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Abstract

Graphical models are ubiquitous in social and em-
pirical science as they are intuitive and easy to
use. These models belong to the broader class of
Markov models, defined using solely conditional
independence (CI) restrictions.

In order to estimate finite-dimensional target
parameters in such models efficiently, semi-
parametric theory provides a principled frame-
work for constructing regular and asymptotically
linear estimators via influence functions (IFs).
These estimators are asymptotically normal and
root-n consistent. Characterizing the class of all
influence functions for a target parameter is cru-
cial for statistically efficient inference in these
models.

For models that are Markov relative to directed
acyclic graphs (DAGs), the orthogonal comple-
ment of the tangent space is known, implying
that for any target the class of all influence func-
tions can be derived once an influence function
is obtained. On the other hand, for Markov mod-
els not equivalent to a DAG model — such as
ordinary Markov models associated with undi-
rected graphs, chain graphs, or acyclic directed
mixed graphs — the orthogonal complement has
not been characterized, impeding semi-parametric
inference in these models.

We derive closed form expressions for the orthog-
onal complement of the tangent space for general
Markov models and illustrate our results by char-
acterizing the class of influence functions for the
conditional mean parameter in several graphical
models.

1 INTRODUCTION

A common task in statistical and causal inference is estimat-
ing a finite dimensional target parameter from data. In para-
metric models where elements are indexed by finite dimen-
sional nuisance parameters, efficient estimation is achieved
using the theory of maximum likelihood estimation [wam
der Vaarf, PO00]. In nonparametric or semiparametric mod-
els where the parameterization is infinite dimensional, reg-
ular and asymptotically linear (RAL) estimators are desir-
able, since they have nice properties such as asymptotic
normality and root-n rate of convergence. RAL estimators
are typically obtained by deriving influence function of the
target parameter [Newey, 1990, Bickel ef all, 1993, Van
Der Vaarf, 2007, [Tsiafid, 2006, Kennedy, 2074)].

The class of influence functions of a parameter of interest
in a given semiparametric model are elements of the lin-
ear variety constructed using one influence function and the
orthogonal complement of the tangent space of the model
(Fsiafid [P006], Theorem 4.3). Characterizing the class of
all possible RAL estimators in a given semiparametric
model thus entails characterizing the orthogonal comple-
ment of the tangent space of the model.

Statistical independence is an important tool for encod-
ing irrelevance, and is thus crucial for obtaining inter-
pretable models for empirical phenomena where relation-
ships among variables are local. Thus, in this paper, we con-
sider Markov models, or conditional independence models,
which are statistical models defined using solely marginal
and conditional independences, with a focus on the sub-
class of Markov models associated with graphs, referred to
as graphical Markov models [Pearl, 198, Canrifzen, T996,
Maafhuis_ef all, ZOTR].

Graphical models have been associated with directed
acyclic graphs (DAGs), undirected graphs (UGs), as well
as mixed graphs such as chain graphs (CGs) [Fryden
berg, M990] and acyclic directed mixed graphs (ADMGs)
[Pearl, 19KX, Lauritzen, I996, Richardson, 2003, Maathuis
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ef_all, DOTR]. Models associated with DAGs have seen
wide use due to their interpretability, and connections to
causal models [Pearl, 2000, Spirtes et al], 2007, Richard
son_and Robins, POT3]. However, other types of graphical
models have also seen uses for associational analysis of
gene regulatory networks [Segal et all, Z003], protein sig-
naling networks [Sachs ef all, PO0S], network data [['chef
gen [chetgen et all, 2021, Ogburn et all, 2020], and Spa-
tial data [Copes et all, ZO0X], as well as modeling systems
at equilibrium [Caurifzen and Richardson, PO07]. In addi-
tion, ADMG models have been connected to causal models
with hidden variables, as well as theory of identification
in such models [Richardson, 2003, Richardson ef all, 20773,
Shpitser et all, 2022, Shpitser and Pearl, 2006].

Explicit likelihoods in terms of sets of variationally inde-
pendent components have been derived for DAG models,
leading to a natural characterization of their model tan-
gent spaces in terms of orthogonal subspaces [[['siafid, PO0A,
RotnifzKy and Smuclet, 2020, Bhattacharya et all, 2027].
While such likelihoods are also known for UG and CG mod-
els [Shpitsed, P073], they feature overlapping components,
meaning their tangent space cannot easily be expressed
in terms of orthogonal subspaces. Furthermore, no gen-
eral likelihoods for ADMG models are known. Since these
Markov models associated with UGs, CGs, and ADMGs
are not, in general, observationally equivalent to models as-
sociated with DAGs, this greatly complicates the derivation
of the tangent space and hence its orthogonal complement,
necessitating the development of new techniques.

In this paper, we derive a characterization of the or-
thogonal complement of the tangent space for semipara-
metric Markov models defined by marginal and condi-
tional independences, including graphical models associ-
ated with undirected graphs, chain graphs, and acyclic di-
rected mixed graphs. In addition, we illustrate how our char-
acterization may be used to derive all influence functions
for target parameters arising in statistical and causal infer-
ence applications, with the conditional mean parameter as
a worked example.

2 PRELIMINARIES

Prior to discussing our contribution, we first review the nec-
essary preliminaries: conditional independence (Markov)
models and the important subsclass of graphical Markov
models, as well as the theory of statistical inference in semi-
parametric models.

2.1 MARKOV MODELS

Suppose p(V) is a distribution over the set of all random
variables of interest V. If XY, Z are disjoint subsets of
V, a conditional independence (CI) statement “X and Y

are independent given Z in p”, denoted X Ll Y | Z, means
p(x,y|z) = p(x|2z)p(y|z) for all values of X,Y,Z such
that p(z) > 0. Given a list .Z of CI statements, a statis-
tical model associated with these constraints, written as
{p(V) : allCIsin.Z holdin p(V)} is called a Markov
model, or a conditional independence model [Maafhnis
ef_all, POTR]. Important subclasses of Markov models are
graphical models associated with directed acyclic graphs
(DAGsS), undirected graphs (UGs), chain graph (CGs), and
acyclic directed mixed graph (ADMGs) [Maathuis_ef all,
2018, Canrifzen, 1996, Richardson, Z003].

Undirected graphs (UGs) are graphs with only undirected
edges (—). Directed acyclic graphs (DAGs) are graphs with
only directed edges (—) lacking directed cycles. Bidirected
graphs (BGs) are graphs with only bidirected edges (<)
Chain graphs (CGs) are mixed graphs containing both di-
rected and undirected edges with no partially directed cy-
cles. Acyclic directed mixed graphs (ADMGs) are mixed
graphs with directed and bidirected edges lacking directed
cycles (for the purposes of such cycles the presence of bidi-
rected edges is ignored). Simple examples of these graphs
classes are shown in Fig. [l
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(a) The two pathway DAG (b) The undirected square
A B A B
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¢ —D C<«<—> D

(c) The dyadic min-
imal complex CG

(d) The Bell scenario

SR

(e) The bidirected square (f) A complete 4 vertex DAG

Figure 1: Six different graphs used to define six different
graphical Markov models. Models associated with graphs
in (b), (¢), (d), and (e) are not equivalent to any DAG model,
so their tangent spaces cannot be characterized using the
technique in Section B.

Graphical models use graphical separation criteria to en-
code CI constraints. The (finite) set of all Cls that hold
in a graphical model is given by a global Markov prop-
erty, while local Markov properties provide a small list
of ClIs that logically imply all others. Below, we define
local Markov properties for models associated with UGs,
DAGs, CGs, bidirected graphs (BGs), and ADMGs, and re-
fer reader to Maathmsef all [Z0IX], Richardson [2003] for
additional details.
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To describe the local Markov properties, we need the fol-
lowing basic graphical concepts. If G is an UG, denote
neg(V) = {Z € V : Z — VinG} as the set of neigh-
bors of V' in G. If G is a DAG, denote pag(V) ={Z € V :
Z — Vin G} as the set of parents of V in G, chg(V) =
{Z € V:V — ZinG} as the set of children of V in G,
deg(V)={Z €V :V - ... = ZinG} as the set of
descendants of Vin G, ang(V)={Z eV :Z - ... —
V in G} as the set of ancestors of V in G, and ndg(V) =
V \ deg (V) as the set of non-descendants of V' in G. Note
that by convention, V' € deg(V) N ang(V). For sets of
variables, the sets of parents, ancestors and descendants are
defined disjunctively. That is pag(A) = (J,c Pag(4).
ang(A) = Jyeca ang(A) and deg(A) = [J 4 deg(A).

For CGs, define pag (V') as in DAGs and neg (V') as in UGs.
The set of descendants of V, deg(V) is defined as the set
of all variables Z with a partially directed path from V
to Z — a sequence of distinct vertices such that there is an
edge (— or —) between any pair of consecutive vertices,
with all directed edges pointing in the same direction. As
before, V' € deg(V) and ndg(V) = V \ deg(V). We
further define the boundary of V, bdg(V') as neg(V) U
pag (V). Finally, we define a chain component in a CG G
to be a connected component in the edge subgraph of G
retaining only undirected edges.

If G contains bidirected edges, denote sibg(V) = {Z €
V : Z & VinG} as the set of siblings of V in G. Fur-
thermore, a subset C C V is called a bidirected connected
subset if it is a connected component in the edge subgraph
of G retaining only bidirected edges. A district is a maxi-
mal bidirected connected subset, and disg (V') denotes the
district in G containing V.

For ADMGs, all mentioned graphical concepts for DAGs
and BGs apply, and define mbg (V) = pag(disg(V)) U
(disg(V) \ {V}) as the Markov blanket of V' in G. Fur-
thermore, a subset A is called ancestral if whenever V' €
ang(A) then V € A.

Given a graph G with a vertex set V, and A C 'V, define
Ga, the subgraph of G induced by A, to be the subgraph of
G containing only the vertex set A and edges among A.

