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Abstract

Partial identification (PI) presents a significant
challenge in causal inference due to the incom-
plete measurement of confounders. Given that ob-
taining auxiliary variables of confounders is not
always feasible and relies on untestable assump-
tions, researchers are encouraged to explore the
internal information of latent confounders without
external assistance. However, these prevailing PI
results often lack precise mathematical measure-
ment from observational data or assume that the
information pertaining to confounders falls within
extreme scenarios. In our paper, we reassess the
significance of the marginal confounder distribu-
tion in PI. We refrain from imposing additional re-
strictions on the marginal confounder distribution,
such as entropy or mutual information. Instead,
we establish the closed-form tight PI for any pos-
sible P(U) in the discrete case. Furthermore, we
establish the if and only if criteria for discern-
ing whether the marginal confounder information
leads to non-vanilla PI regions. This reveals a
fundamental negative result wherein the marginal
confounder information minimally contributes to
PI as the confounder’s cardinality increases. Our
theoretical findings are supported by experiments.

1. Introduction

Estimating causal effect is important in a wide range
of fields, including medicine (Castro et al., 2020), eco-
nomics (Hicks et al., 1980), and education (Peng & Knowles,
2003). Due to the existence of latent confounders, the causal
effect is usually not identifiable just from observational
distribution. For example, when there exists a latent con-
founder that affects observed random variables X and Y via
the causal diagram as described in Figure 1, the existence
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FIGURE 1: We consider the fundamental causal graph in-
volving treatment X, outcome Y, and confounders U. Our
focus lies in achieving the tight PI of causal queries using
only the information from the marginal distribution P(U)
in conjunction with the observed P(X,Y').

of two paths U — X and U — Y may affect the judgment
of the direct causal effect from X to Y. This is also related
to the famous “Simpson’s paradox” (Pearl, 2014).

In the absence of unobserved confounders, it is well known
that causal effect is “identifiable” (Robins, 1987). Taking
Figure 1 again for instance, when the joint distribution of
random variables {X,Y,U} can be observed, the causal
effect from X to Y could be fully recovered according to
the famous “back-door criteria” (Pearl et al., 2000). When
unmeasured confounders exist, Tian & Pearl (2002) es-
tablished the if and only if criteria for the identification of
causal queries. When it is not satisfied, one can at most
identify a region where the true causal effect belongs, which
is commonly known as the Partial identification (PI).

When only the marginal distribution P(X,Y") is accessible,
and the causal diagram follows Figure 1, the tight PI re-
gion of causal estimand is provided by Tian & Pearl (2000),
which is also known as the so-called “vanilla bound”. To
achieve an identification region tighter than just vanilla
bound, existing methods can be split into two categories.
The first category resorts to external auxiliary variables. For
example, Balke & Pearl (1997) proposed the famous “Balke-
Pear]l” bound via auxiliary instrument variables, which is
further extended by Kitagawa (2009) to the continuous case.
Ghassami et al. (2023) generalized the traditional double-
negative control method, which took advantage of the treat-
ment and outcome confounding proxy variables to construct
valid PI bounds. Besides, Gabriel et al. (2022) selected the
outcome-dependent samples for assistance.

Since the auxiliary variable is not always obtainable, the
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second category instead focuses on only using additional
side information of latent confounders to improve iden-
tification. The most fundamental strategy is to directly
exploit the marginal probability distribution of latent con-
founders P(U) (Li & Pearl, 2022; Li et al., 2023; Jiang
et al., 2023). Unfortunately, these methods can only han-
dle specific extreme cases of confounders (i.e., cases where
the information entropy of P(U) is rather small) and do
not have any tightness guarantee. Other series of work
shifts to characterize the association between confounder
U and {X, Y} relying on additional hyper-parameters and
customized measures, e.g. sensitivity analysis (Dorn et al.,
2021), information-theoretic method (Janzing et al., 2013;
Geiger et al., 2014).

Hence, we consider the problem of finding the tight PI re-
gion of causal effects with the assistance of general marginal
distribution information of latent confounders. Moreover,
we do not impose any restriction on P(U). Throughout
this paper, we focus on the simplest structure in Figure 1,
which is the same as the settings considered by the closely
related literature (Li & Pearl, 2022; Li et al., 2023; Jiang
et al., 2023). We explore the closed-form solution of the
tight PI region using P(X,Y") and P(U) and discuss further
the intuitions from it. On this basis, we derive theoretical
negative results that enhance the scientific paradigm for PI
through the constrained optimization approach. In sum, our
contributions are as follows:

* We develop the tight PI region of casual queries with
the marginal distribution of unmeasured confounders
without additional restrictions.

* We establish the if and only if criteria for P(U) so
that the tight PI is stricter than the vanilla bound'. We
fundamentally indicate that as the confounder’s car-
dinality increases, it is less likely that the additional
information of P(U) can provide an identification re-
gion tighter than just vanilla bound.

* We conduct synthetic and real-world experiments to
quantify the information loss of the traditional entropy-
based optimization for PI in various settings, compared
with our proposed PI region.

The rest of the paper is organized as follows. In Section 2,
we review the basic framework and corresponding litera-
ture on PI. In Section 3, we establish the closed-form tight
identification region for different causal quantities with bi-
nary confounders. In Section 4, we extend our result to the
categorical case and establish the above-mentioned if and
only if condition. We generalize such conditions to new

"Here “vanilla bound” refers to the identification region when
the confounder information is completely unknown (Tian & Pearl,
2000).

measurements to quantify identification improvement by
using P(U). In Section 5, we illustrate our simulation and
real-world experiment results. We conclude this paper with
a discussion in Section 6.

2. Framework, notation and literature review

Framework and notations In this paper, we assume
that there exists a latent variable U such that the causal
relation between X,Y,U follows the causal diagram in
Figure 1. We assume that both X,Y are binary vari-
ables taking values in {0,1}; and that U is a discrete
random variables taking values from {0,...,d, — 1} for
some positive integer d,, > 2. To describe causality, we
adopt the do-calculus framework (Pearl, 1995), i.e., that
P(Y =1 | do(X = 0)) denotes the probability that Y is
equal to 1 had we assigned X to be equal to 0. For simplic-
ity we write P(y | do(z)) as P(Y = y | do(X = x)) and
write P(z,y),P(u) as P(Y = y, X = z) and P(U = u),
respectively. Our goal in this paper is to calculate the iden-
tification region of the P(y | do(x)) and average treatment
effect E(Y | do(X = 1)) —E(Y | do(X =0)) =P(Y =
1]do(X =1)) —=P(Y =1 | do(X = 0)) with the assis-
tance of background information of the marginal distribution
of latent confounders, i.e., P(U).

When the information P(U) is not accessible, Tian & Pearl
(2000) shows that

Py, u, x
(

Py | o)) = Plo.) + 3 e -a) (1)

belongs to [P(z,y),P(z,y) + P(—x)], where since z €
{0,1}, we write ~x = 1 —uz, i.e., that P(—z) =P(X =1—
x). We denote P(z, y) and P(z, y) + P(—z) as the “vanilla
lower bound” and “vanilla upper bound” of P(y | do(z)).

Stepping forward, we follow Robins (1989) to denote
-P(X =1Y =0)-PX =0,Y =1)and P(X =
1LY =1) 4+ P(X = 0,Y = 0) as the ‘vanilla lower bound
of ATE’ and ‘vanilla upper bound of ATE’.

Literature review In observational studies, partial identi-
fication (PI) indeed originates from point-wise identification,
for which additional auxiliary variables and assumptions
are required. Wright (1928) proposed instrument variable
(IV) to estimate causal effect via regression with linear
model assumption. Kuroki & Pearl (2014) established suffi-
cient conditions under which the proxy variables could help
point-wisely restore the causal effect. It was subsequently
developed into double negative control (Nagasawa, 2018;
Shi et al., 2020; Singh, 2020; Cui et al., 2023; Tchetgen
et al., 2020; Deaner, 2018; Kallus et al., 2021; Miao et al.,
2018; Qi et al., 2023), and currently further simplified to be
single proxy control (Tchetgen et al., 2023; Park & Tchet-
gen, 2023; Xu & Gretton, 2023). Informally speaking, these
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two methodologies both require the confounder proxies to
be informative enough, namely, the transition matrix from
the confounders to proxies is left-reversible in the discrete
case.

To avoid being constrained to particular contexts as above,
researchers are encouraged to weaken these assumptions
to further explore PI (Manski, 1990; Tamer, 2010; Kline &
Tamer, 2023). Geiger & Meek (2013) theoretically illus-
trated the feasibility of transforming PI into an optimisation
problem. Following our introduction, two categories are
divided. Correspondingly, the first auxiliary-based cate-
gory inherits and generalizes the above point-wise iden-
tification as I'V-based PI (Balke & Pearl, 1997; Swanson
et al., 2018; Kitagawa, 2009; Zhang & Bareinboim, 2021a),
negative control-based PI (Ghassami et al., 2023), outcome-
dependent sampling PI (Gabriel et al., 2022) .

The second category is the most relevant to ours and, there-
fore, warrants further in-depth discussion. Removing unten-
able auxiliary variables and untestable assumptions brings
out a greater challenge for PI optimization. Pioneering
works started with rough qualitative analyses. Geiger et al.
(2014) proved that P(y | do(z)) in Eqn 1 is bounded by
so-called “back-door dependence”, which is measured by
mutual information between U and X. Such information-
theoretic concepts could help bound various causal quan-
tities (Janzing et al., 2013) whereas are practically con-
strained by external hyper-parameters, e.g., sensitivity anal-
ysis (Kallus et al., 2019; Marmarelis et al., 2023; Dorn et al.,
2021; Christopher Frey & Patil, 2002), or parametric ma-
chine learning models (Hu et al., 2021; Balazadeh Meresht
et al., 2022). For simplicity and generalization, people
currently revisit Figure 1 and directly utilize the marginal
confounder information (Schuster et al., 2015; Dawid et al.,
2017; Mueller et al., 2021). Taking advantage of Single
world intervention graphs (Richardson & Robins, 2013),
Jiang et al. (2023) surrogated P(U') information into entropy
2 H(U) and provided a state-of-the-art entropy-based valid
PI region of Eqn 1:

{ S by P (') b e BN BU} (Jiang et al., 2023).

z’=0,1

Here b := {b;;}; jcf0,1}» and B, By represent the linear
constraint and the entropy constraint, respectively.® In view
of the non-convex feasible set, Li et al. (2023) further sim-
plified it to a closed-form valid PI bound in the binary case,
which degenerates linearly with sufficiently small H (U):

[P(y | 2)—cH(U),B(y | 2) + cuH(U)} (Li et al., 2023).

*Entropy H(U) := — >, oy P(u)log(P(u)).
38 = {b Vivj7 bij € [07 1]727/,95/ by/z’P(‘r/) =
1;Vy ., by, = P(y' | z)}. Moreover, they set By := {b :

Sy a0 byt P (@)10g (byrar /30,0 byrar P (2)) < H(U)}.

1, Cy, are positive constants. A comprehensive analysis
of its optimal form will be discussed in Section 3. Both
of these results argued that confounders with sufficiently
small entropy could help construct non-vanilla PI but not
guarantee tightness.

By this motivation, a research gap arises: what is the general
tight PI region, and when would it be non-vanilla condition-
ing on any possible P(U), instead of other surrogates like
entropy?* Although it could be approximated via advanced
optimisation programming (Duarte et al., 2023), the testing
on each specific P(U) is completely empirical. Even worse,
the computational complexity grows exponentially with the
cardinality of U due to the exhaustive branch-and-bound
searching (Duarte et al., 2023). We address this research gap
by exploring the closed-form tight PI and its mathematical
insight without any additional imposed restrictions.

3. Tight partial identification with binary
confounder

For simplicity of illustration, in this section, we first consider
the tight PI region for d,, = 2. In Theorem 3.3, we showcase
the tight bound of P(y | do(z)) with prior knowledge of
P(U), and then Theorem 3.5 generalizes Theorem 3.3 to
the ATE case. Furthermore, Corollary 3.4 provides a further
investigation of Theorem 3.3 when P(U = 1) or P(U = 0)
is close to zero, i.e., H(U) is small.

Throughout this article, we invoke the following assumption
on the marginal distribution P(X,Y") and P(U).

Assumption 3.1 (Positivity). Va,y € {0,1}, P(z,y) > 0.

Assumption 3.2. U is a discrete random variable taking
values in {0, ...,d, — 1}. Moreover, there does not exist a
u’ such that P(U = /) = 1.

The reason why we impose the additional constraint P(U =
u’) # 1 is that once it is violated, U will become determin-
istic so that there is no latent confounding anymore, and the
causal conclusion becomes trivial.

3.1. Identification of interventional probability

In this section, we discuss the tight PI region of interven-
tional probability P(y | do(x)) when U is a binary random
variable. Our goal is to derive a closed-form solution for
the tight identification region. Taking the lower bound for
example, it can be obtained by seeking a joint distribu-
tion P(X,Y,U) that minimizes (1) while still compatible
with the marginal probabilities P(X,Y") and P(U). In other
words, we can obtain the lower bound by solving the follow-

4Jiang et al. (2023) first established a sufficiency criteria upon
what is the greatest entropy H (U) (so-called “entropy threshold”)
to cause non-vanilla PI. Stepping forward, we formalize an if and
only if criteria upon each possible P(U) in Section 4.
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ing optimization program:
Py, U =0) Pla,y,U=1)
P(z,U = 0) P(x,U =1)
such that P(X, Y, U) is compatible with the observed
marginal distributions P(U), P(X,Y).

P(U = 0) +

(@)
Apparently, this is a non-trivial non-convex fractional opti-
mization problem where one has to minimize the objective
function by varying the denominators P(z,U = 0) and
P(x,U = 1). Nevertheless, when we assume that beyond
P(U), P(X,U) is also known a priori, then we just need to
optimize the numerators, which breaks down to a linear op-
timization problem. Consequently, we can derive that with
P(X, U) known, (2) is equivalent to min;¢ 9,1} {max(S;) }
where

_ | P,y _
S; = {( _— P(U =1t),
P(xz,y) — P(z,U = t) B B B
) P U =) (1-PU =1t))+PU =1t) .

Due to the min-max operation, (3) is not straightforward
to be optimized directly. Fortunately, we have found that
this function is piece-wise monotone. This allows us to
derive a closed-form identification region by exhaustively
examining the boundary points of each piece. Our closed-
form identification strategy is presented in Theorem 3.3,
which is also a tight identification strategy (Appendix B).

