) + Tn,

but where now || r,, ||= op(1/4/n), so that we obtain asymptotic efficiency and weak
convergence in the Hilbert space L?(A), beyond the point-wise efficiency of 17 (¢).
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 ¢, this supremum norm
is smaller than 1/n, then, we still obtain the asymptotic efficiency in supremum
norm above.
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Regarding the practical construction of ¢, ., we could use the following infinite
dimensional local least favorable submodel through a conditional density ¢ given by

ai™ = q(1+ 6" Di(g,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 q(lsfm for local ¢ with

|  ||[< dx 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 since it may be
necessary for the continuous density ¢, to approximate an empirical distribution
in some sense in order to solve || P,D*(P.) ||= 0, we do not want to prevent this
from happening.

10 Universal canonical one-dimensional submodel for
targeted minimum loss-based estimation of a multi-
dimensional target parameter

10.1 A universal canonical one-dimensional submodel

For the sake of presentation we will focus on the case that the target parameter
is Euclidean valued, i.e. H = RY but the presentation immediately generalizes
to infinite dimensional target parameters, as in the previous section. Let’s now
generalize the construction of a universal canonical submodel to the more general
targeted minimum loss based estimation methodology. We now assume that U(P) =
T (Q(P)) € R? for some target parameter Q : M — Q(M) defined on the model
and real valued function ¥; : Q(M) — R%. Let L(Q)(O) be a loss-function for Q(P)
in the sense that Q(P) = argmingegm) 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 Q). Given,
(Q,G), let {Q™ : 6} € Q(M) be a local d-dimensional least favorable model w.r.t.
loss function L(Q) at 6 = 0 so that

d Ifm _ P*
FHAm| =D"@.6)

The dependence of this submodel on G is suppressed in this notation.
Consider the empirical risk PnL(Qléfm), and note that its gradient at 6 = 0 equals
P, D*(Q,G). For a small number dx, we want to minimize the empirical risk over all
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d with || 6 [|[< dx, and locally, this corresponds with maximizing its linear gradient
approximation:

§ = {P,D*(Q,G)}'4.

By the Cauchy-Schwarz inequality, it follows that this is maximized over § with
|0 [|< dx by
P.D*(Q.G)
0,(Q, dx) =
| PnD*(Q, G) ||
where we defined §;(Q) = P,D*(Q,G)/ || P.D*(Q,G) ||. We can now define our
update Qg, = ng,f“Q dz)’ This process can now be iterated by applying the above

with @ replaced by Qdz, resulting in an update Qo4;, and in general Qg g, So this
updating process is defined by the differential equation:

dz = 0, (Q)dz,

Ifm
Qa:—i—dz = Qx75;(Qz)dx)a

where Qg’rg is the local least favorable multidimensional submodel above but now
through @, instead of Q. ‘
Assume that for some L(Q)(O), we have

d Ifm 1fm
—L z) — . 9
eI AR r )
Then,
d | DUQ:G)
R N T

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

(O = Qz+ — Q' hiOé;(dexw((da:)?)
D*(Qﬂﬁ )T * 2
Qut =5 @) 55 (Qu)dzx + O((d)?).

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

—Q+ / =i Q’"’ 5 (Qu)de (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

_ pi Q0T
P,L(Q.) 70D 2 (Qe)
= P.D*(Q.,G)'5:(Qe)

* PuD (@0, G)
= {P,D"(Q.,G)}"
D@ O 18 Brga o)

S {P D Qe G)
| PD*(Qe, G) ||
= H PnD*(QeaG) H .

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 {Q™ : § € B,(0)} C
Q(M) be a local least favorable model w.r.t. loss function L(Q) at § =0 so that
d Ifm _ y*
FHam|  =D"@.6)

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

L(Q)(0), we have

d Ifm T i Ifm
SL@M™| =L@ Q!

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 Bg(0) can be chosen to be independent of the
choice (Q,G) in {(Q, G) : € > 0}, and assume the following second order Taylor
expansion: for h = (hi, ..., hq),

m d m
lflih = Qc+ lglih h+R2(Q€aGa || h H)
dh """ =g

CACELI NoRA NI

= Qe+ L(Qe)
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where

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

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

Then, we also have {Q. : e >0} C M.

11  Summary

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 {Q5™ : §} C Q(M) so that
%L(Q;m)‘ s—0 = D(Q,G), we constructed a one-dimensional universal submodel
{Qc : € > 0} C Q(M) through @, at e = 0, that has the property that for all
€>0LP,L(Q.) =| 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 € £L(Q.) = D(Qc,G), which then implies 4 P,L(Q.) = P,D(Q.,G). For each
of these universal submodels, the one-step TMLE Q., with €, = argmin, P,, L(Q.)
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 € 1), 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 Qetde = Q7ff(oqe Where 6(€) = P,D(Q¢,G)/ || PoD(Qe, Q) || 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 a 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 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 and supplementary material,
but obviously this will impact many more problems than the ones presented here.

http://biostats.bepress.com/ucbbiostat/paper347



We demonstrated with a simulation study that the one-step TMLE is more robust
and stable than the iterative TMLE in finite samples when the targeting step gets
challenging.

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 respecting
the global constraints of the model M. Beyond this, the fact that the TMLE up-
dates an initial estimator through minimization of a loss-function specific empirical
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 TMLEs by the empirical risk of P;. On
the other hand, the one-step estimator takes only one step, and that can add impor-
tant 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 one step estimator, 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 completely respects this global structure of the
infinite dimensional target parameter, something a one-step estimator (or estimating
equation method) cannot achieve.

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

A Example for Section 4: Universal least favorable sub-

model for parametric models, and resulting one-step
TMLE

This section represents the final subsection of Section 4.

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.

Let O ~ Py, € M = {Py : § € © C R?} be modeled with a d-dimensional
parametric model. Assume that the model is dominated by a single dominating
measure u. The density dPy/du will be denoted with pg. Let ¥ : M — R be a real
valued target parameter, which is pathwise differentiable with canonical gradient
D*(Fy) at Py € M. Let Sj(FPy) = %logdﬂ;/du be the score of 0;, j = 1,...,d.
The tangent space T'(Pp) at Py is the linear span of these d scores. Let a(Fy) =
(aj(Pg) : j=1,...,d) be the uniquely defined vector of scalars such that

d
D*(Py) =) a;(Fy)S;(Fy)-
j=1

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

A local least favorable model {Pelﬁen : €} through Py at e = 0 is given by:

1f;
P(?;n = P9+6Q(P9) = P(0j+eaj(P9):j:1,...,d)-

Let
0" (e) = 0 + ea(Pp)

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

d
iy | Ifm
de BP0

1
e=0 D ac

— D(Py).

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

0(c + de) = 0™ () (de) = 0(€) + dea(Py()).-

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

O(e) =0+ /0E OZ(PQ(I))CZJ}

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

PQ,E = PH(e)
- P9+f05 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

Pg’e = Pg exp (/ D*(Pg(x))dl') y
0

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

So let’s now discuss how one would implement the corresponding one-step TMLE.
Let 6,, be an initial estimator. Suppose that P, log Poiim (¢) is increasing at e = 0.
Then, the TMLE is defined by defining €, as the smallest local maximum larger
than 0 of € — P, logpy, (¢), i.€., the log-likelihood along the universal least favorable
submodel. The TMLE of 6y is now given by the one-step update 6} = 0,(€,), and
the TMLE of W(Fy,) is given by W(Fp: ).
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