The list of CIs corresponding to the local Markov property
for UGs, DAGs, CGs, BGs and ADMGs with the vertex set
V are as follows

« UGs: (VILV\ ({V}Uneg(V))|neg(V)), forall V €
V.

¢ DAGs: (V Lndg(V) \ pag(V)| pag(V)), forall V €
V.

* CGs: (V WL ndg(V)\bdg (V)| bdg(V)),forall V € V.

* BDs: (V 1L A\ disg, (V)| disg, (V)), for all V and all
subsets A of V suchthat V € A.

« ADMGs: (V AL A\ (mbg, (V)U{V})|mbg, (V)), for

all V and ancestral set A such that V € A C ndg (V).

Note that, as expected, the local properties for the UG and
DAG model are special cases of the local property for the
CG model, and the local properties for the BG and DAG
model are special cases of the local property for the ADMG
model.

For example, the following are the lists of CIs for the mod-
els associated with the graphs in Figure [I.

(a) The two pathways DAG model:
ClB|AandD 1 A|B,C.

(b) The undirected square UG model:
ClUB|ADandD 1 A|B,C.

(¢) The dyadic minimal complex CG model:
AU B,CUB|ADand D1 A|B,C.

(d) The Bell scenario ADMG model:
AllB,Dand B1 A,C.

(e) The bidirected square scenario ADMG model:
AllDand B1LC.

(f) The complete DAG: the empty list, as the model is
saturated.

Note that there are graphical models associated with AD-
MGs defined not only in terms of CIs but also general-
ized ClIs, sometimes called “Verma constraints” [Richard-
son_efall, D073]. As an example, the model associated with
Fig.Dis defined by aCI: C' 1L A | B and a generalized inde-
pendence constraint stating that ), p(D | C, B, A)p(B |
A) is a function of only C' and D. In general, both CIs and
Verma constraints are needed to describe marginal models
for hidden variable DAGs. For the purposes of this work,
we only consider ADMG models defined exclusively via
ordinary CI constraints, called ordinary Markov models
[Richardson, 2003, Evans, POTX].

A B c D

Figure 2: A graph representing a model with a Verma con-
straint.

2.2 SEMI-PARAMETRIC INFERENCE

As we further describe in Sections B and B, there is a close
relationship between Markov model restrictions and the
tangent space of the model. This relationship is used to
construct estimators via theory of semi-parametric models
which we now briefly outline. For further details, we refer
the reader to excellent tutorials in Kennedy| [2024] and [I'si2
afis [20O06].

We refer to a semi-parametric model as a set of probability
densities & = {p(v;0) | § € O} relative to a measure p,
parameterized by an infinite dimensional nuisance parame-
ters 6, with the true data generating distribution py € Z.
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As an example, the semi-parametric model associated with
the DAG model in Fig. Da is 2(%) {p(a,b,c,d)
p(a,b,¢,d) = p(a)p(b | a)p(c| a)p(d | b,c)}.

The contaminated parametric submodel is a smooth para-
metric model . = {p.(v)|e € £ C R} defined around
the true distribution pg such that p._qg = pg, and is con-
tained in the semi-parametric model &2, C . In the sub-
sequent discussion, we will refer to &2, as the parametric
submodel, following [I'siafid [Z006]. We also denote the sat-
urated (unrestricted) model as 2. As an example, the
model associated with the complete DAG in Fig. Of is sat-
urated. By definition, all semiparametric models are con-
tained in 2%

For a parametric submodel 2., the score function is
the derivative of the log likelihood at the truth s(v) =
% log pe (v)|e=o. This function is an element of the Hilbert
space H of all mean-zero L?(py) functions f(v) in which
the inner product is relative to the truth distribution (f, g) =
[f(v (v)dv,Vf,g € H. The tangent space of a
semi- parametnc model, denoted 7T, is the closure of all
parametric submodels’ score functions, thus 7 is a sub-
space of H. For the saturated model %!, T = . The
orthogonal complement of the tangent space, denoted 7+,
is the subspace of all functions in 4 orthogonal to 7, so
(f,g) =0forall f€ T+andge T.

The target of inference in a semi-parametric model is a
smooth function ¢ : & +— R where d is a fixed integer.
For simplicity, we will only consider scalar target, sod = 1.
For example, an adjustment formula functional arising in
causal inference applications for the examples in Figure [
yields a scalar parameter ¢)(p) = E[E[D | A = aq, B, C]].
The main result can be extended easily to d > 1 but the
notation is more involved.

In semi-parametric theory we are interested in the class of
regular and asymptotically linear (RAL) estimators for 1.
Given data V1,...,V,, drawn from a distribution p € £,
an estimator 1/Ajn for v is called asymptotically linear if there
is a function ¢ € H such that

V(i — IZ¢> ) + 0p(1 (1)

By the central limit theorem, the limiting distribution of
such an estimator 1),, is normal with root-n rate of conver-
gence,

\/ﬁ('(z}n - "/)) ~ N(O7E[¢2])’ 2

where ~~ denotes convergence in distribution. Estimators
exhibit asymptotically linear property locally uniformly
around the truth are called regular and asymptotically lin-
ear (RAL) estimators, which excludes super efficient esti-
mators like the Hodges estimator. The function ¢ is called
an influence function for the estimator 1[),1 RAL estimators
are attractive because they are root-n consistent and asymp-

totically normal, and the variance equal the variance of its
influence function.

A closely related notion is the influence functions for
the target parameter. Specifically when the distribution
changes from p to p, one can approximate the change in
the target functional using the following von Mises expan-
sion

M@—w@%i/ﬂW@—MWMV+M@—m%($

The integral is the first-order change of the target param-
eter with respect to the change in the distribution, while
R is the second-order term of the expansion. The function
@ € H characterizes the first-order derivative of the target
functional, and is referred to as the influence function of
the target parameter . The von Mises expansion implies
the following for all parametric submodels p. with score
function s € T

)| = [ewstmman, @
€ e=0

where, under regularity conditions, it suffices to consider
only parametric submodels of the form p.(v) = po(v)(1 +
es(v)). Equation B is called the pathwise differentiability
condition, which is implied by the Neyman orthogonal-
ity condition [Chernozhukov_ef all, POTY], and is central
to the derivation of target’s influence function. In practice,
one first obtains a target parameter’s influence function ¢
from Equation B, then from it constructs a RAL estimator,
whose influence function coincides with the target’s influ-
ence function, ¢ = ¢. We focus on the target parameter’s
influence functions and will refer to them as just influence
functions (IFs).

From Equation B, it is evident that if ¢ is an influence func-
tion and f € TJ‘ then ¢ + f is also an influence func-
tion, since (f,s) = [ f(v (v)dv = 0. Therefore,

the class of all mﬂuence functlons is o @ T+, where ¢ is
any solution of Equation B and & denotes the direct sum
(Fsiafid [P006], Theorem 4.3). Thus, knowing the tangent
space’s orthogonal complement 7+ allows one to derive
the class of influence functions for any target of inference.

3 THE ORTHOCOMPLEMENT OF THE
TANGENT SPACE OF A DAG MODEL

The tangent space of a DAG model and its orthogonal
complement have been derived in multiple contexts, see
Theorem 4.5 in [siafis [PO06], Lemma 24 in Rotnitzky
and_Smucler [2020], and Lemma 3 in Bhattacharya et all
[2027]. In the interests of being self-contained, we repeat
the derivation using examples in Figure Ma in order to high-
light the main techniques. Despite using specific examples,
the derivation is without loss of generality. Subsequently,
we explain the reason why these techniques fail to apply to
Markov models beyond DAG models.
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3.1 A WORKED EXAMPLE

Consider the DAG in Figure Ma, whose semi-parametric
model is 22(%). To find the tangent space 7, we first derive
the score function for an arbitrary parametric submodel p.,
then take the closure. It turns out that 7 is the range of a
projection operator 1I, hence the orthogonal complement
of T is simply h — II(h) for all h € H. These steps are
demonstrated in detail below.

The score function of a parametric submodel. Con-
sider a parametric submodel .. By the DAG factorization
property, elements of &2, satisfy

pe(a, b, ¢,d) = pe(a)pe(b | a)pe(c | a)p=(d | ¢;b).  (5)
This implies that the total score function is the sum
s(a,b,c,d) = s(a)+s(b|a)+s(c|a)+s(d]|eb), (6)
where, for any pair of disjoint subsets X, Y C V, a compo-
nent score function s(x | y) is defined as aloggiz(x‘y) le=0-

Since a component score function s(x | y) has the property
that its conditional mean is zero [ s(x | y)po(x | y)dx =
0, the component scores are in the following subspaces of

H

s(a) € Ta = {E[hla] : Vh € 1}, @)
5(b|a) € Tpja = {E[h|b,a] — E[h|a] : Vh € H},
s(c|a) € Toja = {E[h|c,a] — E[hla] : Vh € H},
[

s(d | ¢,b) € Toies = {E[|d, ¢, b] — E[hlc,b] : Vh € H}.

The expectations are relative to pg. In the Appendix, we
show that these subspaces are pairwise orthogonal by
checking that the inner products of their elements vanish.

The model’s tangent space. The semi-parametric tan-
gent space 7 is the closure of all parametric submodels’s
score functions, hence it must be a closed subspace of the
direct sum T4 ®Tp| 4 D Tc|a®Tp|pc- In fact, it is actually
this direct sum

T =Ta®Tpja® Tcia ® TpiBe- (®)

We refer to the subspaces on the r.h.s as tangent subspaces.
Any element of T can be explicitly constructed as the sum
of four elements of the four tangent subspaces, whose ex-
plicit forms are given by Equation [. A detailed proof of
Equation B is provided in the Appendix. In essence, the
equality is established once it is shown that each tangent
subspace is contained in 7. To illustrate, consider showing
that 754 € 7. Pick any f € Tp|4 and define the paramet-
ric model p. = po(1+¢€f), where ¢ is small enough so that
pe > 0. The score function at pg is % log pe|e=o = f. This
parametric model contains the true distribution pg at € = 0,
and it satisfies all the DAG constraints: p.(c | b, a) = pe(c |
a)and pc(d | ¢,b,a) = p:(d | ¢,b). Therefore, p. defines a
valid parametric submodel of &2, confirming 714 C 7.