Theorem 3.3 (Identification of interventional probability).
Suppose we are under Assumptions 3.1 and 3.2 with d,, = 2
and the distribution P(U) observable. The tight identifica-
tion region of the interventional probability P(y | do(x)) is
given by

min LB (P(U

te{0,1}

=t)), max UB(P(U =1))

te{0,1}

Here LB(-),UB(-) are two piece-wise linear functions de-
fined as

Tt —t)+t te (0,P(x,y)]
P(z, y) t € (P(z,y),P(z)] and
P(y | )t t e (P(x),1)
Ply|z)(1—t)+t te (0,P(—x)]
P(x,y) + P(—x) t € (P(—z),1 — Pz, ~y)]
p(%iﬁfﬁﬂ te (1 - IP(J}, _'y)v 1)
)
respectively.
Informally, then, Theorem 3.3 means that when
{P(U =0),PU =1)} N [P(z,y),P(z)] # 0 and
(P =0) P = 1} NP 1=l £0,

P(U = 1),

the tight identification region of the interventional proba-
bility is no different from the “vanilla bound”. When both
P(U = 0) and P(U = 1) are outside of this region, one
can expect a more nontrivial identification bound. Figure 2
provides a visualization of the lower bound in Theorem 3.3.
Apparently, as P(U = 1) varies from 0 to 1, the lower bound
will change in different trends, depending on the marginal
distribution of the observed variables (X, Y).

In the scenario where a practitioner does not know the exact
value of P(U), but just that it belongs to a class of distribu-
tion P, it’s straightforward that the tight identification region
of the interventional probability P(y | do(x)) is given by

U { min LB (P(U =1t)), max UB(P(U =t))

te{0,1} te{0,1}

We now consider a special scenario where P(e) := {P(U) :
P(U =0) <eor P(U =1) < e}(e < 1/2), or equiv-
alently, H(U) < —elog(e) — (1 — €)log(1 — €), which
has been considered before by Li et al. (2023); Jiang et al.
(2023). We strengthen the previous result via extreme anal-
ysis to a tight PI region:

Corollary 3.4. Suppose we are under Assumption 3.1.
Suppose d,, = 2 and we are given a P(c) with ¢ <
min{P(z), P(—x)}, then the tight identification region of
P(y | do(x)) is given by

[min{[b’(&),58(1—5)}7max{UB(a),Z/{B(l—E)}}. (6)
If additionally ¢ < min{P(x,y),P(z, ~y),P(—-z
be simplified as
Py | x) —eéy(e),P(y | ) + €6y (€)], where

— max d D@ VIPCD) B 0L
0 = x| T D B ) o

In Li et al. (2023), the authors shows that when ¢ €
[0,[P(x)), a valid identification region is [LB;;, UB;;], where

)}, it can

LB =Py |z) - %E’
o B ®)
UBL =By | 2) + —p 5=+ P — o

When P(z) < P(—x), the range of e considered by Li et al.
(2023) is exactly the same as the one considered in the
corollary above, and our results show that Li’s identification
region is strictly looser than the tight identification region for
any € € (0,P(x)). When P(z) > P(—z), compared to our
work, Li et al. (2023) additionally considered the region £ €
(P(—z),P(x)). However, under this regime, one can im-
mediately have [P(x,y), P(z,y) + P(—-x)] C [LBi;, UBu],
i.e., Li’s bound is looser than the vanilla bound without
any information about P(U). Proof and more quantitative
analysis are shown in Appendix C.
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FIGURE 2: The visualization of Theorem 3.3. We take the lower bound for instance and the upper bound is in the same vein.
It could be categorized into six types in total according to the order of {P(—z), P(z), P(z)P(—z),P(z,y)}. As illustrated,
the tight lower bound is vanilla if and only if {P(U = 0),P(U = 1)} N [P(z,y), P(z)] # 0.

3.2. Identification of average treatment effect

In this section, we further provide the tight identification
region of the average treatment effect (ATE) given prior
information of P(U). We also discuss the constraints on
the observed marginal distributions so that the resulting
identification bound does not degenerate into vanilla.

Theorem 3.5 (Identification of average treatment effect).
Consider the same setup as Theorem 3.3, then the tight
identification region of ATE is given by

in {—B(P(U = 1);0, 1 BP(U = t);1,1
Lg{%{;}{ (P( ); 0, )L@gﬁ (P( L1,
where B(t; x,y) =

~P(y|—a)+ 555 )1 -1 te (O]

—P(y | z)(1—1t) —P(z,~y)+1 ¢ € (po,p1]

(- SR 4Py o)t te (1)

Here py = P(z,~y), p1 = P(x), p2 = 1 — P(—z, y).
The proof is deferred to Appendix D. When
{B(U=0),P(U = )} N {B(X = 1)} £0, (9

the tight bound will degenerate into the vanilla bound
[(P(X=0Y=1)+P(X=1,Y =0),P(X =0,Y =
0) +P(X =1,Y = 1)], i.e., the tight identification region
of ATE provided no prior knowledge about P(U); otherwise,
it is always tighter, which is quite inconsistent with the de-
generation requirement for interventional probability in (5)°.
It should be noticed that Theorem 3.5 is not a simple com-
position of the results of Theorem 3.3; in other words, the
lower (upper) tight bound of ATE cannot simply be equated
to the difference between the lower (upper) tight bound of
P(Y =1 | do(z')),2’ = 0,1. In fact, the tightness of the
two may not be simultaneously reached.

So far, we have provided the tight identification bound for
the interventional probability and average treatment effect

5Counter-intuitively, (9) and (5) will exhibit consistency under
multi-value settings, which will be illustrated in Section 4.

when d,, = 2; we also provide the if and only if conditions
so that the tight identification bound does not degenerate
into a vanilla bound. This raises an interesting question: is
it possible to extend these results into the multivariate case
with d,, > 3?7 We answer this question in the next section.

4. Tight partial identification with
multi-valued confounder

In this section, we consider the identification of casual
queries with multi-valued confounders, namely, d,, > 3.

4.1. The if and only if condition of degeneration to the
vanilla identification region

In Section 3, we have shown that under the setting d,, = 2,
when the prior distribution of U lies in the region charac-
terized by (5), the tight identification region given the prior
information in fact has no improvement compared to the
vanilla bound. Moreover, such characterization in (5) is “if
and only if”, in the sense that when (5) is violated, then
the tight identification region is definitely tighter than the
vanilla bound. In Theorem 4.1 (Appendix E) we further
extend such “if and only if”” characterization to the multi-
valued U.

Theorem 4.1. Suppose Assumptions 3.1-3.2 hold. The tight
lower bound of the interventional probability P(y | do(z))
given prior knowledge of P(U) is equal to the vanilla lower
bound if and only if P(U) belongs to Pt :=

{P(U): IU CRs.t. P(U €U) € [P(z,y),P(z)]}.

Analogously, the if and only if condition for the degeneration
of the upper bound is when P(U) belongs to PU :=

{P(U):3U C R s.t. P(U € U) € [P(~a), 1-P(z, ~y)]}.

Thus the tight identification region of P(y | do(x)) given
prior knowledge of P(U) is equal to the vanilla bound if
and only if P(U) € P := PL nPV.

Compared with Jiang et al. (2023), Theorem 4.1 constructed
an if and only if criterion upon the non-vanilla region with
each possible P(U), instead of seeking other conservative
sufficiency conditions based on the information entropy
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constraint of U. In other words, the oracle non-vanilla
region derived from Theorem 4.1 reveals the ground truth
and surrogates the previous result as the special case. More
importantly, to demonstrate its simplicity and essence, as a
corroboration, we further show that ATE also possesses a
consistent form of the decision criterion:

Theorem 4.2. Suppose Assumptions 3.1-3.2 hold. The if
and only if conditions for the tight upper and lower bounds
of the average treatment effect to degenerate into vanilla
bounds are when P(U) belongs to

Prrg = {P(U) : 3Up, Uy CRwithUy NU; = B, s.t.
Vze€{0,1},\P(U €U,) €L, .},

where L v = [P(X = 2/,Y = ¢),P(X = )] for
'y’ € {0,1} and

Plrg = {P(U) : 3Up, Uy C R withUdy NU; = B, s.1.
Vze{0,1},PU elU,) €I ..},

respectively. Thus, the identification region of the average
treatment effect is vanilla if and only if P(U) € Parg =
Pire N Pire:

Theorems 4.1 and 4.2 (Appendix E and Appendix F) pro-
vide the if and only if conditions for the tight identification
regions of interventional probabilities and average treatment
effects to degenerate into vanilla bounds. It shows that
whether the tight identification region is vanilla depends on
the existence of a subspace of confounder &/ C R (or two
disjoint subspaces Uy, U1 C R) whose probability measure
P(U € U) (or P(U € Uy), P(U € U;)) locates in the de-
sired interval. Moreover, such interval is constructed by the
observational probability P(X,Y"). When d,, = 2, one can
easily prove that the conditions displayed in Theorems 4.1
and 4.2 break down to the intervals in (5) and (9).

According to Theorems 4.1 and 4.2, the identification re-
gions {P~X, PV, P, Pare, Pirr: Pirg} have properties in
the following corollary (Appendix G):

Corollary 4.3. Suppose Assumptions 3.1-3.2 hold and d,, >
3. We have

(i) P=PENPY %0 and Pare = Prrg N Phrg # 0;

(ii) Phrg & PY, Pirg & PY, and therefore Pare S P.

We provide instances in Appendix N. Informally then, it
means that i) for any choice of observational distribution
P(X,Y), there always exists some specifications of P(U)
so that its induced identification regions of interventional
probability and average treatment effect are no different
from vanilla bound, and ii) the identification of average
treatment effect is strictly less likely to degenerate into the
vanilla case than the interventional probability. To better

understand the relationships among these sets, in Figure 3
we provide some visualizations of their relationships via
Venn diagrams.

Corollary 4.3 naturally leads to following the question: how
large the “volume” of P and Parg is relative to the en-
tire probability space 2 := {P(U) : > ,P(U = t) =
1,P(U = t) > 0}? To understand this we now consider a
Bayesian flavoured setup where the d,,-dimensional param-
eters (P(U = 0),P(U =1),..P(U =d, — 1)) is sampled
uniformly at random from the d,, — 1 probability simplex,
and the problem then is transformed to analyzing the prob-
ability that the induced P(U) falls into the “non-vanilla”
region (P)¢ and (Parg)¢. First, we have the following
theoretical result (Appendix H):

Proposition 4.4. Assuming that the parameters (P(U =
0,PU = 1),....P(U = d, — 1)) is sampled
uniformly at random from the (d, — 1)-simplex, the
probability that P(U) falls into (P)¢, (Pare)¢ are all
monotonically non-increasing with the increasing d,;

and are at most d, (1 —ming eqo1} ]p(x)y/))du—l and

dy (1 — ming: yeqo,1y P(2, y’))d“_l, respectively.
Informally then, it means that the probability that P(U) falls
into the region with a non-trivial bound decreases expo-
nentially with the increment of d,,. Since it just represents
some upper bound which is not necessarily tight, we fur-
ther visualize in Figure 4 how the probability P(U) € P
and P(U) € Parg vary the increment of d,, under differ-
ent choices of P(X,Y"). Consistent with the upper bound
described in Proposition 4.4, the probability of having a
non-trivial P(U) will tend to zero as d,, goes to infinity;
moreover, the probability of having a non-trivial P(U) are
all consistently below 0.1 for d,, no smaller than 10, re-
gardless of the choice of P(X,Y"). This indicates that the
marginal information P(U) is usually more useful with a
relatively small d,,. When d,, is, say greater than 10, a prac-
titioner usually cannot expect an informative distribution of
the latent confounder with non-vanilla PI regions.

4.2. Closed-form identification region

As indicated in Proposition 4.4 and Figure 4, the provided
marginal information P(U) becomes more likely to lie in
the trivial region with increasing d,,. Hence, at a global
level, the confounder marginal information shows limited
assistance to PI, especially when d,, is relatively large. In
this section, we discuss the PI of the causal estimands when
P(U) does not belong to P. First, in Theorem 4.5 (Ap-
pendix I) we provide a closed-form formulation of the tight
identification bound of the interventional probability for any
dy > 2.

To formally describe the new theorem, We first write
{Pmin(Z,Z"), Pmax(Z,Z’)} as the minimum and the max-
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FIGURE 3: The affiliation relationship of the sets P, PY, P, Parg, Pkry and Py under different constraints of
P(X,Y); the constraint is displayed at the top of each figure, where for example P(X = 0,Y = 1) is denoted as po;.
With a slight abuse of notation, P*, PV and P correspond to the identification region of the interventional probability
P(Y =1 | do(X = 1)). The whole space of P(U) is denotes as 2 := {P(U) : > ,P(U =t) = 1,P(U = t) > 0}.
Corollary 4.3 guarantees that the gray region is non-empty (contains at least one legitimate P(U) in ).
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FIGURE 4: The probability that P(U) satisfies the if and only if condition given by Theorem 4.1 with varying d,,. Here
P(U) is uniformly sampled on the (d,, — 1)— probability simplex via 10¢ Monte Carlo simulations. There are four types of
observed data which are recorded as P(X,Y) = [([P(X = 1,Y =1),P(X = 1,Y =0))T,(P(X =0,Y =1),P(X =
0,Y =0))T],2 = y = 1. The probability of P(U) € (P)¢ and P(U) € (Patr)® both monotonically decreases to zero with
increasing d,,, and the degeneration rate of P(U) € (P)¢ is lower than that of P(U) € (PaTE)".

imum of the set {P(U € U) : U C Z,P(U € U) € 1-B(PU);z,~y) PU)e (PY)°

UBMI(P(U)) = {

T'}. If this set is empty, we let pmin(Z,Z') = —oo and P(z,y) + P(-z) P(U) e PY
Pmax(Z,Z') = +o0o. Armed with this notation, in Theo- (11)
rem 4.5, we provide the closed-form solution of the tight ~ and B (PU); 2", y"), {«',y'} € {0, 1} is defined as:
identification region of the interventional probability. Pz .4 —

. B'(P(U);2’,y) = min | J {s + MP(U —1):
The computation of puin(Z,Z’), Pmax(Z,Z’) refer to the P(z’) — s

famous Subset-Sum Problem (SSP) (J Kleinberg, 2006) in
theoretical computer science. Widely-existed SSP algo-
rithms (J Kleinberg, 2006) could approximately extract the
extreme subset-sum larger (smaller) than a given threshold
(Appendix L). In this sense, {pmin(Z,Z"), pmax(Z,Z’)} can
be viewed as constants that can be adequately approximated.

Theorem 4.5. Suppose Assumptions 3.1-3.2 hold, and P(U')
with d,, > 2 is observable. The tight identification region
of the interventional probability P(y | do(x)) is given by

[ﬁBthI(P(U))a UB?’ZI(P(U))}, where

LB () = {

tc A
5 € {puin (T, 1), Pmax (T, T,)} # 0.

Here A .= {u : P(U = u) > Pa/,~y)} # 0, Z, :=
R/{t} and I} := [0V (P(z') — P(U = 1t)),P(z’,y/)].

