





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) = W1(@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,g,q), then ¥(P) = ¥1(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 (Q, g). We can orthogonally decompose D*(P) = D} (P)+ D5 (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.
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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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