The orthogonal complement of the model tangent space.
If S is a closed subspace of H, the orthogonal complement
of S in H, denoted S+, is defined as the set of all residues
h —1II(h | §) for all h € H, where II(- | S) denotes the
projection operator onto the subspace S. Therefore, we first
derive II(- | T) before constructing 7.

The expressions of Ta, Tp|a, Tc|a, Tpjcp in Equation [
show that these subspaces are ranges of corresponding lin-
ear operators Aa, Apja, Acja, Apjcp appeared in these
expressions, respectively. For example, the linear operator
A4 is defined by Agja(h)(c,a) = E[h | ¢,a] —E[h | al,
and it maps the Hilbert space H into 7¢|4. In fact, these
operators are actually projection operators onto these sub-
spaces, which can be verified directly by checking the inner
product between the residue and the image. For example,
in the case of T4, we have (h — Agja(h), Acja(h)) =
E[(h —E[h | c,a] + E[h | a])(E[h | ¢,a] —E[h | a])] =0
for all h € H. Since the subspaces T4, Tg|a, Tcia, Tojcs
are pairwise orthogonal, the projection of a function h € H
onto the tangent space T is given by the sum of the individ-
ual projections

H(h | T) =Aa(h) + Apja(h) + Acja(h) + Apjcs(h)
=E[h | d,c,b] —E[h | c,b] + E[h | ¢, a]
+E[h|b,a] —E[h|a].

©)
Indeed, one can directly verify that this is the expression
of the projection operator onto 7 by checking the inner
product (h — (k| T),II(h | T)) = O forall h € H.
Hence, the orthogonal complement of the tangent space is

L ={h—E[h|d,c,b)+E[h|cb —Eh]|ca (10)
—E[h|ba]+E[h|a]:VheH]}

Given any DAG model, these described steps can be used
to derive the tangent space and its orthogonal complement,
as done in [Isiafis [PO0A], Rotnitzky and Smucler [2020],
Bhattacharya et all [Z0027]. In the special case when the
DAG model has only one constraint, we reproduce the fol-
lowing well-known lemma.

Lemma 1. Suppose &7 is a single independence DAG
model over variables V, defined by a single constraint
X WY | Z. The model’s tangent space T and its orthogo-
nal complement T are, respectively

T ={h—E[h|x,y,z] +E[h | x,7]
+E[h|y,z]: Vh € H},
={E[h |x,y,2] —E[h | y,2]

—E[h | x,2] +E[h | 2] : Vh € H}.

—E[h | 2]

(1)

The proof of this lemma, which is in the Appendix, is simi-
lar to the above worked example, except that the model has
only one constraint instead of two constraints, and disjoint
subsets of variables replace the univariate variables.
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3.2 METHODOLOGICAL OBSTACLES FOR
OBTAINING GENERAL TANGENT SPACES

In the worked example in the previous section, and indeed
in all DAG models, both the tangent space 7 and its orthog-
onal complement 7+ are expressible in closed form. That
is, one can construct arbitrary elements of 7 and 7 using
Equation B and [, respectively. This is particularly useful
for inference, since if ¢ is a known influence function for
some target parameter ¢ (p), then

@+ h—Eh|dcb +Eh|cb —Eh]|c,a (12)

—E[h | b,a] + E[h | a]
is also an influence function of that target, where A is an
arbitrary function in H. The key reason for the existence of
the closed form expressions for 7~ and 7 is the fact that
the DAG model likelihood in Equation B is also in closed
form, as a single factorization representing all constraints
in the local Markov property of the model.

On the other hand, in Markov models associated with AD-
MGs, no single factorization representing all model con-
straints is known for general state spaces. For example, in
the Bell scenario in Figure [d, a closed form factorization
of p.(a,b,c,d) representing both constraints A Ll B, D
and B 1L A, C is unknown in general settings. Instead, dis-
tributions satisfying both constraints may be obtained itera-
tively by solving the following system of two equations

pe(a7 b, c, d) = pa(a)ps (bv d)ps (c|d, b, a)7 (13)
pe(a,b,c,d) = pe(b)pe(c,a)p:(d|c, b, a). (14)

The first equation forces the distribution to satisfy
A 1L B, D, while the second equation forces the likelihood
to satisfy B 1l A, C'. We will refer to them as the likelihood
constraint equations. Mathematical objects defined as solu-
tions of some system of equations, such as p. above, is said
to have implicit expressions. Subsequently, the score func-
tion of this parametric submodel is also defined implicitly
as solutions to the following two equations

s(a,b,c,d) = s(a) + s(b,d) + s(c|a,b,d), (15)
s(a,b,c,d) = s(b) + s(a,c) + s(d|b, a, c), (16)

which are referred to as the score constraint equations. To
see that these two equation solves for the same object,
we can equivalently reexpress these component score func-
tions in terms of the total score function s(a, b, ¢, d) as

E[s | a,b,d] = E[s | a] + E[s | b,d], W)
E[s|b,a,c] =E[s | b] + E[s | a,c]. (18)

Similarly to Equations 3 and @4, solving this system of
equations is an open problem in general settings. These
problems are closely related to implicitization problems in

algebraic geometry [Cox"ef-all, POTS] and parameteriza-
tion problems of graphical model likelihoods [Evans and
Richardsonr, 2019, Shpitsed, 2023], which may be viewed
as the problem of transforming an implicit definition of a
likelihood surface via constraints into an explicit definition
of said likelihood indexed by variationally independent pa-
rameters.

Absent such a likelihood definition, tangent spaces
for graphical models such as the Bell scenario
model will have an implicit expression of the form:
7 = {all common solutions of Equations [l and [&}. It
is unknown how to construct the projection operator onto
this subspace. Consequently, the orthogonal complement
for the tangent space also has an implicit form: 7+ =
{all f orthogonal to all common solutions of 7 and [&}.
In other words, as opposed to the DAG case, elements of
T+ cannot be written down in closed form.

In the next section, we illustrate an alternative simple ap-
proach for obtaining the characterization of the orthogonal
complement of the tangent space that bypasses the need for
an explicit representation of the likelihood or the tangent
space.

4 THE ORTHOCOMPLEMENT OF THE
TANGENT SPACE OF A CI MODEL

A general Markov model may be viewed as an intersection
of single independence models, each with one CI constraint.
Thus, the tangent space of the general Markov model is
the intersection of all the single independence models’s tan-
gent spaces. Consequently, the orthogonal complement of
this intersection is the span of all the orthogonal comple-
ments of the single independence models’s tangent spaces.
This geometric characterization of the tangent space’s or-
thogonal complement for intersection models first appears
in Lemma 1.7 of Man Der Taan and Robind [2003]; our ar-
gument is an application of this observation in the context
of Markov models.

4.1 A WORKED EXAMPLE: THE BELL
SCENARIO MODEL

We define the following two models with only one con-
straint
P, ={all p(a,b,c,d) satisfying A Il B, D}, (19)
Py ={all p(a,b,c,d) satisfying B1L A, C}.  (20)

The Bell scenario model satisfying both constraints is then
the intersection of these two models,

P = p, N Py 1)

Graphical models are commonly defined in this way, that
is as intersections of simpler models [Caurifzen, T996,
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Richardson, 2003, Richardson ef all, )(,)’).3],

Both models & and &5 are single independence DAG
models — DAG models defined by a single constraint. Con-
sequently, the technique described in Section B applies
to these models. The parametric submodel likelihoods for
1 and P, are Equations 3 and [, respectively. The
score functions for these parametric submodels are given
by Equations 3 and I8 (equivalently, Equations I and
[[8), respectively. By Lemma [, the tangent spaces for these
models are

Ti = {h — E[h|a,b,d] + E[h|a] + E[h|b,d] : Vh € H},
T = {h — E[h|b,a,c] + E[h|b] + E[h|a, ] : Yh € H},
(22)
and their orthogonal complements are

T = {E[h|a,b,d] — E[h|a] — E[h|b,d] : Vh € H},

T5- = {E[h|b,a,c] — E[h|b] — E[hla, ] : Yh € H}.
(23)

The tangent space 7 of the Bell scenario model is the clo-
sure of all functions satisfying both Equations [ and [,
T = 71 N Ts. Since both 77 and 75 are closed, T = T1N73,
the intersection model’s tangent space is the intersection of
tangent spaces. For detail, see the proof of Theorem B in the
Appendix. This implies ([Van Der Laan and Robind, DO03],
Lemma 1.7)

Lemma 2. The orthogonal complement of the tangent
space of the Bell scenario model is the direct sum T+ =
T @© T3+, whose explicit expression is

T+ = {E[h|a,d,b] — E[h|a] — E[h|d, ] o
+E[g|b, ¢,a] — E[g|b] — E[g|c,a] : Vg,h € H}.
Proof. Since T = 71 N Tz, elements of 7 must be orthog-
onal to both 7+ and 75*. This implies the span 7+ @ T3+
is in the orthogonal complement of 7. Since both 7+ and
T3+ are closed, 7,2 @ 75+ = Ti- @ T35 € T, For other
direction, pick any f € (7= @ 7'2L)L. Then f must be or-
thogonal to just 77, so f € 7;. Similarly, f € 75, and
therefore f € T. We just show (7~ @ ’7'21-)J' C T, and by
taking the orthogonal complement we get 7+ C T- & T+
Therefore, 7+ = 7+ @ 75-. Finally, the explicit expres-
sion for 7 follows from the definition of direct sum and
the explicit expressions for 77+ and 75+ O

Consequently, if ¢ is a known influence function of a target
parameter in this model, then

¢ +E[h|a,bd —E[h|a —E[h|b,d

25
VElg|bad—Eg|t—Eglad

is also an influence function of that target parameter, where
g, h are arbitrary functions in 7. Equation I3 thus charac-
terizes the class of influence functions for any target param-
eter in the Bell scenario model.