To better understand how P(U) helps improve identifica-
tion, we introduce a new measure indicating the “distance”
between the set {P(U € U) : U € R} and the interval Z:

D(IP’(U)J) =min|P(U e ) —t],s.t. U CR,t € T.
The following theorem shows that the identification im-

provement with prior knowledge of P(U) can be bounded
by quantities depending on this new measure:

Proposition 4.6. Consider a P(X,Y") and P(U); write
ag = 1/P(z")

)

& oy = P )VP',y))/Ple, ),
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Agry = D(P(U), [P(z',y"), P()]),
where x',y' € {0, 1}, then we have that

CB;H,;I(]P)(U)) - P(x,y) € [awAi,gﬁ /BwyAmyL
P(x,y)+P(-2)-UBL (BU)) € [aeAl s Bry Do),

Details show in Appendix J. Remark that when P(U) is in
the set PL, then D(P(U), [P(z,y),P(z)]) is always equal
to zero. Informally then, it means that the theoretical im-
provement taking into account prior knowledge of P(U)
depends on the distance between {P(U € /) : U € R} and
the intervals [P(x,y), P(z)] or [P(x, —y), P(x)].

Moving forward, we now consider the identification region

of ATE. Inheriting the definition of D(P(U),Z), we use
Dare(P(U),{Z,7'}) to represent

min (|]P’(U€Llo) —to| + |P(U € Uy) —t1|>,
s.t. Uy, Uy TR, Uy NU, = @,to el t € 7.

Recalling the definitions of Z,s s in Theorem 4.2 and
iy, By 4 in Proposition 4.6, we now have the following
result, which can be used for the construction of a valid
bound of ATE:

Proposition 4.7. The lower tight identification bound of
average treatment effect ATE is controlled by ATE —
ATEY i €

vanilla

(1A% + 20AG o) V (Akre/du), (B1,1 + Boo) ATl

where Aate = Date(P(U),{Zo,0,Z1.1}). Analogously,
the upper tight identification bound of average treatment
effect ATE is controlled by ATEY, ... — ATE €

[(AF 1 + 12T o) V (Akrr/dw), (Bor + Bro)Aars),
where AATE = DATE(P(U), {IO,hIl,O})-

Ay oy, 2’y € {0,1} is identified as above. Proposition 4.7
(Appendix K) indicates that for ATE, the difference between
the tight PI bound and the vanilla bound is controlled by
Dare(P(U),{Zo,0,Z1,0}) and Dare(P(U),{Zo,1,Z1,1})
between the linear and squared convergence rate.

It contributes a powerful theoretical bound rather than a
natural composite of Proposition 4.6 upon both the upper
and lower bounds of P(Y = 1 | do(z’)),2’ = 0,1. Such
enhancement is due to our new measure being stricter: for
any given {Z,7'}, Dar (P(U),{Z,7'}) > D(P(U),I)V
D(P(U),Z") always holds through their definitions.

5. Auxiliary experiments

After theoretically proving the optimality, we focus on high-
lighting two additional key observations inspired by our PI,

which have not been empirically validated in the previous
literature: i) traditional information-theoretic PI bounds in-
deed lose information; ii) for the only bound mentioned
in the main text that guarantees validity but not tightness
(valid ATE bound in Proposition 4.7), we verify that its effi-
ciency still significantly surpasses the competitive baseline
and guides decision making.

For our first goal, it is visualized that given confounder in-
formation, our tight PI could grasp more non-vanilla cases
than entropy-based methods, especially when entropy is not
sufficiently small as the previous (Li et al., 2023; Jiang et al.,
2023); for our second goal, we conduct experiments on IN-
SURANCE dataset (Binder et al., 1997) and the ADULT
dataset (Dua & Graff, 2017). Our result shows that even
without a tightness guarantee, our PI bounds of ATE (Propo-
sition 4.7) still provide more reliable information than the
previous methods of separately estimating the upper and
lower bounds of p(Y = 1|a’), 2’ = 0,1 (Jiang et al., 2023)
and could guide decision making. We refer readers for
detailed design in Appendix N due to space limitations.

6. Discussion

In this paper, we focus on the PI of causal estimands with
marginal confounder information; in particular, we have
developed a closed-from tight identification region with
causal structure following Figure 1, allowing the latent con-
founders to follow arbitrary distribution; we also establish
the if and only if conditions for the identification region to
be tighter than the vanilla bound. Such if and only if criteria
establish the intrinsic equivalence between classical causal
queries and subset-sum algorithms in theoretical computer
science. We indicate that latent confounder information
may not be very helpful in aiding PI when the cardinal-
ity of confounders is relatively large. We also develop in
our manuscript several metrics to evaluate the improvement
brought out by P(U) compared to without such information.

We believe this is not only of theoretical interest but also
provides important guidance for practitioners on whether
to collect information of P(U) when such information is
not directly accessible in the first place. Our theory shows
that practitioners are not recommended to spend much en-
ergy on collecting distributional information of P(U) when
the cardinality of U is relatively large (e.g., larger than 10
according to our simulations).

Our paper has opened up several research directions; one
is to extend the current result to the more complex causal
graph; another is to consider PI of more complex counter-
factual queries (e.g., Pearl (2022)) based on the subset-sum
setting. Moreover, it would be of interest to combine our
tight PI framework to facilitate other auxiliary-based PI
methods. We will leave these possibilities for future work.
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7. Impact Statements

This paper presents work whose goal is to advance the field
of Machine Learning. There are many potential societal
consequences of our work, none of which we feel must be
specifically highlighted here.
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SUPPLEMENT TO “TIGHT PARTIAL IDENTIFICATION OF CAUSAL EFFECT VIA
CONFOUNDER INFORMATION”

Appendix A supplements a review of previous literature on PI. It confirms the originality of our tight PI region.
Appendix B contains the complete proof of Theorem 3.3, including the validity and sufficiency parts.
Appendix C proves Corollary 3.4, where we establish the tight PI region for the small entropy confounders.
Appendix D is for Theorem 3.5, which extends Theorem 3.3 from interventional probability to the ATE case.

Appendix E-F prove the IFF condition of falling into the vanilla case for interventional probability and ATE in multi-valued
confounders, respectively.

Appendix H further analyzes the degeneration property after proposing the IFF condition as above, which is summarized as
Corollary 4.4.

Appendix I-J justify Theorem 4.5 and Proposition 4.6 in the main text. Then Appendix K illustrates the valid identification
region of ATE and its changing trend under the given marginal distribution of confounders.

In addition, Appendix L and Appendix M showcase the auxiliary lemma and algorithms that are presented in the above
analysis and the main text, and Appendix N provides auxiliary experiment results.

A. Review of partial identification

TABLE 1: The summary of previous causal effect identification. In our paper, we are the first to construct the closed-form
tight PI of causal effects solely via marginal confounder information without additional hyper-parameters or auxiliary
variables. Noteworthy, Duarte et al. (2023) claimed a tight bound without closed-form, and they usually achieve non-tight
bound during approximation in practice.

Literature Model - - Result - - External variables/assumptions
Hyperparametric ~ Non-hyperparametric | Point identification  Partial identification
Ei?:;;i;ggé’;)g%) b 4 v b 4 v (tight) Instrument variables
(Kuroki & Pearl, 2014)
(Rothman et al., 2008) x v v b 4
(Miao et al., 2018)
(Ghassami et al., 2023) v X X /(Valid)

(Nagasawa, 2018)
(Shi et al., 2020)
(Singh, 2020)
(Cui et al., 2023)

(Tchetgen et al., 2020) v x v x
(Deaner, 2018)
(Kallus et al., 2021)
(Qi et al., 2023)

Negative control

(Gabriel et al., 2022) v (tight) Outcome-dependent Sampling
(Lietal., 2023)
(Geiger et al., 2014) v (valid)

(Zhang & Bareinboim, 2021b)

(Duarte et al., 2023) Confounder information

¥ N\ % |%
NXx N N\
X XX X X

(Jiang et al., 2023) v/ (valid)
(Guo et al., 2022) .

(Masten & Poirier, 2018) v/ (tight)
Ours v/ (tight)

B. The proof of Theorem 3.3

Since we consider the binary scenario of confounders U, for ease of presentation we simply write P(U = t) as P(u;) and
P(U =t,x,y) as P(u, 2, y) for t € {0, 1}. Moreover, RHS (LHS) denotes the ‘right (left) hand side’.
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Lemma B.1. We have
P(y | do(z)) € [tzl?énl}{maX(St)},t ggg}{mm(&)}]v

)

where
_ | P(z,y)
Se = {]P’(Uzt,a:)

]P’(Uzl—t)—i—]P’(U:t)}. (12)

For brevity, we add the notation for the elements of S; before the proof:

) P(z,y) P(z,y) — P(ug, z)
So = P(ug, ) P(uo), P(z) — Plug, 7) P(uy) + P(uo)
Too T

(13)

Proof of Lemma B.1 We first consider the lower bound, it is equal to prove P(y | do(x)) > min{max(Sp), max(Sy)} It
suffices if we can prove that P(y | do(x)) is no smaller than min{7Tyg, 710}, min{Too, T11 }, min{7Tp1, 710} and
min{7Ty1, 711}, respectively. Below, we prove them one by one. Specifically, we prove them by contradiction.

* P(y | do(x)) > min{Tpo, Ti0}: Suppose in contradiction P(y | do(x)) < min{Tyo, T10}, then
P(y | do(x)) < P(uo | z,y)Too + P(us | 2,y)Tio.
Now expanding Ty, 110, we have

P(z,y,up)
Pluo,a)

P(y | do(x)) <
which raises a contradiction.

* P(y | do(x)) > min{Tpo, T11}: Suppose in contradiction P(y | do(z)) < min{Tyo, 711}, then
P(y | do(z)) <P(=y | z,u1)Too + P(y | z,u1)T11.

Expanding T, and 77, we have

P(y | do(z)) < P(-y | =, m)]II‘i(fLZ ?Q)P(UO) +P(y | x’ul)}P’(x, ?P))(?;]Pg“’ x)IP(uo) Py | 2, u1)P(wr)
_ P(z,y) — P(z,y,u1)
= P(uo, ) P(uo) + Py | z,u1)P(uq)
_ Py, u)

P(UQ,JZ) ]P(UO) + ]P’(y ‘ $7u1)P(u1) = ]P’(y ‘ dO(l’)),

which raises a contradiction.

* P(y | do(x)) > min{To1, T10}: This can be directly obtained based on the duality of ug, u; and
]P(y | do(m)) > miH{Too,Tll}.
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P(y | do(z)) > min{To1, T11}: Suppose in contradiction P(y | do(z)) < min{To1, 711}, then

P(y | do(z)) <P(uy |z, ~y)To1 + P(uo | , —y)T11

—B(uy) ']P(a:,ZI/P)(;le()uo,x)P(ul | 2, —y) + Plug | 2, ﬁy)]

P(.’E, y) - ]P(ula (E)
P(UO, )
[P(z

y) —P(2),
P(uq,x)
P

+ P(uo)

P(uo | 7, —y) + Pus | m,ﬂm}

P(z,y) — P(x)

P - 1
P(Uo,l’) (UO | Z, y) +

2| Plur | 2,0) +1 + ) |

IP(Q? Y, U’O)

(xvyaul) —
=D (uo) + ————"P(ur) = Py | do(x)).

P(uq,x)

Using an analogous analysis, we can prove the upper bound as well. It suffices if we can prove that P(y | do(z)) is no larger
than max{Too, T10}, max{Too, 11}, max{To1, T10} and max{To1, T11}, respectively. Below we prove them one by one.
Specifically, we prove them by contradiction.

P(y | do(z)) < max{Too, T10}: Suppose in contradiction P(y | do(z)) > max{Tyo, T10}, then
P(y | do(z)) > P(uo | 2,y)Too + P(ur | x,y)To.
Now expanding Ty, 110, we have

]P(Ia Y, UO)

P(Uml‘) 7]?(”1) = P(y | d0($>)7

P(y | do(x)) > P(uo) +

which raises a contradiction.
* P(y | do(x)) < max{Too, T11}: Suppose in contradiction P(y | do(z)) > max{Tno, 111}, then
P(y | do(x)) > P(—y | 2, u1)Too + P(y | 2, u1)T11.

Expanding Ty and 771, we have

Py | o)) > Pl | v0) g o Do) + Ply | 2 0) - 0 LT B+ By |,
— IO ) ) + By | 2, 1) Pu)
_ HD(I, Y, UO)

Pluo.z) P(ug) + P(y | z,u1)P(uy) = P(y | do(x)),

which raises a contradiction.

* P(y | do(x)) < max{To1,T10}: This can be directly obtained based on the duality of ug, u; and
P(y | dO(.’L‘)) < maX{Too,Tll}.

e P(y | do(x)) < max{Tp1,T11}: Suppose in contradiction P(y | do(z)) > max{To1, 711}, then

P(y | do(z)) >P(uy | 2, =y)To1 + P(uo | #, ~y)T11

() |G BT 1, y) + Bl )]

+ P(Uo) ]P)(.’E, %P)(q;P(;Lla (E)

P(z.y) —P(2), P(uy |z, ~y) + 1} + P(ug) [

IE,"(ul, x)
Pluo) + e 2B (wr) = Bly | dofe)

P(uo | 2, ) + Plus | x,ﬂyﬂ

P(z,y) — P(x)

=Pluw) P(ug, )

Pluo | z,—y) +1

_P(z,y,w)
]P)(u(), )
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Putting together, we obtain the desired result P(y | do(x)) < max{min{To, Tp1}, min{710,711}}. Combined with the
lower bound and the upper bound, Lemma. B.1 has been proved.

After preparation, here we start the main proof of Theorem 3.3. Briefly, we do transformation on the above bound

[ n{lin }{rnaX(St)}7 n%ax}{min(St)}] via observational data, and then demonstrate the tightness via construction.
t={0,1 t={0,1

Proof of Theorem 3.3 (VALIDITY) We first prove the lower bound. Exploiting Lemma B.1, it suffices to provide a lower
bound of min{max{Tyo, To1 }, max{T1o, T11}} using the marginal probabilities P(z, y) and P(u).
We first consider max{T1¢, 111 }. For T1g, using P(u;) > P(uy,x) and P(z) > P(uy, x), we have

P@ﬁi)znmx{Lﬁgg}’

which leads to

Tio =

z [ By P(ur) € (0, P(x)]
M%@MWmewmwmmmMM}{P@xHM)MWQWwM. (14)

For T11, we hope to use 71 ’s information to construct max{T}, 711 }, and hence enhance the above piecewise lower
estimate (14). Notice that when P(uq) < P(z,y), we have

P(z,y) — ]P)(uhm) -1 P(x’_'y) > P(x’_'y) _ P(z,y) — ]P)( 1)

P(z) = Pu,2)  Pla)=Plur,z) = P(z) —Plu)  P(z) —Plus) ’

P _P P(z,y)—P(u1) (1 _
Ty, = (xay) (ulax) P(Uo) +P(U1) > P(z)—P(u1) (1 P(ul)) +P(u1) ]P)(ul) € (O’P(xvy)] (15)
P(x) = P(us, z) —00 P(u1) € (P(z,y),1)
The combination of (14)-(15) leads to a valid lower bound of max{7T7¢, 771} as below:
He 2 (1 P(uy)) + Pur)  P(wa) € (0,P(x,)]
max{T1o, 711} > { P(x,y) P(uy) € (P(x,y), P(z)] (16)
P(y | 2)P(u1) P(u1) € (P(z),1)
Compared with the lower estimate of T (14), (16) further divided the case of P(u1) € [0, P(x)] into the cases of
P(uy) € [0,P(z,y)] and P(u1) € [P(z,y), P(x)] in a more detailed manner.
Thanks to the duality between P(ug) and P(u4), we also have
) (1= P(uo)) + P(uo)  B(uo) € (0,P(,y)]
max{Too, To1} >  P(z,v) P(uo) € (P(x,y),P()] a7
P(y | 2)P(uo) P(uo) € (P(x),1)

In light of (16) and (17) together, we prove the validity of the lower bound of Theorem 3.3.

We now consider the upper bound max{min{Too, Tp1 }, min{T10, 711} }. Analogously, we first consider min{7¢, 711 }.
For T}, we present two different upper bounds for all P(u;) € [0, 1]. Firstly,

HD('T7 y) — P(ula J}) —]P)(.’L‘, _‘y)
P(z) — P(uy, ) P(ug, x)

and secondly, due to [P(z,y) — P(u1, 2)|P(z) < P(z,y)[P(z) — P(uq, )], we have

P(x’y) _]P(u ,33) P(l‘,y)
Blo) ~Blur ) FL0) () <

T, =

P(uo) + P(uy) = P(ug) +1 < 1—P(z,~y) = P(z,y) + P(-z),  (18)

Ty, =

P(ug) + P(uq). (19)
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Combining (18)-(19) together, we can obtain a piecewise function of the form:

P(x,y)
) (1~ Puy)) + Pus) P(ur) € (0, P(a)
T S{ P(s.y) + P(~a) B(ur) € (B(~a),1] 0

For T, when P(uq) € [1 — P(z, =), 1], namely when P(ug) € [0, P(z, —y)], we have

Pla,y)  _ _ Plxy)
P(x) — P(x,ug) ~ P(x) — P(ug)

Hence the lower estimate of 7% can be constructed as

_ P(z,y) P(z,y) + srriiyP(0z)  Pur) € (1— Pz, ), 1]
TlO - P(Jf, y) + ]P(IE) — P(l’,UO)P(uh x) < { +00 IP’(ul) c (07 1— P(.’E, ﬁy)] (21)
Combined with (21) and (20), we have
T (1= Pw)) +P(ur)  Plur) € (0,P(~a)]
min{Tho, 711} < ¢ P(z,y) + P(-x) P(uy) € (P(-z),1 - P(z, —y)] (22)
P(2,y) + 5oty P(oz)  P(ur) € (1 - Pz, ), 1).
With again the duality between P(ug) and P(u;), we get
D) (1 - P(ug)) + P(ug)  Pluo) € (0, P(~z)]
min{Too, To1} < ¢ P(z,y) + P(-2) P(uo) € (P(—z),1 — P(z, ~y)] (23)

<

P(x,
(,9) + st P(~2)  Plug) € (1 P(z, ), 1).
In light of both (22) and (23), we prove the validity of the upper bound.
(TIGHTNESS) We now prove that our identification strategy is tight; we first consider the tightness of the lower bound. We
would like to prove that given any marginal distributions P(X,Y") and P(U), there exist two joint distributions of the three
random variables so that their corresponding P(y | do(z))’s are equal to UB(P(ug)) and UB(P(u,)), respectively.

Furthermore, we will prove each point between the lower and upper bound of Theorem 3.3 is compatible with a joint
distribution P(X, Y, U).

Recall that given any P(X,Y) and P(U), its corresponding P(y | do(x)) is defined as

P(%%Ul)
P(xaya ul) + ]P)(JZ, Y, Ul)

P(.’I}, Y, uO)
P(l‘, Y, UO) =+ P(x’ Y, UO)

P(y | do(z)) := P(ug) + P(uq). (24)

We consider three categories: P(U = 0) € (0,P(z,y)], P(U = 0) € (P(z,y),P(z)] and P(U = 0) € (P(x),1).
CaseI: (P(U =0) € (0,P(z,y)]) We simply set
]P)(Iv Y, UO) = P(Uo)y P(l’, Y, UO) = P(_\SL’, Y, UO) = ]P)(_"T7 Y, UO) = 07

and set P(2’, ¢/, uq) =P(a',y') — P(2', 9/, ug) for 2’,y' € {0,1}. Apparently, through such construction all the joint
probabilities are non-negative; moreover, they are compatible with the marginal distributions of (X,Y") and U, respectively.
Moreover, with such construction, we have P(y | do(z)) in (24) is equivalent to

P(uo) P(z,y) — P(uo)
P(UO) +0 P(.’E, y) + P(ma ﬁy) - HD(U’O)

P(y | do(x)) = P(uo) + P(uy) = P(u1) + P(uo),

which is equivalent to LB(P(uy)).

16
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CaseII: (P(U = 0) € (P(z,y),P(x))) We set
P(m, Y, UO) = IP)(.’E, y)v P(x’ Y, 'Ll,(]) = ]P(U()) - ]P({,C, y)v ]P(—'(E, Y, U()) = P(—'£E7 Y, uO) =0,

and set P(2’, ¢/, uq1) = P(a,y') — P(a’, v, ug) for ', y" € {0, 1}. Apparently, such construction is still non-negative and
compatible with the observed marginal probabilities. With such construction, P(y | do(z)) in (24) is equivalent to

P(z,y) 0
o 9) + Pluo) — Pz y). ) T 0 P(@) — Plu)

P(y | do(z)) = P(uy) = P(z, y).

This matches LB(P(uy)).
Case III: (P(U = 0) € [P(z),1)) We set
P(ug, ) = P(z),P(u1,x) = 0,P(ug, ) = Pug) — P(x), P(u1, ~x) = P(uq).
In this case, we instead construct directly the conditional probability as follows:
Bly | wo,x) = By | 2), By | u,a) = 0,B(y | ug, =) = B(y | ~), Bly | w1, ~@) = Py | —),

andset P(—y | u, 2 ) =1—P(y | u',z'),u ,x € {0,1}. Apparently, with such construction, all the joint probabilities are
nonnegative and compatible with the observed P(X,Y") and P(U). With such construction, the P(y | do(x)) is equivalent to

Py [ do(x)) = P(y | uo, 2)P(uo) + P(y | w1, 2)P(u1) = Py | 2)P(uo),

which matches LB(P(uyg)).

According to the duality between P(ug) and P(u1), we can establish compatible joint probabilities to achieve the bounds
given by LB(P(uy)), thereby proving that the lower bound min{LB(P(uy)), LB(P(u1))} is matched with compatible
P(X,Y,U).

We now turn to the upper bound. Again, we consider three cases, which are P(U = 0) € (0, P(—z)],
P(U =0) € (P(—z),1 —P(x,~y)] and P(U = 0) € (1 — P(x,—y), 1).

CaseI: (P(U = 0) € (0,P(—x)]) Mimicking the construction of Case III of the lower bound, we set
P(ug, z) = 0,P(uy, z) = P(z), P(ug, ) = P(ug), P(ug, 7x) = Pluy) — P(x).
On this basis, analogous to Case I1I of the lower bound, the conditional probability is constructed as follows:
Py | uo,z) = 1,P(y | ua, ) = Py | 2), Py [ uo, ~x) =Py | ~), Py | uy, ~x) = Py | ~z),

andset P(—y | v,z ) =1—P(y | u',z'),u’, 2" € {0,1}. It can be verified that the non-negativity and compatibility of the
joint probabilities under such construction also hold. Hence P(y | do(x)) can be computed as

P(y | do(x)) = P(y | uo, 2)P(uo) + P(y | u1, 2)P(u1) = P(ug) + P(y | ~2)P(uy),

which matches UB(P(U = 0)).

Case II & III: For the tightness of the upper bound in these two cases, we instead set
P(z,y,up) = P(ug) — P(—zx), P(—z,y,u0) = P(—z,y), Pz, ~y,up) =0, P(—z, —y,up) = P(—z, —y)
and
Pz, y,u0) = P(x,y), P(=z,y,u0) = P(-z,y), P(z, 7y, u0) = Pz, y) — Plur), P(-z, =y, u0) = P(-z, —y),

respectively. Then we can use an analogous argument to prove that their induced P(y | do(x)) matches the one given by
UB(P(up)). Using again the duality between P(ug) and P(u;), we can use an analogous argument to prove the upper
bound max{UB (P(up)) ,UB (P(u1))} can be achieved with matched P(X,Y,U).

17
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Now we have proved that for each specification of P(X,Y") and P(U), there exists a compatible joint distribution so that its
induced P(y | do(x)) is equal to the lower and upper bound. Below we further prove that for each o between the two
bounds, there exists a legitimate joint distribution with its corresponding P(y | do(x)) = o. We first consider the case where
P(ug) or P(uq) is equal to P(x). Without loss of generality, we just consider P(ug) = P(z). Then our proposed
identification region is equal to [P(x, y), P(z, y) + P(—x)]. Then we construct

P(ug, z) = P(uop), P(ur, z) = 0, P(ug, ~x) = 0, P(uy, —z) = P(—x).
Moreover, we set P(y | ug, z) = ]%((ﬁf’)),P(y | ur,x) =&,P(y | uo, ~z) = 0,P(y | uy,~x) =Py | ~x),e € [0, 1], and

P(—y|v,2")=1—-P(y | v, 2'),Vu', o’ € {0,1}. Apparently, one can verify that this construction is compatible with the
observed marginal distributions. On this basis, we have

P(y | do(z)) = P(y | uo, z)P(uo) + P(y | u1, 2)P(u1) = P(x, y) + eP(-z).
By varying ¢ € [0, 1], all values in [P(z,y), P(z,y) + P(—z)] is achievable, which proves the desired result.

Now we further consider the more general case where P(ug), P(u;) # P(z). Given any fixed & > 0, let

(1 —t) + ¢ t € (0,P(z,y)]
LB(t) = Bty et (1-1) te (P(z,y),Pa))
Lt te (P(z),1)
and Do y)—e
e (1 — 1) + ¢ t € (0,P(~x)]
UB(t) = { ot + (OOt (1 — 4yt € (P(-z), 1 — P(z, )]
% te(1—-"Px,—y),1).

Apparently as € — 0, LB, (t) and UB.(t) converges to LB(t) and UB(t) when t € {P(ug),P(u1)}, respectively. To prove
that for each point o € (minseqo,1y LB(P(U = t)), max;e 0,1y UB(P(U = t))), there exists a legitimate joint probability
so that P(y | do(x)) = o, we just need to prove that there exists a constant £y > 0 sufficiently small such that for all
e € (0,e0],
in LB(P(U =t UB(PU =t 25

[ten%g} (B(U =1)), max UB(P( )] (25)
is a subset of the identification region, i.e., that for all the points ¢’ in the interval given by (25), there exists a legitimate
joint distribution with its corresponding P(y | do(x)) = o’. To achieve this goal, we now consider a region

0. = {P(y | do(x)) : Vu € U,P(u, x) > ¢,P(Y,U, X) is compatible with P(X, Y),IP’(U)}. (26)

Now if we treat P(z/,y', u') (2’,y’, v’ € {0, 1}) as parameters and P(y | do(x)) as a function of these parameters, one can
easily verify that the parameter space restricted by O, is a convex and compact set; moreover, P(y | do(x)) is a continuous
and well-defined function w.r.t. all parameters in the restricted parameter space (since in the parameter space given by O,
the denominators in (24) is always nonzero). In light of these, it is straightforward that O, is a closed interval on R. Letting
Omin, Omax De the left and right side of the interval O; then one can easily verify that with g¢ sufficiently small, for all
€€ (Oa EO],

Omin < ten{léfll} ﬁBs(]P)(U = t)) < tér%gfl(} Z/[BE(IP(U = t)) < Omax;
which means that the region given by (25) is a subset of O.. Since O, is a subset of the identification region, it’s
straightforward that the interval (25) is a subset of the identification region as well, which proves the desired result.

B.1. Further discussion: The identification of the vanilla bound

Recall our objective function is stated below:
]P)(y | dO(.’E)) = P(.’lﬁ, y) + P(y | Uo, l‘)P(’UQ, "%‘) + ]P)(y ‘ Uy, .'lf)P(U/l, ﬁx)-
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The lower vanilla bound. When P(y | do(z)) = P(z,y), we have Vt = 0, 1, P(y, us, )P(ut, 7x) = 0. According to
Assumption 3.1, notice the fact that P(y, ug, z) + P(y, u1, ) = P(y, ) > 0 and P(uo, ) + P(u1, 7z) = P(—x) > 0, it
leads to 3¢ € {0, 1}, P(y, u~¢, ) = P(uy, 7x) = 0. Then

]P)(ut) = ]P(ut? 1}) € [P(yv Ut IE), IP)(.’E)] = [P(LC, y)v ]P)(LE)]
Hence the necessity result is
{P(U =0),P(U=1)}N [Pz, y),P(z)] # 0.
For the sufficiency part, we refer to CASE II for the tight lower-bound construction.
The upper vanilla bound. When P(y | do(z)) = P(xz, y) + P(—x), it is equivalent to
P(—y | wo, z)P(ug, ~x) + P(=y | u1, 2)P(uy, 7x) = 0.
Hence Vt = 0,1, P(—y, ut, 2)P(us, 7x) = 0. According to Assumption 3.1, noticing the fact that

P(—y, ug, ) + P(—y, u1, z) = P(—y,z) > 0 and P(ug, ~x) + P(uy, ~x) = P(—z) > 0,it leads to
3t € {0,1},P(—y, u—, x) = P(us, ~x) = 0. Hence,

P(ut) - P(utvx) € []P)(_'yvutax)ap(x)] = [P(l‘, —\y),IP’(x)]

Hence the necessity result is {P(U = 0),P(U = 1)} N [P(z, —~y), P(z)] # 0, namely
{P(U = 0), P(U = 1)} N [P(=z), P(=z) + P(z,y)] # 0.
For the sufficiency part, we refer to the constructions in CASE II (upper bound).

The above analysis produces the same result as in Theorem 3.3.

C. Proof of Corollary 3.4
Apparently, given the prior knowledge that P(U) € P, the tight identification region of the interventional probability

should be given by Up(17)cp. Op(u), Where

Oy = terr{%g}ﬁl? (PU = t)),tg{lgﬁ}UB (P(U =1))

We now prove that the identification region in (6) is equivalent to the region stated above. To prove this, first, apparently,

Identification region in (6) C Upnep. Opv)-

We now prove that the converse is also true. Without loss of generality, we force P(ug) € (0,¢] and P(u1) € [1 — &, 1).
Then using the monotonicity of £LB(t) and UB(t) within the range ¢ € [0, min{P(x), P(—x)}], we have

)
LB(P(uo)) > LB(e), LB(P(ur)) > LB —&);  UB(P(uo)) < UB(e), UB(P(u1)) < UB(1 — &),

which leads to
Up)ep. Opuy < Identification region in (6).