4.2 MAIN RESULT

The result for the Bell scenario model described in the pre-
vious section can easily be extended to any Markov model,
including all mentioned graphical models associated to
UGs, CGs, and ADMGs. Consider a general Markov model
defined by a list of K > 1 marginal and conditional in-
dependence constraints, as model without any constraint
(K = 0) is the saturated model described in [I'siafid [200A].
By definition, this Markov model is the intersection of K
single independence DAG models defined by a single con-
straint & = Z1N...N Pk. The tangent space is the inter-
section of the tangent spaces of these single independence
models, 7 = 71 N...N 7Tk, and its orthogonal complement
is the directsum 7+ =T - @ ... & T

Theorem 3. Suppose & is a general semi-parametric
Markov model defined by K > 1 conditional independence
constraints X; LY, | Z;, where i = 1,..., K. For each
1, let P; be the single independence DAG model defined
by the i-th constraint. The orthogonal projection operator
U(- | ;%) : H — H sends each function h € H to the
orthogonal complement T;* of the tangent space T; of ;,

II(h | 7;L)(Xi7}’1:,zi) = E[h|x;,yi,2i] — E[h|x;, 2]
—E[h]y:, zi] + E[h|z].
(26)
The orthogonal complement of the tangent space of & is
the direct sum of these orthogonal complements,

K
T = {Zﬂ(hi | T75) : Vha,... hk 67—[}. 27)
i=1

Proof Sketch. Applying Lemma [ to the single indepen-
dence model P;, any element of the tangent space’s orthog-
onal complement 7,4 is TI(h; | 7;1), with arbitrary h; € H.
A general version of Lemma @ shows that T+ = T+ . ..@
T4 . Hence, any element of 7 is a sum Zfil O(h; | )
of elements of {7;-}/£ |, where {h; € H}X | are arbitrary
(not necessarily equal) functions. O

This theorem applies to all Markov models — models de-
fined by a list of CI constraints — which are not necessarily
graphical models. Furthermore, for graphical Markov mod-
els such as those associated with UGs, DAGs, CGs, BGs,
and ADMG:s, the list of CI constraints can be obtained from
global, local or any other Markov property, as long as this
list fully describes the model. This means that it is possi-
ble to obtain several syntatically different representations
of the same orthocomplement of the tangent space of the
model by using different Markov properties. For example,
the local Markov property for DAGs listed in Section I
differs from the ordered local Markov property for DAGs,
which is used in Bhattacharya et al] [2027], [[siafid [2006],
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Rotnitzky and Smucler [Z020]. Despite the different expres-
sions, the orthogonal complement of the tangent space is
the same.

Equation 79 suggests an operator I' : H +— 7' send-
ing functions in ‘H to functions in the orthogonal comple-
ment 7+, defined by I'(f) = Zfil (f | T;-). For gen-
eral Markov model, it is unknown whether this operator
is the projection operator onto 7+. The Appendix shows
an example in the Bell scenario case. Therefore, finding
the projection operator onto a general Markov model’s tan-
gent space or its orthogonal complement is still an open
problem. Since the efficient influence function (EIF) is
¢ — (e | T+), where ¢ is any influence function and
II(- | T+) is the projection onto the orthogonal comple-
ment 7 of the tangent space, the exact form of the effi-
cient influence function for a target parameter in a general
Markov model is also an open problem.

A direct consequence of Theorem B is the explicit character-
ization of the class of all influence functions of any target
parameter ¢ (p) in a general Markov model. If o is a known
influence function of 1 (p), then

K
e+ T(h | T (28)
i=1

is also an influence function of 1(p), for any {h; € H}K .
An explicit example is shown in the next section.

S APPLICATIONS

5.1 THE CLASS OF INFLUENCE FUNCTIONS

In this subsection, we illustrate how our result streamline
the derivations of the class of influence functions for the
conditional mean parameter ¢)(p) = E[D | A = ag] with
a fixed value ay, for all the Markov models corresponding
to the graphs in Figure [. Extensions to other target param-
eters are trivial. For example, if the target parameter is the
adjustment formula E[E[D | A = ag, C]], simply replace
© below by the augmented inverse probability weighting
(AIPW) functional.

The saturated model 23", ., in Figure If. The satu-
rated model 4\, over four variables {4, B,C, D} is
a saturated extension over the saturated model @ﬁPD with
only two variables { A, D}, with B and C play the role of
auxillary variables. Following [Isiafid [2006], Chapter 5.5,
the set of influence functions in 2%, -, is exactly the set
of influence functions in £?%',. This means, for the pur-
pose of estimating E[D | A = ag], we can safely ignore
B and C as these variables do not provide efficiency gain.
Moreover, the derivation of the influence functions in 2%\,

involves only two variables and hence is much simpler.

Any saturated model has {0} as its orthogonal complement
of the tangent space, so there is only one influence function,

I(a = ap)
p(a)
All other Markov models corresponding to the graphs in
Figure Ma-e are submodels of 24\ ,. Therefore, ¢ is also
an influence function in any of these models. The other in-
gredient for the derivation the class of influence functions

in these models is the orthogonal complement of the tan-
gent space given by Theorem B.

p(a,b,c,d) = (d — E[D|al). (29)

The DAG model Z(%) in Figure Ma. Let &2, and 2,
be the simple models corresponding to the constraints
C1. B| Aand D 1L A | C, B, respectively. Let 7+ and
T5* denote the orthocomplements of their respective tan-
gent spaces. The projection operators onto these orthocom-
plements are

(g | 77°) =Elgle, b, a] — Elgle, a] — E[g|b, a] + E[glal,
L (h | T3) =h — E[h|d, ¢, b] — E[h|a, ¢, b] + E[h|e, b].

Therefore, the orthogonal complement of the tangent space
T for this DAG model is, according to Equation

T+ ={I.(g | T7") + Wa(h | T55) : Vg, h € H}, (30)

This expression differs from the one given in Equation [T
To reconcile the two, note that 7 is the direct sum of the
orthogonal subspaces 77 and 7;*. This geometric prop-
erty holds for general DAGs: the orthocomplements of the
tangent spaces corresponding to distinct CIs in the local
Markov property are pairwise orthogonal. Since the projec-
tion operators onto these subspaces are known — namely,
,(- | 775) and (- | 755) — the projection of a func-
tion h € H onto T is given by II(h | T+) = M, (h |
TH) + Oy (h | T55). This shows that the two expressions
for 7 in [ and B0 describe the same subspace.

The class of influence functions for ¥ (p) in this model is
{p+1alg | T15) + (R | T5) : Vg, b € H}.

The UG model &) in Figure Ib. 22, and %, corre-
spondto C' Il B| A,Dand D Il A| C, B, respectively.
Hb(g | 7—1L) =g — E[g | ¢, a, d] - E[g“)a avd] + E[g|a’7 d]7
I, (h | T5) =h — E[h|d, ¢, b] — E[h|a, ¢, b] + E[h]|c, b].
The class of influence functions for 4 (p) in this model is

{o+ (g | 7o) + (A | T54) : Vg, h € H}.

The CG model 22(%) in Figure Ic. 27, and %, are the
same models in the UG case, while &5 corresponds to
A 1L B. The projection operator onto 73" is

Ie(f | T5) = E[f | a,0] — E[f | o] — E[f | b].

The class of influence functions for ¥ (p) in this model is
{o+ 10 (g|TeH) + 10 (| T5H) +ILe(f[T57) < Vf, 9, h € H}.
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The bidirected square model #(¢) in Figure e. %,
and &, correspond to A 1. D and B 1L C, respectively.

Ma(g | 7i) = Elg | a,d] —Elg | a] — E[g | dJ,
Ha(h | T3") = Elh | b,c] = E[h | )] = E[h | c].

The class of influence functions for (p) in this model is
{o+Ta(g | Ti7) +a(h | T55) : Vg, h € H}.

5.2 IMPROVING EFFICIENCY

The variance of a RAL estimator 7,/} for a target parameter
1 (p) is exactly the variance of the corresponding influence
function ¢ € H. For influence functions have mean zero,
the variance of ¢ is its squared norm E[p?]. Thus, an es-
timator 1[12 is at least as efficient as another estimator 1[)1
precisely when the variance of the influence function o
of 1&2 is equal or smaller than the variance of the influ-
ence functions ¢; of ¥, E[p3] < E[p?] (rsiafid [2006],
Chapter 3). The efficient influence function is simply the
influence function with the smallest variance in the class of
all influence functions of the model. Therefore, in order to
construct more efficient estimators, the first step is finding
influence functions with smaller variances.

Given an initial influence function ¢ of a target parame-
ter, our main result immediately implies an iterative method
for constructing sequences of influence functions with non-
increasing variances. As an example, suppose the Markov
model has K > 2 CI constraints. Theorem B states that
any Zfil H(h; | T;7}) is an element of 7. Therefore,
H(po | T75) € T+. By Theorem 4.3 of Isiafis [2006],
adding an element in 7 to an influence function yields
another influence function of the same target, hence

@1 = o — (o | T1) (31)

is an influence function. Moreover, since IT(pq | 7;5) is
the orthogonal projection of ¢ onto 77, the above ¢ is
the orthogonal projection of ¢ onto 77. The Pythagorean
theorem for Hilbert spaces ([[siafid [2006], Theorem 3.3)
states that the projection of a vector cannot be longer than
the vector itself, so E[p?] < E[pZ]. This implies that ¢4
is an influence function with equal or smaller variance than
o. Next, consider

2 =01 =M1 | T35). (32)
By the same reasoning, s is an influence function with
equal or smaller variance than ;. Repeating this process
M times, we obtain a sequence of influence functions
00, P1, P2, - - -, P, With the property that the variance of
©m 1s equal or smaller than the variance of ¢,,_1, for all
m =1,..., M. The influence function ¢,, is referred to as
an m-improvement of the initial ¢q. If we can construct an
estimator 1[)  based on the influence function ¢, then this

estimator is at least as efficient as the estimator 1[)0 based on
the initial influence function . In the Appendix, we give
a concrete example of such a construction with M = 2.