We now turn to (7). Using again the monotonicity of LB(t) and U/B(¢) and the symmetry between uq and u;, we just need
to prove that the bound given by (7) is equivalent to &y when P(ug) = & < min{P(z,y), P(z, ~y), P(-x)}. In this
case, the LHS of ﬁ]p(U) contains a simple form

P(z,y) — P(uo)

LB(P(up)) = m(l —P(ug)) + P(ug), LB(P(u1)) =P(y | )(1 — P(ug)). Then

min {EB(P(UO))’EB(P(M))} =P(y | #) — e max {IP’(y | ), W}

27)
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Secondly, we consider the tight upper bound. Due to ¢ € [0, min{P(—z), P(x, —y)}], we have
P(uo) € [0,P(—2)],P(u1) € [1 — P(z,-y),1],t € {0,1}. Then RHS of p(y;) contains a simple form:

P(z, y) (1 - P(uo))

UB(P(ug)) =Py | 2)(1 — P(uo)) + P(uo), UB(P(uy)) = P(z) — Plug) . Then
(28)
max {Z’{B(P(UO)>7UB(P(U1))} =P(y | x) + emax {IP(—\y | z), W}

Hence the tight region Op(;ry under {P(uo), P(u1)} where P(ug) < e can be transformed to (notice that -—y = y):

Bz, /Py

P(z)(P(z) —t)
(29)

P(y | ) — Pluo)é, (P(u0)), P(y | ) + P(utg) &y (P(uo)) |, where & (1) i= max {P(y/ | @),

Putting together, we obtain the desired result. ]

Comparison to Li’s result (Li et al., 2023). It would be convenient to introduce the original theorem of (Li et al., 2023) as
follows.

Theorem C.1 ((Li et al., 2023)). IfP(ug) < P(z) — ¢, 0 < ¢ < P(x), and we have P(ug) < n.co, then
P(y | do(x)) — (P(y | z) + /\CEON < &0, (30)

where €9 > 0,1, = 2cP(z)/(2cP(x) + P(z) + ¢), Ac = (P(x) — ¢)/(2cP(x) + P(z) + ¢).

The equivalent form in our main text. We first prove that the form provided in our main text is equivalent to the above form.
Considering P. where £ > 0, according to the duality of {P(ug), P(u1)}, it is equal to P(ug) < e. To make use of the
above theorem, we must force

P(ug) € (0,¢], where min {IP’(:U) —c, ncgo} =c.

On this basis, the lower bound of Li’s result (Li et al., 2023) is controlled by

€ P(x) +1
Ply|x)+ Ao —co <Py|lz)+ A\ —1)— =Py |z) — ——-¢, (3D
(y2) +Aezo — 0 < Bly | )+ O = 1) = Bly | 2) ~ —5os
and the upper bound is controlled by
+1 Plz) —e+1
Py | 2) + Ao + £0 > P(y | 5) + (e £+ 1) = P(y | 2) + Ste > Py | o) + D) €L (32)
Ne c P(x) —¢
Hence, the best identification region Li et al. (2023) could achieve is
. P(z) +1 P(z) —e+1

P(y | do(z)) € [LBui,UBy;] := [P(y | z) — W&P(y | z) + WE] when P(U) € P, (33)

where € € (0,P(x)]. Actually, this bound can be achieved via choosing P(z) — ¢ = 1.9 = €. This assignment process is
legitimate. In sum, (33), which is presented in our main text, is the equivalent result of Li et al. (2023).

The justification of ¢ region. We argue that the region (Li et al., 2023) only works for ¢ € [0, min{P(z), P(—z)], instead of
their claim € € [0, P(z)]. In other words, when P(—a) < P(z), their result will significantly fail when ¢ € [P(—z), P(z)],
both for the lower and upper bounds. In this case, the identification region of (33) is transformed to

LB <P(y|x) - IP’%C)();)—lp(_‘x) < Plz,y) _E]i(xx)7 y)P(-e) = P(z, y).(vanilla lower bound) e
UBy; > Pz, y) + %P(ﬁm) > P(x,y) + P(—x).(vanilla upper bound)
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Seriously, their identification region [LB;;, UB;;] is non-informative.

The dominance of our bound over Li et al. (2023). We have already argued that Li et al. (2023) does not work when
¢ > P(—x), both on the lower and upper bounds. Therefore, it only requires comparison within € € (0, min{P(z), P(—z)}].
Notice that

]P’(x,y)—a _ 1 <
LB(e) = Fa—= I me)te iHesPw) ppg o pipa -
P(z,y) ife > P(z,y)
e (] 2) ~ 6,(e) (2.9)
. B Py |x)—ebyle) Ife <Px,y
min{LB(e), LB(1 —¢)} = { P(z,y) Ife > P(z,y) (35)
Here &, (¢) is identified in (29). Thus the enhancement from Li et al. (2023) to our optimal result is
Pa)tl. _ o4, (e) Ife <P(x,y)
min{LB(e), LB(1 — &)} — LB ={ _F@ v P(2) 41 R (36)
P(z,y) — Py | 2) + 55y 1fe>P(z,y)
which can be measured by
1—P(z,y ,
min{LB(e), LB(1 — )} — LB); > ¢ + Ay, where A/ = min {e, P((;)’y)e,P(x, Y )} (37)
Analogously, we shift our attention to the upper bound comparison. Notice that (¢ € (0, min{P(z), P(-x)})
P(z,y) + P(-z) ife > Pz, ~y)
UB(e) = Py | 2)(1 — &) + £, UB(1 — &) = { et B ife < Pz, )
e (v] 2) + 6., (@)
- | Ply|x) +ebyle) Ife <P(x,—y
max{UB(e),UB(1 —¢)} = { Pz, y) + P(—) Ife > P(z, ~y) (38)
Thus, the enhancement from Li et al. (2023) to our optimal result is
Pla)oetlo oo (e Ife <P(z,—
UBi; — max{UB(e),UB(1 —¢)} = S P(z)—aer(l) = Plo o) . (39
Ply | z) + Fo—¢ —Pz,y) —P(-z) Ife>P(z,-y)
which can be measured by
UB;; —max{UB(e),UB(1 —¢e)} > e+ A,. (40)

In sum, we have proved our bound is strictly stronger than Li et al. (2023) within € € [0, min{P(x), P(—z)}|, with at least
e + A, and € + A, improvements, for the lower and upper bound respectively.

D. Proof of Theorem 3.5

Supplementary notations. For the simplicity of presentation, given ¢, j, ¢ € {0,1}, we writt P(X = i,Y = j,U =t) as
P(z;,y;, ut). Analogously, the expression of interventional probability can be simplified as

P(y; | do(z;)) :=P(Y = j | do(X = 1)), wherei,j € {0,1}.
Hence, the value of average treatment effect (ATE) can be written as
ATE:=P(Y =1|do(X =1)) = P(Y =1|do(X =0)) =P(y1 | do(x1)) — P(y1 | do(x0)).
After preparation, we begin our proof with the following lemma about the valid identification region. We will further relax

this region to be expressed solely in terms of observed data and demonstrate the tightness of the final bound through direct
construction.
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Lemma D.1 (Valid identification region of ATE). A valid identification region of average treatment effect (ATE) is given by

[f H{l(l)nl} {max(S;,1) — min(S;0)}, H%a?(} {min(8;,1) — max(S;0)} ]

Here

S = {WP(Ut), P(xi,y1) — P(us, x;)

By, 1) B(zs) — Pluy, 1) P(u—¢) + P(ut)} , where t,i € {0,1}. 41)

)

Proof of Lemma D.1 We first consider the lower bound. If we apply Lemma B.1 on both P(y; | do(z)) and
P(y1 | do(xo)), respectively, then it directly leads

P(y; | do(z;)) € [ min {max (Sti)} rI%aX { min( S“)}] € [0,1].

t={0,1
(42)
ATE € [ H{l(l)n {max Si1) }— H%ax {mm St.0) } rr%ax {mln Si1) }— H{un {max Sto)}]
=
We now prove the following property:
max{So;} < max{S; ;} IFF min{Sy ~;} > min{S; .}, € {0,1}. (43)
To prove this, we first apply the following transformation of S; ; (see Lemma M.1 for its justification):
1
s-:{IP do(z; - }: P(zi, y1, us), P(2s, b0, }
t,i (3/1 | 0(531))4' ]P’(xi | Ut) P(Ii | Uﬁt) p pG{ (1‘1 Yi,u t) (a:, Yo Ut)} 44)
Since the elements p within the set are all non-negative, we have that
1 1 1 1 . .
max{Sp;} < max{S;1;} IFF - >0 IFF - <0 IFF min{Sy ~;} > min{S; —;},

P(x; [uy) Pz | uo) — P(x—; [ur) Pz | uo)
which proves (43).

In light of (43) and (42), we can control the lower and upper bound via

ATE > min { max{So.1}, max{Slyl}} — max { min{Sp 0}, min{S;, 0}} = Inén1 { max(S;1) — min(St,o)}. (45)

ATE < max { min{Sp 1}, min{Sm}} — min { max{Sp o}, max{Si, 0}} = HFS}% {min(S;,1) — max(S;0)} . (46)

Here * is according to (43). From above, we finish the proof of Lemma D.1.

The proof of Theorem 3.5 (VALIDITY) We denote S; ; = {s:(x;), s, (z:)},4,t € {0,1}. We start our proof with the
validity part. Firstly, we consider the lower bound. We take advantage of Lemma D.1, whose result is re-stated as follows:

ATE > min { max(S;,1) — min(St,o)}

=m (1) {max{st x1), St T1 } mm{st x0), st(xo)}} 47
> t:(i)r}l { max { s;(z1) — s¢(20), se(w1) — s4(0), s3(x1) — s7(20) }}

(1) Q2(t) Qa(t)
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From above, in order to prove the validity of the lower bound, we just need to prove that for each fixed ¢t € {0, 1},

(1) > — .
ier{ng;} Q;(t) > —B(P(u-t);0,1) (43)

for any choice of P(u-, ) (0,1). Again we prove that the above inequality hold when IP(u—;) belongs to the intervals
Ty := (0,P(x0,90)], T2 := (P(z0,¥0), P(20,y1) + P(yo)]. and T3 := (P(xo, y1) + P(y0), 1) respectively.

CASEI: P(u—t) € Z;. We just need to prove that 4 (t) > —B(P(u—¢);0,1). notice that
]P)(U—‘t»ml) < ]P)(u—\t) < ]P(l’o, yO)v
then

% Pug) > max{P(y1 | 21)P(us), P(z1,91)} > P(yr | 21)P(ue),

_ P(x0, 1)
P(z0) — P(u—t, o)

(49)

P(ut) <
which proves the desired result.

CASE II: P(u—;) € Z,. We just need to prove that Q5 (t) > —B(P(u-;);0,1). Notice that

P(z0,y1) — P(ug, xo)
P(zo) — P(ut, x0)

—P(ﬂfo, Z/o)

/ —
St(l'()) - ]P)(U—‘hl'o)

P(u—r) + Plur) = Pu~¢) +1 <1 —P(xo,y0), (50)

Moreover, due to [P(zg, y1) — P(us, 20)|P(z0) < P(x0,y1)[P(z0) — P(us, zo)], we have

]P)(Z(Jayl) P(utaZO) P(x()ayl)
P(x0) — P(ut, xo) P(xo)

S (Io) ]P)(’Uﬁt) + ]P)(Uf) S P(Uﬁt) + ]P)(Ut) (51)

Combining with (49), (50) and (51) yields

se(21) = 5}(w0) > max {P(ys | 21)P(us), Play,y1) } — min {1 = Plao,yo) Blys | 0)Pu-) + Plur) }.

. {P(m | 21)P(ur) + P(xo, o) — 1 P(u-) € [P(x0, yo), P(xo)] (52)

T\ Pa1,m) — Py | 20)P(usy) — Pue)  Pluy) € [P(z0), P(zo, 31) + P(y0))-

Here * is due to

P(yy | 1)P(us) > P(z1,y1) and 1 — P(zo, y0) < P(y1 | zo)P(u—t) + P(us) when P(uy) > P(z4).

CASE III: P(u_;) € Z3, we prove (48) by showing that 3(¢) > —B(P(u-); 0, 1). Notice that

S;(wl) — P(.’L‘l, yl) - P(U’t7 xl)
]P)(IL'1) — ]P’(ut, $1)
P(z0,y1) — P(ug, o)
/ _ ) s
st(70) = P(xg) — P(us, x0)
Combining with CASEs I-III, the lower bound (LHS) of the validity part has been proved.

P(xlayl) - P(Ut)
P(z1) — P(ue)

Plu—) + Pug) > Plu—y) + P(uy).

(53)

Plu—y) + Plu) < Plyp | 20)P(u—g) + P(uy).

Secondly, we consider the upper bound of ATE. According to Lemma D.1, we already have
ATE < r%ax {min(S;,1) — max(S; o)}
t={0,1

_Eg)i{mm{st (1), st z1)} — max {s¢(z0), St(iﬁo)}}

(54)

< max { min { s;(z1) — s¢(z0), s;(z1) — s¢(x0), 5p(x1) — s4(0) }}

t=0,1
1(t) D2 (t) 23(t)
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In order to prove (54), it is sufficient to prove that for any ¢ € {0, 1},

in ®;(t) < B(P(uy): 1,1
ie?llglﬁ} (t) < BP(u-r) ) (35)

for any choice of P(u—;) € (0,1). Again we consider the scenarios when P(u_;) belongs to Z; = (0,P(x1, yo)],
IZ = (P(x17y0)7 1-— ]P)({E(), yl)] and IZ/S = (1 - ]P)(:E07y1)7 1)

CASE I: P(u—t) € Zj. We prove (55) via showing that ®;(t) < B(P(u-);1,1). We have

) = B e PO = By By )P < ) Bl ) 56)
stt0) = 3B > (B | 20)B(we). Plao. ).
CASE II: P(u_;) € T}. We prove that ®»(t) < B(P(u_;): 1, 1). Notice that
s(a1) = Pﬁzly)l)%g:ﬁ)ﬁp(uﬁt) + Plug) = MP@%) +1<1—Pla1,y0). (57)
Moreover, due to [P(21, y1) — P(us, 21)[P(21) < (a1, y1)[P(e1) — P(us, #1)], we have
o (21) = Pg’&f’;) . (u(t“tx 1“”)1)1?(%,&) +P(w) < PELY p, )4 By, (58)

P(z1)

Combined with (56), (57) and (58), we have that

si(w1) = su(wo) <min {1~ P(e1,30), By | 1) B(u~r) + Blur) | — max {B(ya | @0)P(ur), Plwo, 1)}

. {P(yl | 20)P(ur) — (a1, o) + 1 P(u_y) € [P(z1,y0), P(1)] (59
—P(zo,y1) + P(yr | 21)P(u—) + P(u) Plu—y) € [P(x1),1 —P(20,91)]-

Here x is due to

1—P(z1,y0) < P(y1 | 1)P(u-t) + Pluz) and P(yp | 20)P(uz) > P(xg, y1) iff Plu—y) < P(zq).

CASE III: P(u-.) € 74, we prove that ®3(t) < B(P(u-¢); 1, 1). This is due to

sin) =SB 4 Bug) < e B ) + ).

/ 7P(£€0, yl) - ]P(uta £80) " u ]P)(:L'Oa yl) — ]P(ut)
50(20) =Py —Plur,aq) T ) TP 2 Tpr SR

(60)

]P’(Uﬁt) + P(Ut)

CASE I-III simultaneously lead to (55). Hence the upper bound (RHS) of the validity part has been proved.
Combining both our control of lower and upper bounds, we obtain the validity of the bound described in Theorem 3.5.

(TIGHTNESS) Our tightness proof contains two steps: First, we prove that given any P(X,Y"), P(U), there exist two joint
distributions P(Y, X, U) such that their corresponding ATE’s equal to the lower bound min,co,13{—B(P(U =1);0,1)}
and the upper bound max;co,1} B(P(U = t);1,1). Secondly, we further demonstrate that for all o’ between these two
bounds, there exists at least one compatible P(X, Y, U) with corresponding ATE equal to o'.

To prove the first step, we start by proving the tightness of the lower bound min,e 0,13 {—B(P(U = t);0,1)}. Due to the
symmetry between P(ug) and P(u;), we only need consider the case P(ug) € Z;,i = 1,2, 3.

CASEI:P(ug) € Z; = (0,P(zg, yo)], the following construction is compatible:
P(ug,z1) = 0,P(uy, x1) = P(x1), P(ug, xo9) = Pug), P(u, zo) = P(zg) — P(ug).
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On this basis, the conditional probabilities can be constructed as

P(xg,
P 0. 20) = 0,F(yn [ wr,20) = Bl | 20). B | s 0) =0, B0 | u1,0) = 1 1

Then ATE can be computed as

P(z0,y1)
P(z0) — P(uo)

]PJ(Q:(% yl)

ATE = 0% P(ug) +P(y1 | 21)P(u1) — 0% P(ug) — P(zo) — P(ug)

Plur) = (P(y1 | 1) = P(uy).

CASEIIL: P(uo) € Zy = (P(z0, y0), P(x0, y1) + P(y0)], we separate the construction on Z into two parts according to
(52). VP(ug) € (P(z0,y0), P(z )] the following construction is compatible:

P(ug, z1) = 0,P(uy, x1) = P(x1), P(ug, x0) = P(ug), P(u, zo) = P(zg) — P(up).
On this basis, the conditional probability is constructed as

P(ug) — P(wo, yo)
P(ug)

P(y1 | uo,z1) = 0,P(y1 | w1, z1) =P(y1 | 1), P(y1 | wo, z0) = Py | w1, 20) = 1.

Then ATE can be computed as

IP>(Uo) — P(xo, yo)
P(uo)

ATE = 0 % P(UO) + P(yl | xl)]P’(ul) — * P(’u,o) — 1% P(ul) = P(yl | xl)P(ul) + P(xmyo) —1.

Moreover, VP(ug) € (P(x), P(zo, y1) + P(y0)], the following construction is compatible:
]P(UO, 1‘1) = IP’(acl) — ]P’(ul), P(ul, l‘l) = P(ul), P(UO, l‘o) = P(l‘o),P(ul, 330) =0.
On this basis, the conditional probability is constructed as

P(z1,91)

P ug, o) =P xg), P u1,xg) = 1.
Plu) (Y1 | wo, o) = P(y1 | o), P(y1 | w1, 20)

P(yy | uo, 1) = 0,P(y1 | u1,21) =

Then ATE can be computed as

P(xlvyl)

ATE = P
0% P(uo) + Pluy)

P(ur) — P(y1 | 20)P(uo) — 1 % P(u1) = P(z1,91) — P(y1 | 20)P(uo) — P(ur).

CASE III: P(ug) € Z3 = (P(z0,y1) + P(y0), 1), we have P(u;) < P(z1,y1). The following construction is compatible:
P(uo, x1) = P(z1) — P(u1), P(u1, 21) = P(u1), P(uo, m0) = P(x0), P(u1, 9) = 0.
On this basis, the conditional probability is constructed as

P(x1,y1) — P(u;)
P(z1) — P(u1)

P(y1 | uo,z1) = P(yy | w1, 1) = 1, P(y1 | uo, x0) = P(y1 | 20), P(y1 | u1,z0) = 1.

Then ATE can be computed as

P(z1,y1) — P(us)
P(z1) — P(u1)

P(z1,y1) — P(u1)

ATE = P(21) — B(u)

* P(ug) + 1« P(uy) — Py1 | mo) * Plug) — 1 xP(uy) =

—P(y1 | o) | P(uo).

In sum, via direct construction, we have proved min,eo,13{—B(P(U = t);0,1)} can be achieved given any
P(X,Y),P(U). We now consider how to achieve max;c o 1y B(P(U = t);1,1). Again, we only need to consider
P(ug) € I!,i = 1,2,3.
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CASEI: P(ug) € Z7 = (0,P(x1, y0)], the following construction is compatible:
P(uo, x1) = P(uo), P(ur, x1) = P(z1) — P(uo), P(uo, m0) = 0,P(u1, z0) = P(x).
On this basis, the conditional probability is constructed as

]P(ﬂ?h yl)

— P ug, rg) = 0,P uy, o) =P x0)-
Plzy) — Plug) (Y1 | wo, o) (y1 | u1,m0) = P(y1 | w0)

P(y1 | uo,21) = 0,P(y1 [ u1,21) =

Then ATE can be computed as

P(z1,y1)
P(ml) — P(UO)

]P’(fhyl)

ATE = 0 P(ug) + P(z1) — P(ug)

*P(ur) — 0% P(ug) — P(ys [ wo) * P(uy) = =Py [ wo) | P(ua).

CASEIIL: P(uo) € Z = (P(21,0), 1 — P(x0,y1)]. We partition Z into two parts according to (59). For the first part,
VP(ug) € (P(x1,yo), P(x1)], the following construction is compatible:

(Uo,,rl) IP)( ) (ul,:cl) :P(,Il) —P(UO),]P)(U(),LL‘()) = O,P(uhl‘o) :P(Io)
On this basis, the conditional probability is constructed as

P(ug) — P(x1,y0)
P(uo)

P(y1 | uo, 1) = P(yy | ui,21) = 1L,P(y1 | uo, 20) = 0,P(y1 | u1,20) = P(y1 | @0)-

Then ATE can be computed as

P(Uo) — P(x1,y0)
P(ug)

ATE = *Plug) + 1 Pur) — 0% Plug) —P(y1 | @o) * P(uy) =1 —P(z1,y0) — P(y1 | z0)P(ur)-

Moreover, for the second part, VP(ug) € (P(21),1 — P(x0,y1)], the following construction is compatible:
]P(UO, (L‘l) = ]P’(:cl),IP’(ul,xl) = O,HD(UO, .’IJ()) = P(l‘o) — P(Ul),P(uh.’L‘o) = P(ul)

On this basis, the conditional probability is constructed as

Py | wo, 1) =P(y1 | 1), P(y1 | wr, 1) = 1,P(y1 | wo, x0) = 0,P(y1 | w1, z0) =

Then ATE can be computed as

P(x()a yl)

ATE = Ply, [ 21) « Pluo) + 1 P(ur) = 0% Pluo) — =57 5

*P(ur) = P(yr | 21)P(uo) + P(u1) — Pz, y1)-

CASE III: P(ug) € 74§ = (1 — P(x0, y1), 1), we have P(u1) < P(z¢, y1). The following construction is compatible:
P(ug, z1) = P(x1), Pu1, 21) = 0,P(uo, z0) = P(x0) — P(u1), P(u1, o) = Pu1).
On this basis, the conditional probability is constructed as

P(xg,y1) — P(u1)
P(l‘o) — ]P’(ul)

P(y1 | wo, 1) = P(y1 | 1), P(y1 | w1, 21) = 1, P(y1 | uo, 20) = P(y1 | w1, w0) = 1.

Then ATE can be computed as

P(xo, yl) - P(Ul)
P(zo) — P(u1)

P(xo,y1) — P(u1)
P(zo) — P(u1)

ATE = P(y; | ©1) * P(ug) + 1 *x P(uy) — «Plug) — 1 P(uy) = |P(yy | 1) — P(ug).

In sum, we have proved max;¢ 9,1y B(P(U = t); 1, 1) can be achieved given any P(X,Y’) and P(U).
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Now we have demonstrated that for every given specification of P(X,Y") and P(U), there exists a compatible joint
distribution P(X, Y, U), whose induced ATE could be equivalent to the lower bound — min,co,1} B(P(U = t);0,1) and
upper bound max;c o1} B(P(U = t);1,1). We are now left with illustrating that for each o’ between these two bounds,
there exists a compatible P(X,Y, U) whose corresponding ATE is equal to o’.

We first consider the case P(ug) or P(u1) is equal to P(x1). Without loss of generality, we just consider the case
P(ug) = P(z1). In this case, our proposed identification region is [—P(z1, y0) — P(zo, y1), P(z0,y0) + P(z1,y1)].

Then we construct

P(UO,.’L‘l) = }P’(ml),P(ul,m) = P(UQ,J?Q) = O,P(ul,xo) = ]P)(QL‘Q)

Moreover, we set the conditional probability P(y1 | wo, 1) = P(y1 | 1), P(y1 | u1,21) = €1, P(y1 | o, o) = €2,
P(y1 | w1, z0) = P(y1 | zo) and Py | v/, 2') =1 —P(y1 | v/, 2'), v, 2" € {0,1}. Here all £1, 2 € [0, 1]. Apparently,
this construction is non-negative and compatible with the observed marginal distributions P(X,Y") and P(U). Under this
construction, we get

ATE = P(y1 | 21)P(21) + e1P(z0) — e2P(x1) — P(y1 | o) P(20). (61)

One can arbitrarily select points (£1, €2) on the plane R? : [0, 1] x [0, 1]. By varying (¢1,¢£2) along €1 + €2 = 1 from (1, 0)
to (0, 1), all values within our proposed identification region [—P(z1, yo) — P(z0, y1), P(z0, yo) + P(x1,y1)] is achievable,
which proves our desired result.

Below we consider the more general case where P(ug), P(u;) # P(x1). Given any fixed € > 0, let

]P’("I, ) P(wv )
(_ P(= )y + P(x)—?qts)(l — )

0,P(z, ~y)]
P(z,~y) P(z)—t P(-z,y)
t+ (s — prarz) (1 —1) Pz, —y), P(z)]
Be(t;zay) = (IP’(;,;) € (P() e R

€ (
€(

P(z)—e sfPéEx)%»t)t + 1_t1_jp;.(jsw’y) (]' - t) (]P( ) 1- (ﬁl',y)]
€(

P(z,y)— P(-z,y)—(1-t)+
( P(Jg_: h P(ﬁ;;—(l—t)-l-ss)t 1- P(_\Jﬁ,y),l)

(62)

It is easy to verify that Va/,y" € {0,1},t € {P(uo), P(u1)}, Be(t; 2’, y") converges to B(t; 2',y'), as ¢ — 0. Notice that
since t ¢ {P(z),P(x1)}, the denominators in B, (¢; 2’, y’) would not approach to zero as £ — 0.

From this, in order to make sure that for each o’ € (mingeo,1y —B(P(U = t);0,1), max,e (0,13 B(P(U = t);1,1)), there
is a legitimate P(X, Y, U) whose induced value of ATE is equal to o/, it is sufficient to demonstrate there exists a
sufficiently small &y > 0 such that Ve € (0, gg],
in —B.(P(U =1t);0,1), B.(P(U =t);1,1

[ter{r{lég} = (P( );0,1) o, = (P( );1,1)] (63)
is a subset of the identification region. This is because once this is proved, we can further conclude that for any
o' € (mingego,13 —B(P(U =1);0,1), maxye (0,1} B(P(U =t);1,1)), there exists a € so that o’ lies in the region defined
by (63).

Now to prove (63) is a subset of the identification region, we now consider an auxiliary region
OL ={P(y1 | do(z1))—P(y1 | do(xp)) : P(u',2") > e,u', 2’ € {0,1} & P(Y, U, X) is compatible with P(X,Y), P(U)},
which is apparently a subset of the identification region.

Analogous to the above analysis in the proof of Theorem 3.3, if we treat P(2’, v/, v'), (¢/, ¥, v’ € {0, 1}) as parameters and
ATE as a function of these parameters, it can be verified that the parameter space restricted by O~ is a convex and compact
set; moreover, since the denominator P(v/, '), w’, ' € {0, 1} is larger than ¢ in the restricted parameter space O”, ATE is a
well-defined and bounded continuous function w.r.t all parameters. In light of these, O is a closed interval on R. Letting
0l Ohax D€ the left and right side of interval O”; then one can easily verify that with £¢ sufficiently small, for all

e € (0,e0],

Ohin < min —B.(P(U =1);0,1) < max B:(P(U =t);1,1) <

M= 0,1} te{0,1} O

which means the region given by (63) serves as a sub-region of O.. Since O is a subset of the identification region; it
concludes that the interval (63) is a subset of the identification region as well. It completes the proof. ]
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D.1. Further discussion: The identification of the vanilla bound of ATE

We first consider the vanilla lower bound. For the necessity part, under Assumption 3.1, we have

— P(y1 | do(xo))

ATE =P(y; | do(z,))
)P (uo) + P(y1 | ur, 21)P(ur) — P(y1 | uo, 20)P(uo) — P(yr | ur, 20)P(us)

:]P)(yl | Up, L1 (64)
=P(z1,y1) + P(yy | wi, 21)P(ui, x0) — Pz, 91) — Y Plyn | wi, w0)P(ui, 7).
i=0,1 i=0,1
When (64) = —P(—z,y) — P(x, ~y), it is equivalent to
P(e1) + D Plyr | wsw1)P(us,w0) = > Plyr | ws, w0)P(us, @1) = 0. (65)
i=0,1 i=0,1
(65) is equal to
D Py s, w)P(us, o) + Y P(yo | i, m0)P(us, 1) = 0. (66)
i=0,1 i=0,1

Notice that

LHS of (66) > max{ Z P(y1, ui, v1)P(us, zo), Z P(yo,ui,xo)]P’(ui,xl)}
1=0,1 1=0,1 (67)

> max { min {P(uo, xo0), P(uq, xo)}P(azl, Y1), min {]P’(uo, x1), P(uq, x1)}P(£o, yo)} > 0.

Under the Assumption 3.1, combined with (66) and (67), when LHS of (66) achieves 0, then it must be
P(ut, zg) = P(u—, x1) = 0, 3t € {0, 1}. Therefore, the necessary condition of the vanilla lower bound of ATE can be
derived:

P(ug) = P(ug, x1) + P(ug, xo) = Plug, x1) + Plu—y, x1) = P(x4), 3t € {0,1}. (68)

On the other hand, we consider when ATE achieves the vanilla upper bound, namely (64) = P(x1, y1) + P(zo, yo). Itis
equivalent to

Z P(yo | wi, x1)P(us, zo) + Z P(y1 | wi, 20)P(us, #1) = 0. (69)
i=0,1 i=0,1
Analogously, it leads to
LHS of (69) > max{ Z P(yo, ui, x1)P(u;, o), Z P(yl,ui,xo)]}”(ui,xl)}

1=0,1 i=0,1 (70)
Z max { min {]PJ(UO7 Io),P(ul, xo)}P($1, yo), min {]P(Uo, :cl), ]P(Ul, IEl)}P(I’(), yl)} Z 0.