Theorem 4. Consider a Markov model with K > 1 con-
straint(s), and let @y be an influence function of a target
parameter Y (p). For any integer sequence iy,1ia, ..., iy,
where iy, € {1,...,K} forallm € {1,..., M}, define

Yme{l,...,M}.
(33)
In words, @, is the projection of ¢.,,—1 onto the tangent
space T, of the DAG model corresponding to the i,,-th
constraint. Then @y, ...,on Is a sequence of influence

functions of ¥(p) with non-increasing variance, meaning

E[p2] < E[¢?,_|forallm € {1,...,M}.

Om = Pm—1 — (Pm_1 | ﬁi)’

If 9,41 = @m, then @411 = ¢, is the same influence
function, because ¢, € T;, and so (v, | 7}“) =0.
Then, for single constraint models (K = 1), there is only
one improvement, ¢ = ¢ — I1(¢g | T+), which is exactly
the efficient influence function in these models. In models
with K > 1, the connection between the efficient influence
function and s as M — oo is an interesting question, yet

outside the scope of our paper.

6 CONCLUSION

We derived an explicit expression for the orthogonal com-
plement of the tangent space for Markov models — statis-
tical models defined using only marginal and conditional
independence constraints.

We demonstrated two applications of our result in these
models. The first one is an explicit characterization of the
class of influence functions for any target parameter. The
second one is is an iterative method to improve efficiency
of any initial RAL estimator of any target parameter.

Our method does not yield an explicit expression for the
likelihood or the tangent space of these models, so these
questions remain open. Another important open problem is
the projection of a function € H onto the tangent space
of these models. Derivation of such a projection is equiva-
lent to the derivation of the efficient influence function in
a semi-parametric Markov model. Our method provides an
important step towards achieving this goal by providing the
explicit form of the orthogonal complement of the tangent
space.
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A Characterization of the Orthocomplement of the Tangent Space of
Semiparametric Markov Models
(Supplementary Material)

Irung Phung' Llya Shpitser

!Computer Science Department, Johns Hopkins University, Baltimore, Maryland, USA

A ADDITIONAL DETAILS ABOUT SEMIPARAMETRIC THEORY

The set of all influence function and the orthogonal complement of the tangent space. As mentioned in the main
paper, an influence function of the target parameter ¢)(p) is a solution of the pathwise differentiability condition, for all
parametric submodel p. (['siafid [P006], Theorem 3.2 and 4.2)

0

Ew(ps)

= / p(v)s(v)po(v)dv. @
e=0
Suppose ¢ is an influence function of 1(p) and 7+ is the orthogonal complement of the tangent space of the model. Let f
be any function in 7. Since the score function s(v) € T, it is orthogonal to f, thatis (f, s) = [ f(v)s(v)po(v)dv = 0.
Then ¢ + f is also an influence function, because

0

%1/}(}76)

_ / [o(v) + F(v)]s(v)po(v)dv. (34)

e=0

On the other hand, if ¢ is any other influence function, meaning

0

%ﬂ’(ps)

- / B(v)s(v)po(v)dv. 35)

e=0

Then, for all parametric submodel p. (equivalently, for all score function s(v) € T)

0= / [B(v) — p(v)] s(v)po(v)dv. (36)

This means ¢ — ¢ € T+, i.e., @ is the sum of ¢ and an element of the orthogonal complement of the tangent space.
This result is Theorem 4.3 in [Isiafis [ZO06], stating that: the set of all influence functions of a target parameter in a
semiparametric model is the linear variety o & 7+ := {¢ + f : f € T}, where ¢ is any influence function and 7 is
the orthogonal complement of the tangent space. Hence, knowing the orthogonal complement of the tangent space 7 is
vital to characterize the set of all influence functions.

Variance of an influence function and efficiency of an estimator. As stated in the main paper, the limiting distribution
of a RAL estimator v,, of the target parameter 1) is

\/ﬁ(z/;n - 111) e N(Oa E[QOZD (B)

where ¢ is the influence function corresponding to vfz [Tsiafis, POOA]. Since ¢ € H, it has zero mean, and therefore the
variance of the influence function ¢ is its square norm in H, Var(¢) = E[¢?] — E[¢]? = E[¢?] = (p, ).

An estimator 1/} is more efficient than another estimator 1/;' precisely when the variance of the limiting distribution of
V/n(tn, — 1) is equal or smaller than the variance of the limiting distribution of v/n(v!, — ) [[siafid, PO0A]. This means

5459


mailto:<tphung1@jhu.edu>?Subject=Your UAI 2026 paper
mailto:<ilyas@cs.jhu.edu>?Subject=Your UAI 2026 paper

the variance of the influence function ¢ of 1/; is equal or smaller than the variance of the influence function ¢’ of z/}’ .
Therefore, given an influence function ¢ and the orthogonal complement of the tangent space 7+, if one can construct
¢ — f, where f € T, such that E[(¢ — f)?] < E[p?], then the estimator obtained from ¢ — f will be equal or more
efficient than the estimator obtained from ¢. In particular, we derive the orthogonal complement of the tangent space for
general Markov model in Theorem B, and propose a method to improve the variance of an initial influence function in
Theorem B.

The efficient influence function is the influence function ¢(¢) in the class of all influence functions ¢ & 7 with smallest
variance, i.e., E[(¢(?))?] < E[¢"?] for any influence function ¢’ € ¢ @ T+ [[Isiafis, DO0A]. One way to find the efficient
influence function is projecting any other influence function ¢ onto the tangent space 7. Let II(- | T) be the projection
onto 7, and II(- | T) is the projection onto the orthogonal complement 7. We have I1(- | 7+) = I —II(- | T). For any
influence function ¢

p=p—M(p|TH) +1(p|TH) 37)

Since TI(¢ | T+) is an element in the orthogonal complement of the tangent space, ¢ — II(¢ | 7+) must be another
influence function. Since ¢ — II(¢ | 7+) = II(¢ | T) is the projection of ¢ onto a subspace, its norm must be equal or
less than the norm of ¢, so E[(¢ — II(¢ | T+))?] < E[p?]. It can be shown (Isiafis [2006], Theorem 3.5) that the efficient
influence function is p(®) = (¢ — II(¢ | T+). Hence, to find the efficient influence function, one must first know the
projection operator II(- | 7+) or II(- | 7).

B PROOFS IN SECTION 3

The following lemma is the general version of Equation .

Lemma 5 (Isiafid [2006], Theorem 4.5). Let &2 be a semi-parametric model over variables V. Consider any disjoint
subsets X,Y C V. For any parametric submodel p., the score function s(x | y) = % logpe(x | ¥)|e=0 at po is an
element of the subspace

Txy :=A{E[h[x,y] = E[h|y] | h € H}. (38)

Proof. Let Z =V \ (XUY). The following is a really useful identify for the score function

0 1 0
s(x,y,z) ;= — logp-(X,y,2 = ——p.(x,y,2 39
(x,y,2) := 5~ logp:(x,y )E:0 po(xy’z)&p( y )e:O (39
Then 3 5 5
s(x|y) = 5-logpe(x|y) = log p-(x,y) = log pe(y) .
1 0 / 1 0 /
= — -(X,y,z)dz - — -(X,y,z)dxdz
po(x,y) Oe Pe(xy,%) c—o Doly)oe pe(x.7,2) e=0
1 0 1 0
= N o _ Ve DA dz — —— o _ Ve DA dxd
wocyt [ (G| o= s [ (Goneveal| )i (40)
1
=— | s(x,y,2 X,y,z)dz — —— [ s(xX,y,z X,Vy,z)dxdz
s [ syl y iz — [stey ey )
= /s(x,y,z)po(z | x,y)dz — /s(x,y,z)po(x,z | y)dxdz
= E[s(V) [ x,y] = E[s(V) | y].
Since s(v) € H, the claim is established. O

The following lemma shows that the tangent subspaces of the two pathway DAG model (Figure [a) described in Equation [
are orthogonal.

Lemma 6. Let A, B, C, D be disjoint sets of random variables. The following 2 subspaces are orthogonal

Ti ={E[h | a,b,c,d] —E[h | b,c,d] : Vh € H}

To = {E[h| c,d] —E[h | d] : Vh € H} “h
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Proof. Pick any E[h; | a,b,c,d] — E[h; | b,c,d] € 71 and any E[hz | ¢,d] — E[h | d] € T2, then consider their inner
product

E [(E[hl | A,B,C,D] —E[h, | B,C,D]) (E[hs | C,D] — E[h; | D])

_ / (/(E[h1 la,b,c,d] — E[ly | b,c,d]) (E[hs | ¢,d] — E[hs | d]) p(a,b | c,d)dadb)p(c,d)dcdd (42)

=0

Lemma 7. The tangent space of the two pathway DAG model in Figure Ma is the direct sum

T=Ta®Tpa®Tcia®Tpc &

Proof. Equation [ shows that 7 C T4 & Tpja © Tcja © Tp e To prove the equality, all we need to prove is that each
subspace on the r.h.s. is contained in 7. In each case, we pick arbitrary f in the subspace under consideration and define
a parametric model &2, whose elements are p. = po(1 + ef). We ensure p. is a valid density using the conventional
technique in [siafis [P006]: (i) non-negativity p.(a, b, c,d) > 0 is achieved by restricting the range of ¢ to be (—m,m)
with m small enough, and (ii) summation [ p.(a,b,c,d)dadbdcdd = 1+ eE[f] = 1 for all €, because any f € H must
have zero-mean, by definition of H. This parametric model contain the truth py at ¢ = 0. Moreover, the score function at
Po 18 % log pe|e=o = f. Finally, if we can show p. satisfies the DAG’s constraints, then &, is a parametric submodel of
the DAG’s semiparametric model, and hence the chosen f must be in the tangent space 7.

We will directly check p.(c | b,a) = p:(c | a) and p.(d | ¢,b,a) = p-(d | ¢,b) to show that p. satisfies the constraints of
the DAG model. This will conclude that any function in that subspace is a valid score function of this DAG model. Note
that at the truth pg, the constraint D 1L A | C, B implies po(d | ¢,b,a) = po(d | ¢,b), and the constraint C 1L B | A
implies pg(c | b,a) = po(c | a) and po(b | ¢,a) = po(b | a). We will use these equalities repeatedly in the proof. Finally,
expectations are taken at the truth pg.

First case Ty C 7: Pickany f = E[h | a] € T4. Then

pe(cb,a) = /po(d, ¢,b,a)(1+ €E[h | a])dd = po(c,b,a)(1 + E[h | a]) @3)

Therefore, by definition of conditional distribution

pelel ba) = G2 —poicba)
pelela) =8 e ) @)
peld|eiboa) = PRERD b

This shows p(c | b,a) = po(c | b,a) = po(c| a) = p-(c| a). Next
pe(d,c,b) = /po(d, e,b)po(a | e,b)(1+ €E[h | a])da (AL D|C,B)

= po(d, ¢, b) (1 + €/E[h | alpo(a | ¢, b)da)

(45)
pe(c,b pocb<1+€ E[h | alpo(a | ¢,b)d )
= p.(d|e,b) = pa(c(l < ;’) = po(d ] ¢,b)

This shows p.(d | ¢,b,a) = po(d | ¢,b,a) = po(d | ¢,b) = p.(d | ¢,b). Hence Ty C T.
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Second case T4 C 7: Pick any f = E[h | b,a] — E[h | a]. Then

pe(c,b,a) = po(c,b,a)(1 + €Elh | b,a] — cE[h | a])
pe(b,a) = po(b,a)(1 4+ cE[h | b,a] — eE[h | a])

pe(c,a) = polc, a) /po(b | c,a)(14+€E[h | b,a] — eE[h | a])db (46)

= po(c,a) /po(b | a)(1+ €E[h | b,a] — €E[h | a])db (CLUB|A
= po(c,a)

Therefore, we get p.(c | b,a) = polc | b,a) = po(c | a) = p.(c | a). Next,
po(d, e;b) = po(d, c,b) /po(a | ¢,b)(1+E[h | b,a] — <E[h | al)da (ALLD | C,B)
pe(c,b) = /po(c, b,a)(1+ <E[h | b,a] — cE[h | a])da @7)
— poc,b) /po(a | ¢,b)(1 + <E[h | b,a] — ¢E[h | a])da

This shows p.(d | ¢,b,a) = po(d | ¢,b,a) = po(d | ¢,b) = p(d | c,b). Hence Tpja C T.
Third case 7¢|4 C 7 Similar to T4 € 7.
Fourth case Tpcp C T: Pick f = E[h | d,c,b] — E[h | c,b]. Then

pe(c,b,a) = po(c, b, a) /po(d | c,0)(1+€E[h | d,c,b] —cE[h | ¢,b])dd (D1 A|C,B) 48)

= pO(C, ba (1)
This show p.(c | b,a) = po(c | b,a) = po(c | a) = pe(c | a). Moreover, p.(d | ¢,b,a) = po(d | ¢,b,a) x [ fpo(d | c,b)dd
Next
pe(de.t) = po(d..b) [ po(a ] d,eb)(1 + Bl | dycb] ~ Blh | c.H)da
=po(d,c,b)(1 +cE[h | d,c,b] — eE[h | ¢, b]) 49)
po(c,
(

pe(c,b )/po(d L e,b)(1+ €[ | d, ¢, b] — £E[h | c,b])dd

= po(c,b)
This shows p.(d | ¢,b) = po(d | ¢,b) x [ fpo(d | ¢, b)dd. Therefore p.(d | ¢,b,a) = p-(d | ¢,b). Hence Tpjcp S T.
The proof is established because Ta, Tp|a, Toja, Tojep € T implies Ta @© Tpja © Teja © Tpjep S T, and the equality
follows. O

We reproduce a special case of the well-known result about DAG model’s tangent space and its orthogonal complement
[[siafis, 006, Bhattacharya et all, 2027, RotnitzKy and Smuclet, 2020] in the following lemma.

Lemma . Suppose & is a single independence DAG model over variables V, defined by a single constraint X 1LY | Z.
The model’s tangent space T and its orthogonal complement T are, respectively

T ={h—E[h|x,y,z] +E[h | x,2] — E[h| 2]
+E[h|y,2z]:VheH}, ()
:{E[h | x,y,z] —E[h|y,2]
—E[h|x,2]+E[h|2]:Vh € H}.

Proof. Let W = V \ (XUYUZ). For any parametric submodel {p.(v)} of 2, its elements factorize as

pe(v) = pe(W | x,y,2)p:(x | 2)p:(y | 2)p-(2) (50)
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The total score function is p.(v) = %ps (V)]e=0- By Lemma B,

0
s(WIx,y,2) := 5-p:(W | x,y,2)|e=0 = s(V) ~ E[s(V) | x,¥,2] Sy
0
s(x | 2) == 5-pe(x | 2)le=0 = E[s(V) | x,2] — E[s(V) | 2] (52)
0
s(y | 2) := 5-pe(y | 2)le=0 = E[s(V) | y, 2] ~E[s(V) | 2] (53)
0
5(z) 1= 5-pe(a)le=0 = E[s(V) | 2] (54)
Define the following subspaces
Twixyz ={h—E[h|x,y,z]: h € H} (55)
Tx|z :={E[h | x,2] —E[h | 2] : h € H} (56)
Tyiz = {E[h |y,z] —E[h|2z]: h e H} (57)
Tz :={E[h|z]: heH} (58)

It is evident that s(w | x,y,2) € Twxyz, s(X | 2) € Tx|z, s(y | 2) € Ty|z and 5(z) € Tz. By Lemma B, these
subspaces are orthogonal. Moreover, due to Equation

s(v) = s(w[x,y,2) +s(x|2) +s(y | 2) + s(2) (59)

Then 5(v) € Tw|xyz®Tx|z®Ty|z®Tz. This means the tangent space of this model is 7 C Tw|xyz®Tx|z® Ty |zETz.

Next, we will show that each of the subspace is in 7. To do this, we must show that any function in these subspaces can be
used to construct parametric submodel of .

Pick any f = h—E[h | x,y,2] € Twxyz and construct a parametric model by p.(v) = po(v)(1+<cf(v)). Since E[f] =
0, p. sums to 1. Moreover, the parameter ¢ € (—d,0) and ¢ is small enough so that p.(v) > 0 at all v. Then p, is a valid
probability distribution. This parametric model contains pg at € = 0, and the score function at py is % log pe(v)|e=o = f.
What left to show is that the constraint holds for all p.. Indeed, for any p,,

pE(va’Z) = pO(XaY7 Z) (1 + E/f(XQ’a Z,W)pO(W | XaY7Z)dW) = pO(X7yaZ)7 (60)

since E[f | x,y,2] = 0. Therefore the constraint X 1L Y | Z holds for p., p:(x | y,2) = p.(x | z), because it holds for
po. This means {p.(v) : € € (—4,)} is also a parametric submodel of &, hence f € T and therefore Tw xyz C 7.

Pick any f = E[h | x,2z] — E[h | 2] € Tx)z and construct a parametric model by p.(v) = po(v)(1 +¢ef(v)). By the same
reasoning, all we need to show is the constraint holds for all p.(v).

Pe(%,¥,2) = po(X,y,2) (1 + eE[f | x,¥,2]) = po(x,y,2) (1 + cE[h | x,2] — eE[h | 2])

pe(y,2) = po(y,2)(1 +€E[f | y,2]) =po(y,Z)<1+6/E[h | x,z]po(x | y,z)dx — e E[h | Z])

(1 + E/E[h | x,2z]po(x | z)dx — e E[h | z]) (XY |Zatpg) (61)

(1+eE[f | x,2]) = po(x,2)(1 + € E[h | x,2] — €E[h | 2])

p(z) = po(z)(1 +cE[f | 2]) = po(2) (since E[f | z] = 0)
Therefore,
pelo| 3,2)i= O x| y,2)(1+ <Bh 2] - <Blh | 2)

(62)
= po(x | 2)(1 +¢E[h | x,2] — ¢ E[h | 2]) = p;i’(‘;)z) =p.(x | 2)

Hence, the constraint holds for all p., so {p. } is a parametric submodel of &2, and therefore f € Txiz S T.
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Pick any f = E[h | y,z] — E[h | 2] € Txz and construct a parametric model by p.(v) = po(v)(1 +¢f(v)). By the same
reasoning, all we need to show is the constraint holds for all p.(v).

pg(x,y,Z) :po(x,y,z)(l +E]E[f | X7y,Z]) :po(X,y,Z)(l +€E[h | y,z} - EE[h | Z])
p(y,2) = po(y,2)(1 +cE[f | y,2]) = po(y,z) (L + €E[h | y,z] — eE[h | z])

p-(x,2) = o 2)(1 4+ ELf | x,2) = po(x2) (1€ [ B0 | voalmly | x.2)dy ~ <Eln | o]
(63)
= po(x,2) (1 +6/E[h |y, zlpo(y | z)dx — eE[h | z]) (YLUX|Zatpg)

= po(x,2)
Pe(z) = po(2)(1 + € E[f | 2]) = po(2) (since E[f | 2] = 0)

Therefore,

_ pe(x,y,2)

pe(xly,z) ==y = pox |y 2) =po(x | 2) = pe(x | 2) (64)

Hence, the constraint holds for all p., so {p. } is a parametric submodel of &2, and therefore f € Txvz<T.