Under Assumption 3.1, when LHS of (70) achieves 0, then it also must be P(u¢, zg) = P(u—¢, 1) = 0,3t € {0, 1}. Hence
we repeat (68) and also have {P(ug),P(u1)} N {P(x)} # 0. In sum, the necessity part has been proved.

For the sufficiency part, we resort to the construction in (61). Hence the IFF condition has been demonstrated.

|
E. The proof of Theorem 4.1
Notice that
dy,—1
Py | do(x)) —P(z,y) = Y Ply | u,2)P(u, ) (71)
u=0
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and
dy—1

P(z,y) +P(-a) = P(y | do(x)) = Y P(wy | u,2)P(u, ~x). (72)
u=0
(NECESSITY) We first consider the vanilla lower bound. If P(y | do(x)) = P(z,y), it induces that (71) = 0. Hence,
U C R such that Vu € U, P(u, ~x) = 0, and Vu € U, P(y, u,x) = 0. According to this partition, the subset sum
P(U € U) could be bounded:

P(U eld) =P(U € U,z) +P(U €U, ~z) = P(U €U, z) + 0 < P(x).

73
P(UeU) >PU el,z,y) +0=PU elU,z,y) + P(U € U, x,y) = P(z,y). (73)

Analogously, for the upper bound, if P(y | do(z)) = P(x,y) + P(—x), then 3 € R such that VU € U, P(u, —z) = 0, and
YU € U, P(—y,u,z) = 0. Hence

PU eU)=PU eUd,z)+P(U €U,~z) =PU €U, z) +0 < P(x).

74
PUel)>PU el,z,~y)+0=PU €U, z,~y) +P(U € U, x,~y) = P(x, ). 74)
This proves the necessity part.
(SUFFICIENCY) For the vanilla lower bound, we take the following construction of the joint distribution P(U, X):
PU eU,xz) PUeclUz)| [PUeclUd) Plx)—-PUelU) (75)
P(Uel,~x) PU el —z)| 0 P(—x)

Notice that RHS of (75) is constructed by observed data. Moreover, the conditional probability P(Y | U, X) is constructed
as
Yu € U, Ply | u,2) = P(a, ) /B(U € U),B(y | u, ) = 0; 6
Vu e U, Py | u,z) = 0,P(y | u,~z) =P(y | -~z).
We choose P(—y | u,2') =1 —P(y | u,2'), Vu € {0, 1, ...d,, — 1}, 2’ € {0,1}. For a complete visualization, the total
construction is summarized as the following Table 2. Noteworthy, each term among each summation in Table 2 could be
chosen as arbitrary non-negative numbers. The non-negativity and compatibility of the construction (75) and (76) are easily
verified.

A Ply,u € A zx) P(—y,u € A, x) Ply,u € A,~x) P(—y,ue€ A )
u P(z,y) P(U eU) — P(z,y) 0 0
uc 0 P(x) —PU € U) P(—z,y) P(—z, —y)

TABLE 2: The construction of the vanilla lower bound of P(y | do(z)).

According to the fact that Vu € U, P(u, ~z) = 0. Yu € U, P(y | u,x) = 0, (71) can be transformed as

P(y | do(x)) = P(z,y) + Y Ply | u,a)P(u,~2) + Y P(y | u,2)P(u,~z) = P(z,y).
Ueu Ueue

For the vanilla upper bound, we inherit the construction of P(U, X) in (75), and then establish the new conditional
probability:

V€ U, B(y | u,) = 1 — Pz, ~) [B(u € U), By | u, ~2) = 0;
Vu e U, P(y | u,z) = 1L,P(y | u, nx) = Py | —z).

Analogously, the total construction is summarized as the following Table (3).

(77)

According to the fact that Vu € U, P(u, ~x) = 0. YU € U, P(—y | u,x) = 0. According to (72), we have

P(y | do(x) = P(z,y) + P(~a) = Y P(-y | u,@)P(u,~z) = Y P(-y | u,2)P(u, ~a) = P(z,y) + P(-z).
Ueu Ueue
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A P(y,u € A, x) P(—y,u € Az) Ply,ue A,—-x) P(-y,uec A )
u PUel)—Px,~y) P(z, —y) 0 0
U P(e) - PU € U) 0 P(~z,y) P(~z, )

TABLE 3: The construction of the vanilla upper bound of P(y | do(z)).

Until here the sufficiency part has also been proved. Combining with the necessity part and the sufficiency part, the desired

result follows.
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F. The proof of Theorem 4.2

For brevity, we still follow the supplementary notations in Appendix D and adopt ATEX and ATEY to denote the

vanilla vanilla

vanilla lower and upper bound of ATE, i.e., ATEL .\ = —P(z1,y0) — P(x0, 1), ATEY, 1. = P(z1,y1) + P(z0, %0)-
According to (71) and (72), we have
dy—1
ATE — ATEY, o = > [P(y1 | w,20)P(u, 20) + Plyo | w, 20)P(u, 21)]. (78)
u=0
dy—1
ATEY, 1. — ATE = Z [P(y1 | w, z0)P(u, z1) + P(yo | u, 1)P(u, z0)]. (79)
u=0

(NECESSITY) We first consider the vanilla lower bound. If we have (78) = 0, then 3R C R, such that VU € R, we
have P(u, 1) = 0, Vu € R§, we have P(yo, u, z¢) = 0. For the same reason, 3R C R, such that YU € R, we have
P(u,xq) = 0, Vu € RS, we have P(y1, u, z1) = 0. These properties are summarized as

P(U S Rl,l‘o) = IP(U S Ro,l‘l) = ]P(yl, U e R(lz,.%‘l) = P(yo,U S Rg,l‘o) =0. (80)

Apparently, we have Rg "Ry C {u : P(U = u) = 0}. On this basis, we construct the desired pair {Uy, U, } via truncating
joint parts of {Ro, R1}:

u() = Ro/(RoﬂRl),Z/ﬁ = Rl/(RoﬂR1),MO ﬂbﬁ :(D. (81)

Recalling the strategy in (73) and (74), we take advantage of (80) and achieve the following bounds:

P(U elh)=PU € Ry) =P(U € Ry, 21) < P(x1),

P(U € Up) = B(U € Ro) = P(U € Ry, z0) < P(x0). )
P{U el) =P(U e Ry) >P(U € Ry, z1,11) =P(U € Ry, 21,y1) + P(U € RY, z1,y1) = P(z1,y1)-

P(U € Uy) =P(U € Ry) > P(U € Ro,xo,y0) = P(U € Ro,x0,v0) + P(U € R, zo, yo) = P(x0, yo)-

Hence it holds that P(U € U;) € [P(x1,v1), P(21)] = 1,1 and P(U € Up) € [P(x0,Y0), P(z0)] = Zo,0. The necessity
part of the vanilla lower bound has been implied.

On the other hand, we consider the vanilla upper bound. Compared (79) with (78), it just need to exchange the symbols
{xo, 1} with each other. On this basis, it implies that 3Qy, Q; C R such that

]P)(U S Qlaxl) - ]P)(U S QOaxO) = ]P)(ylv U € Qi;xo) = P(yOa U S Q(C)aml) =0. (83)

Then we choose

Up := Qo/(QoN Q1) U1 :=Q1/(QoN Q1)U NUL # 0. (84)

With the same strategy, we aim to bound the summation P(U € U;),i = 0, 1. We get

P(U € Uy) = P(U € Q1) = P(U € 01, a0) < Play),
P(U € Up) = P(U € Qo) = P(U € Qp, 1) < P(a1).
(85)
P(U elth)=PU € Q1) >PWU € Q1,z0,11) =P(U € O1,x0,y1) + P(U € OF,x0,y1) = P(x0,91).
P(U € Up) =P(U € Qo) > P(U € Qo,x1,0) =P(U € Qu,21,90) + P(U € Qf, x1,90) = P(x1,0).

Hence we get P(U S L{l) S []PJ(I(), yl), P(l‘o)] = 1071 and P(U S uo) S [P(Il, yo), P(.Il)] = IL().
In conclusion, the necessity part has been demonstrated.

(SUFFICIENCY) We first consider the vanilla lower bound with the following construction:
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P(UGUo,SL’l) P(UGU1,$1) P(UE (Z/{o Uul)c,:ﬁl)] _ |: 0 P(Ueul) P(Qﬁ)—P(UGZ/ﬁ)
]P(U S Uo,l‘o) P(U S ul,l‘o) P(U S (Z/[O Uul)c,mo) P(U S Z/[o) 0 IP(—\JZ) - ]P)(U S Z/[o) ’
(86)

Moreover, the conditional probability P(Y" | U, X) is constructed by
Yu € Uy, P(y1 | u,z1) = 0,P(y1 | u, o) =1 — P(z0,90)/P(U € Up);
Vu € Uy, P(ys | u, 1) = P(x1,91)/P(U € Ur), P(y1 | u, o) = 1; (87)
Yu € (Up UU) P(yr | uyz1) = 0,P(y1 | w,2z0) = 1.

we also choose P(yo | us, 2') =1 —P(y1 | ui, 2'). Here w € {0, 1,...d, — 1}, 2’ € {0, 1}. For better visualization, the
whole construction can be expanded in the following Table (4) (with P(Y, U, X) as the parameter).

A P(yhu S A7.T1) P(y()a u € A?‘Tl) P(yhu S Aa 370) IP)(yO7u S Axo)
Uo 0 0 P(U € Uy) — P(z0, yo) P(x0, yo)
U P(z1,y1) P(U € Ur) —P(z1, 1) 0 0

(Z/{O UZ/ll)C 0 P((El) —IP)(U Gul) IP)(LUQ) —P(U GZ/{()) 0

TABLE 4: The construction of the vanilla lower bound of ATE.

According to the fact P(U € Us) € [P(z1,y1), P(x1)] =Z11 and P(U € Up) € [P(x0,Y0), P(z0)] = Zo,0, all the elements
in Table 4 is non-negative. We compute P(y; | do(x1)) via dividing the summation into three groups Uy, Uy, (Uy U U )€ as
follows:

P(y1 | do(z1)) = P(z1,91) Z Z P(yr [ u,z1)P(u, x0) w P(x1,y1). (88)
A= Z/ll,l/lc UEA
The last operation (a) is due to VU € Uy, P(u,x0) = 0, Vu € (U1)°, P(y1 | w,21) = 0. On the other hand,
b
P(yy | do(wo)) = P(wo,y1) +Ple1) = D> > Plyo | w,20)P(u,z1) 2 P(zo,41) + Play). (89)

A=Uo U§ ue A
Analogously, the last operation (b) is due to Vu € Uy, P(u,z1) = 0, Vu € (Up)®, P(yo | u, zo) = 0. Hence,
ATE = P(y1 | do(z1)) — P(y1 | do(xo)) = P(21,91) — P(wo, 51) — P(z1) = —P(21,50) — Plzo,91).  (90)

On the other hand, we consider the vanilla upper bound. Analogously, considering the structure of (78)-(79), it only requires
that {z(, 21 } exchanges with each other. Inspired by this, we set

]P(UEU(),.Z‘l) P(Ueul,xl) P(UE (UQ Uul)c,l‘l) . P(UGZ/[@) 0 IP(‘\.%)—P(UEU())
]P)(UEZ/{O,.I()) P(U Eul,l‘o) P(UE (UO ULll)C,a:o) a 0 }P’(Ueul) P(JJ) —]P’(Ueul)
oD

Moreover, we construct the conditional probability:

Vu € Up, P(y1 | u,z0) = 0,P(y1 [ u, 1) =1 —P(a1,50)/P(U € Up);

Vu € Us,P(y1 | u, o) = Pz, y1)/P(u € Uh), P(y1 | u,z1) = 1; 92)

Vu € Uy UL P(yr | u,z0) = 0,P(y1 | u,z1) = 1.
Here P(yo | u,2') =1 —P(y1 | u,2’). Here w € {0,1,...d,, — 1}, 2’ € {0, 1}. The whole construction can be expanded as
the following Table (5) to justify the non-negativity and compatibility:

Under the construction in Table 5, we re-compute the P(y; | do(x1)) and P(y; | do(xp)):

P(yi | do(z1)) = P(z1,51) +P(zo) — > > P(yo | u,x1)P(u, o) 9 P(a1, 1) + P(xo).
.Ail/[(),(l/[o)c u€eA

P(yr | do(zo)) =P(wo,sn) + > Y Plyr | u,20)P(u,21) D (20, ).

A=Uy (U )¢ u€A

93)
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A P(y1,u € A, 1) P(yo,u € A,z1) Py1,u € A, x0) P(yo,u € A, x0)

U P(U € Uy) — P(x1,90) P(z1,90) 0 0

U, 0 0 P(zo,y1) P(U € Uy) — P(zo,y1)
(Z/{() Uul)c P(l‘l) — HD(U S UO) 0 0 P(l‘o) — P(U S Z/[l)

TABLE 5: The construction of the vanilla upper bound of ATE.

The operation (c), (d) is according to the following fact, respectively:

Yu € UOJP’(u,xO) = O,V’U, S (U())C,P(y() | U,l’l) =0. 94)
Yu € Uy, P(u, 1) = 0,Yu € (Up)°, P(y1 | u, o) = 0.
Hence we achieve
ATE = P(y1 | do(x1)) — P(y1 | do(z0)) = P(21,y1) + P(x0) — P(zo,y1) = P(x1,91) + P(x0, %0)- 95)
[ |

G. The proof of Corollary 4.3

Proof. Without loss of generalization, we let z = y = 1 in this proof.

Property (i) Considering P, it is easy to verify

P:={P(U):3UCRst. P(U €U) € [P(z,y0) V P(z,y1),P(2)]}.

then for ParEg, it could be verified that

Parg = {PU) : Uy, Uy CR withUp Ny =0, s.t. V2 € {0,1},P(U €eU.) €L, -, NI, .} C Park.

For both these two cases, for any given P(X,Y") under Assumption 3.1 and Assumption 3.2, we could choose

P(.’L‘) U= to
]P*(U) = P(—'x) U=t where tg,t1 € {07 1,..d, — 1}7t0 75 ty.
0 U # thtl

It is easy to verify P*(U) € P N Parg. Hence for any given P(X,Y), legitimate P(U) exists such that P # () and
Pate # 0 hold.

Property (ii) We consider the specific construction which is modified from the above:

Plx)—e U=ty
PH(U) = P(~2) +e U=+t whereto,ty € {0,1,...du—1},to # t1,0 < € < min {P(w,yo),]}”(x,yl), |P($)—IP(—|JC)|}.
0 U # to, 1

We take the lower bound for instance. Since P**(U = tg) € [P(z,y0) V P(z, 1), P(2)], we get P**(U) € P C PL.
Furthermore, it is sufficient to prove P**(U) ¢ PLrp. We make it via contradiction: Recalling the definition, if 3o, U;
such that Uy NU; = D and P(U € Uy) € Zo 0, P(U € Uy) € Z; 1. According to the fact that P(U € U,) > 0,z =0, 1,
we get {to,t1} C Uy UU, and hence

1=PU =tp) +P(U =1t1) <PU €Up) +P(U € ) < 1.
Definitely, it leads to P(U € Uy) = P(—x) and P(U € U,) = P(x). Thus we have U, = {t,}, z = 0, 1. Namely, we have
P(z) — e = P(—z), which is equal to P(—z) + € = P(x). According to the constraint ¢ < |P(z) — P(—x)| as above, we get

the contradiction.
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In conclusion, due to P**(U) € PL N (PXrg)¢, we have Pirp & PL. Totally with the same strategy, we achieve
Pire & PY. Itleads to Parg = Pipg N Pirg & PY N PY = P. The desired result follows.