Pick any f = E[h | z] € Tz and construct a parametric model by p.(v) = po(v)(1 + &f(v)). Then

(x,y,2)(1 +€E[f [ x,y,2]) = po(x,y,2)(1 + E[h | z])
(v.2) (1 +€E[f | y.2]) = po(y,2)(1 + cE[h | z])
po(x,2)(1 + e E[f [ x,2]) = po(x,2)(1 + € E[h | 2])

(z)(1 + e E[f | 2]) == po(2)(1 + € E[h | 2])

= Do

(65)

Therefore,

_ pe(x,y,2)

pe(x|y,z) = 1o (y.2) =po(x|y,2z) =po(x|2z) =p.(x|2) (66)

Hence, the constraint holds for all p., so {p. } is a parametric submodel of Z2, and therefore f € Tz C T.
These results imply Ty xyz ®Tx|z® Ty|z® 7Tz C T, and with previous result, we get T = Tw xyz ®Tx|z® Ty |z P Tz.

Define the following operators

I(h | Twixyz) =h —E[h|x,y,2] (67)
II(h | Txjz) = E[h | x,2] — E[h | 2] (68)
I(h | Txviz) =E[h |y, 2] —E[h | 2] (69)

II(h | Tz) = E[h | 2] (70)

It’s an exercise left to the reader to show that I1(- | Twixvyz), (- | Txz), (- | Ty|z),II(- | Tz) are the orthogonal
projection operators onto Tw|xyz, x|z, Ty |z Tz, respectively. In particular, to show that I1(-) is a projection operator
onto a subspace S, one only needs to show: (i) S = {II(h) : h € H} and (ii) f — II(f) and II(g) are orthogonal, for all
g €H.

Define the following operator

1
— h—E[h|xy.2 +Eh | x,2) — Elh | 2] +E[ | y, 2] 7y

We will show that IT is the projection operator onto the tangent space 7.

First, we will show 7 = {II(h) : Yh € H}. For the first direction, II(h) € T for all h € H, obviously. For the other
direction, since 7 = Twxyz © Tx|z ® Ty|z © Tz, any f € T can be written as, for some hy, ha, h3, hy € H,

f=h1—E[h |xy 2] +E[he | x,2] — E[h2 | 2] + E[h3 | y,2] — E[hs | 2] + E[h4 | 2]. (72)
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Because the subspaces Tw xyz, 7x|z, Ty|z, Tz are orthogonal,

I(f | Twixyz) = b1 — E[h1 | x,y, 2]
I(f | Txjz) = E[h2 | x,2] — E[h2 | 2] 73)
H(f | Txjz) = Elhs | y, 2] — E[hs | 2]
H(f [ Tz) = E[hy | z].

Therefore, f = II(f), hence T C {II(h) : h € H}. This implies T = {II(h) : h € H}.
Second, we will show that f — TI(f) and II(g) are orthogonal, for all f, g € H.

B |7 - 1) 110)| = | 110)] - & (o)

~& (U 1X.v.2) -l | X.2)+ B[/ | Z) -]/ | Y.2)) x (9~ Bly | X,Y.2] +Ely | X.2)~Elg | 2] + Elg | ¥.2]) |

(E[ﬂx,Y,Z] Elf | X,Z] +Elf | Z|—E[f | Y. 2]
E

_E « (Bl 1 X2~ Blg | 21+ Bly | .2 )|
=E[E[f|X,Y,Z|E[g | X,Z]] -E[E[f | X,Z]E[g | X,Z]] + E [E[f | Z)E[g | X, Z]] - E [E[f | Y,Z]E[g | X, Z]]
—E[E[f|X,Y,Z|E[g | Z]] + E[E[f | X,Z]E[g | Z]] - E [E[f | Z]E[g | Z]] + E [E[f | Y, Z]E[g | Z]]

+E[E[f|X,Y,Z]E[g| Y,Z]] -E [E[f | X,Z|E[g | Y.Z]] + E [E[f | Z]E[g | Y,Z]] - E[E[f | Y,Z]E[g| Y, Z]]

=E[E[f|X,Z]E[g | X,Z]] -E[E[f | X,Z]E[g | X, Z]| + E[E[f | Z]Elg | Z]] - E [E[f | Y,Z]E[g | X, Z]]
—~E[E[f | Z|Elg | Z]] +E [E[f | Z]E[]g | Z)] - E[E[f | Z]Elg | Z]] + E [E[f | Z]E[g | Z]]

+E[E[f|Y,Z|E[g | Y,Z]] - E[E[f | X,Z|E[g | Y,Z]] + E [E[f | Z]E[g | Z]] - E[E[f | Y.Z]E[g | Y, Z]|

=-E[E[f|Y,Z|Elg | X,Z]| -E[E[f | X,Z]E[g | Y,Z]] + 2E [E[f | Z] E[g | Z]] o

Due to the constraint

B[E(f| Y. 2)8lg | X.2]] = [ EIf |y.2]Blg | x.slp(x.y. Dixdydz
— [BIf 1y.21Bly | x.2lpo(x | Dn(y | )po(a)ixdyda s
— [BLf 12 Elg | dpo(a)ds
=E[E[f | Z]E[g | Z]]

Similarly, E [E[f | X, Z]E[g | Y,Z]] = E [E[f | Z] E[g | Z]]. Therefore, the inner product vanishes,

E [f - H(f)ﬂ(g)] 0,

In conclusion, the operator defined by

II(h | T)=h—E[h|x,y,z] + E[h | x,2| — E[h | 2] + E[h | ¥, 2] (76)

is the projection operator onto the tangent space of this model, hence 7 = {II(h | T) : Vh € H}. The operator onto its
orthogonal complement is

O(h | TH =h 1| T)

(7
=E[h|xy 2] —E[h|x 2] +E[h|z] -E[|y,z]

and T+ = {II(h | T+) : Vh € H}.
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C PROOFS IN SECTIONA

Theorem B. Suppose &2 is a general semi-parametric Markov model defined by K > 1 conditional independence con-
straints X; LY, | Z;, where i = 1,..., K. For each i, let &; be the single independence DAG model defined by the
i-th constraint. The orthogonal projection operator 11(- | T;/Y) : H +— H sends each function h € H to the orthogonal
complement T+ of the tangent space T; of Z;,

(k| T75) (%, ¥4, 2i) = Eh|xi, yi, 2] — E[h|xi, 2] — E[hly;, zi] + E[h|z]. (78)

The orthogonal complement of the tangent space of & is the direct sum of these orthogonal complements,
K
TLZ{ZH(M#) : Vhl,...,hKeH}. (79)
i=1

Proof. First, we will show 7 =Ty N...NTk.

Let {p:(v) : € € (=0, )} be any parametric submodel of &, with total score function s(v) at py. For each i, p. (v) satisfies
the constraint X; 1l Y; | Z;. Therefore, {p.(v) : ¢ € (—4,9)} is also a parametric submodel of &Z;. Following the proof
of Lemma [, we have s € 7;, which is the tangent space of &2;. Thisis true foralli =1,...,K,sos € 71 N...N Tx and
therefore T C 71 N...N Tk.

For the other direction, pick any f € 71 N...N7k. Define a parametric model by p.(v) = po(v)(1+ef(v)). Since E[f] =
0, p. sums to 1. Moreover, the parameter ¢ € (—d,0) and ¢ is small enough so that p.(v) > 0 at all v. Then p, is a valid
probability distribution. This parametric model contains pg at € = 0, and the score function at py is % log pe(V)|e=0 = f.
What left to show is that all K constraints hold for all p.(v). Indeed, for each i, f € 7;. Following the proof of Lemma [,
the i-th constraint X; 1l Y, | Z; must hold in p.(v). Therefore, 71 N ... N Tx C T. By definition, 7 is closed, so
TiNn...nTg CT.

We have shown that 7 = 71 N ... N Tx. Since 71, ..., Tx are closed subspaces, 7 = T1 N ... N Tgk.
Next, we will show T+ =Tt & ... 6 T

We have 7 = T1N...N Tk is orthogonal to all {T;- } £, so T is orthogonal to the span T+ & ... & T Since T, ..., Tk
are closed, this span is exactly the direct sum 77~ @ ... @ T;&. Therefore, Ti- @ ... & T# € T+.
For the other direction, every f € (T{" & ... ® 7}%)L must be orthogonal to all {7;%}X . For each i, the fact that

f is orthogonal to 7;- implies f € 7;. Therefore, f € 73 N ... N Tx = T. Hence, (’TlJ‘ ... D TE‘)L C 7T, and
Tre.. oTE 2T

Finally, by Lemma [, the i-th subspace 7;* = {II(h; | ;%) : VYh € H}. Then by definition of direct sum, the tangent
space 7T is the subspace of all functions of the form Zfil I (h; | T;) for arbitrary hy, ..., hx € H.

O

Example 1. The Bell scenario model associated with Figure Bd has two constraints: A 1L B, D and B 1L A,C. The
operators correspond to these constraints are

(- | 75°) = E[|b,a, ] — E[8] — E[|a, c].
Let T'(-) = II(- | T{5) + TI(- | T55). If T is a projection operator; then h — T'(h) and T'(g) must be orthogonal, for any

h,g € H. We will compute their inner product. It is not evident that their inner product vanishes.

E|(h- L)) =B [11(0)] -2 |rmr)

(80)

For the first term
terml = E [h X <E[gA,B,D] — E[g|4] — E[g|B, D] + E|g|B, A, C] — E[g|B] — E[gA,C])}
=E [E[h|A, B,D]-E[g|A, B,D]] + E [E[h|A] - E[g|A]] — E [E[|B, D] - E[g| B, D]]
+E [E[h|B, A,C]-E[g|B, A,C]] — E [E[h|B] - E[g|B]] — E [E[h|A, C] - E[g|A, C]]
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For the second term

term2 = E [(EWA, B, D] — E[h|A] — E[h|B, D] + E[h|B, A, C] — E[h|B] — E[hA, C])

x (E[mA,B,D] _ Elg|A] - Elg|B. D] + Elg| B, 4, C] — E[g|B] - E[gm,c]ﬂ

—E [E[h|A, B, D] - E[g|4, B, D]] + E [E[h|A] - E[g|A]] — E [E[h|B, D] - E[g|B, DJ] (term2a)
E [E[h|A, B, D] (]E[g|B,A, C] — Elg|B] - E[g|A, C]ﬂ (term2b)
~E [E[hm] <]E[g|A, B, D] — E[g|4] - E[g|B, D])] ~E [E[h|A] (E[gB, A,C] — E[g|B] - Elg|A, C])] (term2c)

-E [E[h|B,D] (E[gAB,D] — E[g|A] — IE)[g|B,D]> —E []E[h|B,D] <]E[g|B,A,C] —E[g|B] - E[g|A,C}>} (term2d)
[

E [E[h|B,A, C|-Elg|B, A, CH —E [E[h|B] E[g|BH —E [IE h|A, C] - Elg|A, CH (term2e)
E [E[h|B,A,C] (E[g|A,B,D] —E[g|A] - ]E[g|B7D]>} (term2f)
E [E[mm (E[gAvaD] _ Elgl4] - E[gw,mﬂ E [EWB] (E[gB,A,cq _E[g|B] - E[g|A,C})} (term2g)

- |B141,€)Blgl4. .D] ~ BlglA] - Elo15.D]) | - B |B{11A, €1 Bl 4,C) ~ BllB] - BlglA.C1) | (emh)
Note that terml = term2a + term?2e. For the others,

term2b = []E[h|A B,D|E[g|B, A C}] —E {E[h|B]E[g|B]] —E [E[h|A B,D]E[g|A,C]}

term2c = %M+W+E[ [h|AJE[g| B, D]]
- 1A + & | slplAIEly ]| + B | Bl ]|
term2d = —IE:E[h B gIB,D]| +E [E[h|B,D]]E[g|A]} +W

~E [EWB, DIE[g|B, A, C]] +E {]E[h|B]IE[g|B]] +E {]E[h|B7 DIE[g|A, C]}

and

term2f = [E[hua, A, CIE[g|A, B, D]} ~E {E[hA]]E[gM]} “E [E[hB, A,C]E[g|B, D}]

term2g = —E |E g/B]| +E [E[hB]E[gM]] +W
- [EIBiETB]| + B [BIBETTE]| + & |EBEEIA ]

term2h = — E {E[h|A, C|Elg|A, B, D]} +E []E[h|A]IE[g|A]} +E []E[h|A, C|Elg|B, D]}

- & [EA GHEGTAC] + & B4, CIElI8]| + & [EA efergla
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Then

term2 = terml

+EE%M¢xmmmaAcﬂ—EE gB}—EEMMJxMEMAc@

+E | BlplAIEly B, DI| + E [2f4E)l5]

+E ]E[h|B,D]]E[g|A]} —-E {E[hB,D]E[gB,A,C’]_ +E E g|B]| +E {E[h|B,D]]E[g|A,C’]}

—

+E [EhB, A, O]E[g|A,B,D]] _W_E {E[h|B,A,C]E[g|B,D]]

+E E[h|B]]E[g|A]} +E [E[hB]E[gM, C}]

~E :]E[h|A, CIE[g|A, B, D]] +W+ E {E[MA, ClE[g|B, D]} +E []E[h|A, C]E[g|B]}

It is not evident that term2 = terml.

D PROOFS IN SECTIONH

Theorem B. Consider the Markov model with K > 1 constraint in Theorem B, and let pg be an influence function of the
target parameter 1 (p). For any sequence of integers iy,1is, . .., iy where each iy, € {1,...,K} forallm € {1,..., M},
define

Om = Om-1 — H(Pm—1 \’Ei), Yme{l,...,M}. (81)

Inwords, pn, is the projection of p,—1 onto the tangent space T; , of the DAG model corresponding to the i,,-th constraint.
Then @, . . ., P is a sequence of influence functions of 1(p) with non-increasing variance, meaning E[p2] < E[p2, ]
forallme {1,...,M}.

Proof. The proof of this theorem follows from the discussions in Section B2 of the main paper and Section & of the
Appendix. O

The iterative process described in Theorem B along with the explicit form of the projections II(- | ’72; ) in Theorem B
suggests a natural procedure for constructing estimators. For example, given an IF of the following form (obtained from
one step of the iteration):

Pm = Pm—1 — H(Spm—l | ﬁt)

(82)
=Om-1— Elom—1 | Xi,., Vi Zin,| + Elom—1 | Xi,, 2, | + Elem—1| Vi Zi,,] — Elom—1 | 2,

an estimator may be constructed by adopting additional nuisance models for the four additional expectation terms. For
some specific IFs, we maybe able to simplify ,, because some terms from ¢,,_; and the expectations may cancel.

Note that this is only a single step in the iterative process, where multiple operators are applied sequentially. If we want
to use an M-th improvement of some initial IF ¢, the expression will involve nested expectations, and may become
challenging to evaluate in practice. However, in some cases, we may derive explicit estimators that demonstrate efficiency
improvement, as we demonstrate via the following example.

Example 2. Consider the Bell scenario model corresponding to Figure Qd, whose constraints are A 1L B, D and
B 1l A, C. Suppose that we want to estimate the target parameter ¥(p) = E[C | ag| instead of E[D | ag), as D and
A are independent in this model. The influence function for this parameter in the saturated model is:

_ I{a = ao) . "
(pO(a7 C) - p(a) ( E[C | ]) (83)



Let P, Py be the single independence DAG models corresponding to the constraints A 11 B, D and B 1L A,C,
respectively. According to Theorem B

(- | 7i7) = E[|a,b,d] — E[:|a] — E[|b,d]
(- | 757) = E[|b, a, ] — E[-|b] — E[|a, ].

We will derive the first and second improvements of po, namely o1 and @s, respectively, using the iterative method in
Theorem B, and explicitly derive the corresponding estimators.

First improvement:
¥1 = %o _E[@Ow‘abad] +E[§00|a] +E[900|b7 d]7 (84)

where

I(a = ap)
p(a)

m%|@=M;j“mw'w—mcwn=

Elpo [ a,b,d] = (E[C [ a,b,d] - E[C | a])

Bl | bd) = [ Blgo | @ bdp(a’ | b d)dd

(85)
= /E[gpo | @', b,d]p(a’)da’ (A U B,D)
H(a/ = aO) ’ ’ > A
= —— = (E|C | a',b,d]| —E[C | a a’)da
J (e o Ee dona - 5ic o) Jola)
=E[C | ag,b,d] — E[C | ag]
Substituting these expressions, cancelling terms, and noting that 1 (p) = E[C' | ag), we get
I(a =
v1(a,b,c,d) = (ap(a)ao)(c —E[C | a,b,d]) + E[C | ap,b,d] — ¥ (p) (86)

Let p(a) be an estimate of the distribution p(a), and K[C' | a, b, d] be an estimate of the conditional mean. The estimation
equation method gives us an estimate 1y of the target ¥ (p) via

~ 1 i I(A; = ap ~ ~

==Y ((f)(C’i —E[C | A;, B;, Di]) + E[C | a07BiaDi]> : (87)
ne- P(As)

Note that this estimator is the augmented inverse probability weighted (AIPW) estimator arising in causal inference and

missing data problems. For example, A is the treatment, C is the outcome, and { B, D} is the observed confounder. Then

the Bell scenario is the observed confounder scenario, with randomization on A, explaining this “coincidence”.

Second improvement:
2 =1 — Elp1 [ ba, ]+ Elp1 | V] + Elp1 | a, ], (88)
where
I(a , I(a" = ap) , o N , ,
B | §] = / p(d, ¢ | b)dd'de — /p(a/)</ﬂ4}[0|a,b,d]p(d |b,a)dd>p(a | b)da

+ EC\aO,bd’ p(d' | b)dd — (p)

—

E[C | ao] - / (C | ag, b, dIp(d’ | b ag)dd  (A,C 1L B)

E[C | ag,b,d'|p(d’ | b)dd' — 1(p) >

+

\\\

E[C | ag,b,d'|p(d" | b)dd' — /IE[C | ag,b,d'Ip(d’ | b, ap)dd’ (E[C | ao] = ¥(p))

E[C | ag,b,d'|p(d’ | b, ag)dd — /IE[O | ao, b, d'Ip(d’ | b, ag)dd’ (DI A|B)
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Elp: | b.a,d = Mp(:a)““) (c— / E[C | a,b,d|p(d | b,a,c)dd’>

+ /]E[C | ao, b, dIp(d’ | b, a, c)dd’ — (p)

I(a = ap) 7 AR SR 0
Elp1 | a,c] = @) <0/E[C | a,b',d'|p(d" | b, a,c)p(d)dd db> (B 1L A,0)
+ / E[C | a0, ¥, dIp(d | ¥, a, )p(b)dd'dl — (p) (B 1L A,C).

Then

902(a7b’cvd) = H(ap(:a)ao)(c_ E[C | avbv d]) +E[C | aOvbvd] - ¢(P)

]I =

+ (“p(a)“O) ( / E[C' | a,b,d'|p(d | b, a,c)dd — / E[C | a,b,d|p(d | b',a,c)p(b’)dd’db’) 1)
- /]E[C | ag,b,d'Ip(d" | b,a,c)dd + /IE[C | ag, b, d'Ip(d’ | ', a,c)p(b')dd'dv

We posit models for p(a), E[C | a,b,d],p(d | a,c,b) and p(b). Importantly, these models must be consistent, i.e., there is

a valid set of probability distributions p(a, b, ¢, d) satisfying the constraints and yield these models. Enforcing consistency
is not always obvious. If the models are consistent, then the estimation equation method gives us the estimator s for the

target 1(p)

= 30 (ST NG - BIC | 40 B D) 4 BIC | a0, 5, D]

i1 ”‘i‘g ;;" ( [BiC | 4B b | B s Codd — [ EIC| A3 Y, o | b’,Ai,Cim(b')dd’db’)
n-— Pl

S 23 (= [ BIC o B Bi s G+ [[BIC | ao, b 5 1, Ai Copt i ar).
=1
92)
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