H. The proof of Proposition 4.4

Lemma H.1. Suppose Assumption 3.1-3.2 hold. Given prior knowledge of P(U), for the interventional probability and
ATE, the sufficient conditions for the tight identification regions degenerate to be vanilla are P(U) belongs to

P in P(z,y)) & P in  P(z,y"),
V(y/g}%h} (z,9")) V(z/,;%lﬁ),l} («',9"))

respectively. Here Py(t) := {P(U) : Vi € {0,1,...d,, — 1},P(U =14) < t}.

The proof of Lemma H.1 is presented as follows.

(INTERVENTIONAL PROBABILITY) We first consider the interventional probability. It is sufficient to prove
Py(miny cgo,13 P(z,9')) € P. VP(U) € Py(miny o1} P(z,y')), we consider the following item:

*= P P < P "
u argmﬁx{ Uel):PUelU) < y/fen{%ﬁ} (z,y )} (96)

Apparently, * G {0,1,...d, — 1}. We consider P(U/* U w}) with u} € (U*)°.

On the one hand, by definition of 2/*, we have P(U/* U u;) > max, (0,1} P(x, y’); on the other hand, since
P(U = u}) < mingeqo,1y P(2,y") due to P(U) € Py(miny 0,13 P(2,%)), we also get

PU*Uul) =PU") +PU =u}) < max P(z,y')+ min P(x,y) = P(z).
’ 7T ye{o1} y'€{0,1}

Hence P(U* Uu) € [max, ¢co,13 P(x,3y'), P(x)]. Due to the arbitrary of the selection of P(U/) within
Py(ming (0,1} P(z,y")), it is proved that Py(ming (0,1} P(z,y")) C P.

(ATE) Stepping forwards, we consider the case of ATE. We aim to prove Py (min, /¢ 10,13 P(2',7)) C Pare. Recall that
Pare 2 {P(U) : 3Uo, Uy C R withty N Uy = 0, s.t. ¥z € {0,1},P(U €U,) € TooNTo1}. 97)

is a subset of Parg. Hence it is sufficient to prove Py (ming: ¢ (0,13 P(z',%')) € RHS of (97).

Inspired by the proof of the interventional probability as above, for each legitimate P(U) in Py(ming: 0,13 P(2',9')),
we consider

= : < mi = e,
Uy = arg max {IE”(U eU):P(Ueld) <min(ZooNZpa) y/rerl{%ﬁ}IF’(xo,y )} (98)

With the same strategy as above, we could bound P(U € Uy U ug ) with ug . € (Uy)<:

PU eUyUug,) e P(zo, ), P(zg, i P2, y')] € To.o N To1-
(et ) €125, Flom ) o, Flom D iy Pl S Too o 09)

Naturally, we can choose Uy := Uy U ug . in Theorem 4.2. Apparently, (Uo)¢ # (). Hence we could consider

Uf := arg max {]P’(U eU):P(U eU) <min(ZygNZ11) = max P(z1,y"),U C (Z/{O)C)}. (100)
u y'€{0,1}

Noteworthy, here U} & (Up)© because

P(U € (Up)°) > 1 — max(Zp,o NZo1) = P(z1) > m{%xl}IP(xl,y’) > P(UY).
y'€{0,
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Then we could bound P(U € U5 Uwj ) with uj . € (U)° N (Up)*:

P(U €U Uut P(z1,y P(x1,y in P,y)] CTioNTii.
(U el ul,c)e[y,rg{%ﬁ} (mhy),y,rg{aoﬁ} (wl,y)er,’yr/nElgm (@) CThionTiy (101)

Naturally we choose U := U} U uj . in Theorem 4.2. Notice that

Uy S (Up)© in (100) and uj . € (Up)“ by definition,

it leads to Uy N Uy = . In sum, for each P(U) arbitrarily selected from Py (min, 0,13 P(2’,y")), there exists disjoint
subsets Uy, Uy which locate in Zy g N Zo 1 and Z; o N Z; 1, respectively. Hence such P(U) belongs to Parg. The desired
result follows.

]
Equipped with Lemma H.1, we start the proof of Proposition 4.4.
Proof. (CONVERGENCE RATE) We first consider the interventional probability. It is sufficient to prove that the
probability of P(U) falling into Py () is bounded by d,,(1 — t)%«~1. Namely,
&) 2 d —1 . ’
IP’(IP’(U) ¢ 73) < IP’(IP’(U) ¢ ]P’v(t)) S du(l "7 <1, wheret = min P(z,y)
y' €10,
Here P(U) is induced by the parameters {P(U = 0),P(U = 1), ..P(U = d,, — 1)} under a uniform prior. The first
inequality (1) has already been proved via Lemma H.1. For the second inequality (2), we take advantage of the union
bound. We get
du—1
IP’(IP’(U) ¢ IP’v(t)) = P(az’,P(U =i) > t) < Z (]P(U =) > t) =d,(1—t)%1, (102)
i=0

The last inequality is according to under a uniform prior, for all v = 0, 1, ...d,, — 1, the marginal cumulative distribution
function of P(U = u) is Fp(y—y)(x) = (1 — 2)™ 1,z €[0,1).

For the ATE case, we only need take ¢ = min, ,sc10,13 P(2’, %) and then the whole process holds totally the same. Hence
we get

P(P(U) ¢ Par) <P(PU) ¢ Py(t)) < du(1— )™ <1, wheret = min  B(',y).
z’,y’€{0,1}

(MONOTONICITY) Finally, we consider the monotonicity. We first consider the interventional probability case.
According to the auxiliary Lemma M.4 in Appendix M, under a uniform prior, the probability of falling into the “vanilla”
P(P(U) € P) is equal to

P(Sg, ), whereevent S,, :=3A4 € {0,1,..n — 1}, s.t. i(it1) — Py ) € | max {P(x,vy'),P(x)}].
(Sa,) { } jze;(P(JH) P(g)) |:y’€{0,1}{( y') ()}} (103)

Here {pi(j)}?go are re-ordered {pi}fgo satisfying p;(a,) > Pi(d,—1) = --- = Pj(0), and each original p; is independently

uniformly sampled within the interval [0, 1]. In order to prove the probability of falling into the “non-vanilla” region P¢ is
non-increasing, it is sufficient to demonstrate

P(Sn) < IP)(Sn+1)7 Vn € N+-
Notice that
IP)(Sn+1) = / IEJ>($n—‘,-1 |pn+1 = a)fpn,+1 (a)da = / P(S7L+1 |pn+1 = a)da~ (104)
a€l0,1] a€l0,1]
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Here f,, ., (o) = 1, € [0,1] denotes the uniform distribution of p, 1. Consider each set {p; }!; € [0,1]"** as above. If
Sy, happens, then apparently, S,,41 must happen with fixed p,,+1 = «. Hence,

P(Sn+1 | pnt1 = @) > P(S,), thus P(Sp41) > / P(S,)da =P(S,),Vn € N*.
a€l0,1]

It completes the proof on the interventional probability. Furthermore, for the ATE case, it only needs to change the event S,,
to S?L,AT E:

Srlzl.,ATE = 3./40, Al S {0, ]., L= ].},AO N Al = @7 s.t. Z (pl(]+1) - pz(g)) S .’Z()’O7 Z (pZ(J+1) _pz(J)) S 11’17

JjEAL jEA
S arg =340, A1 €{0,1,..n =1}, AgN Ay =0, s.t. Z (pi(j-H) _pi(j)> € Zo,1, Z (pi(j-H) _pi(j)) € I10,
JjEAL JEA,

U . QL U
Sn,ATE T Sn,ATE n Sn,ATE'

The rest analysis holds the same. Namely, with the same strategy, we get

P(Sp41,aTE) = / P(Sn41,ATE | Pnt1 = a)da > / P(Sp41,aTE)da = P(Sp, ATE)-
a€l0,1] aglo,1]

The monotonicity has been proved. u

I. The proof of Theorem 4.5

Supplementary notation We follow the supplementary notations in Appendix D. Moreover, we use Pxyy to denote the
set of all possible P(X,Y, U) which is compatible with observed data P(X,Y"), P(U). Naturally, our original optimization
problem (1) could be transformed to explore the minimum and maximum of

{P(y | do(z)) : P(X,Y,U) € Pxyy}- (105)
Furthermore, we consider the set

P&y = {P(X,V,0): 3Q € R Q] = k, 5.t Yu € Q,P(y,u,2) AP(~y,u,2) = 0} | Py

Naturally, it holds that PS;U - ng;,(;l) c..c P%YU C Pyyy = ng),U. Furthermore, for brevity, we denote the sub
identification region of interventional probability:

P = {P(y | do(x)) : P(X,Y,U) € PEL 1k =0,1,...d,.

y\dO(ﬂv)

We now prove our identification bound in Theorem 4.5, namely [min P;?;O(x), max ng?c)to(x)] is valid and tight.

(VALIDITY) In order to prove the validity of bounds given by Theorem 4.5, it is sufficient to prove
. 0 mu mu
min P.15|c3o(m) > EBx’yl(IP’(U)) and max P Ido o SUB; 1( ). (106)
To achieve this goal, the following two claims should be brought forward:
Claim I: P34 # 0.

We prove it via direct construction. For any given P(U), a legitimate joint distribution P(X, Y, U) could be constructed

which belongs to ng}“,?]l). Details are deferred into Lemma M.2 in Appendix M. Consequently, we get P;“(YU # (), where
k=0,1,..d, — 1.

(d'(l
Claim II: min Pyl do(x)

1)

— min P )» ax Py|do(m) = max Py‘do(x)

y|do(x
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It means the lower and upper tight identification bounds are equal to the minimum and maximum of
{P(y | do(x)) : P(X,Y,U) € 73%‘,51)}, respectively.

To prove Claim II, on the one hand, due to Pg?i“,al) C Pxyp and Claim 1, it definitely holds that

[mmP e maxP(d”_l)] C [mlnP

(0)
y|do z)’ yldo(z) yldo(x)’ min P x)] (107)

y|do(

On the other hand, we consider the series of sub- regions {P ;YU}k" , iteratively. For two adjacent sets ’P;gg,U, P;g#]) ,
j=0,1,..d, — 2. If ngYU/ng#]) = (), then PXYU = 73 U naturally holds; otherwise, it can be inferred that

VPO (X,Y.U) € PRy /PR
Juf,uf € U,s.t. PO (y  u,z) > 0, where v’ € {0,1},u = u], uy. (108)
We construct two legitimate py+y (X,Y,U) within ng;;(lj) ,w € {1, —1} by perturbing PU) (X, Y, U). Here
PYT (X, Y,U) is established by
) (P(J)(yvu7x,) +W77)/P(J)(vaf/) u = UIL,I'/ = ) ]
U (y | u,a) =4 (PO (y,u,a’) —wn) PO (uz’) w=ruf.al =2 , and PG (u,a') = PO(u,a'),i = 1,2
PO (y | u,2) otherwise
forallu € U and « € {0,1}. Here 7 = min {P(y’,u,x) 1y €{0,1},u e {uf,u;‘}} >0

Itis easy to verify {P jH)(X Y,U)}o=1,-1C 73)?;;[1]) Noteworthy, if we abbreviate the interventional probability
induced by pyy (X,Y,U),PY)(X,Y,U) as ]P’S,JH)( | do(z)),PY) (3 | do(z)), respectively. It holds that

PYH(y | do(x)) = BV (y | do(x)) + |1/BY (uf ,x) — 1/P55)(u§r,$)}wn- (109)
Hence
P (y | do(x)) € [min{PY ™ (y | do(z)) }umt,—1, max{PY "V (y | do(2))}we1,—1]
€ [min 77@5]‘;; l),max P;]‘;;l(l)} (1o
Due to the arbitrary selection of PU) (X, Y, U), it concludes that
[mm??yld U ma Xfpyj\;)(z)] [mln”Pﬁ()j @)’ mlnPyIdo(m)] J=0,1,..d, — 2. (111)

The combination of (107) and (111) indicates Claim II.

According to Claim I-II, in order to prove the validity of bounds given by Theorem 4.5, it is sufficient to prove
(du—1) mul -1) mul
min P\ i 5 = LB, (P(U)), max P do(z) < UBLy (P(U)).

We first consider the lower bound. Apparently, when P(U) € P~ it leads to min 73(‘ o (m) > IP’(a: y) = ,CBE‘;(]P’(U)).

Hence, in the following part, we focus on the non-vanilla case P(U) € (PL)¢. Notice that 73;‘ ‘1o(z) could be transformed to
the following structure:

Pj‘dzlm) {IP’(U eU)+P(y | ug, x)P(ug) : U CR/{t},YVue UU{t}), Py, u,z) =0,YVu € U,P(—y,u,z) = 0}.
(112)

It could be verified that for each compatible ¢/ within 73 under P(U) € (PL)e, we get

Siido(s)
P(U e U) € [max {0,P(z) — P(ur) }, P(z, y) + P(~z)]. (113)
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We refer readers to Lemma M.5 in Appendix M for the constraints in (113). To prove the validity, it is sufficient to prove
each value among (112) locates in [EB‘;“’ZI (P(U)),U B’;‘;l (P(U))]. First, for the valid low bound, we consider the minimum
of RHS via separating (112) into Cases I-1I:

CASE I: under P(U) € (P£)¢, when P(U € U) € [max {0,P(z) — P(uy) }, P(a, y)} # (), it holds
Py, ut, ) = P(x,y) — P(y,u € U,z) > P(z,y) — P(u € U).

Here * is due to the fact V(U U {t})¢, P(y,u, z) = 0. Then
P(z,y) —P(U € U)

min P4 > P(U e U) + P(u) > P(U €U) +

yldo() P(z,y) —P(U € U) + Pz, ~y, usr) P(z) -P(U €U
(114)
CASE II: under P(U) € (PL)°, when P(U € U) € [P(m, y),P(z,y) + P(—z)|, it holds
min Ph, 1> P(U € U) > min {IP’(U cU):P(U eld) > IP’(:U)}. (115)

The last inequality is due to P(U € U) would not fall into [P(z, y), P(z)].

Noteworthy, P(U € U) in CASE I is non-empty, since we can choose t € U* := argmin,, {U' : P(U € U’) > P(z)} and
setU :=U*/{t}. Then according to P(U) € (P£)¢, P(U € U) falls into the above interval of CASE I. Moreover, due to

P(U eU) +

P(x’?)/) —PU € U)P(ut) <P(U €YU {t}) = P(U*) = min {IP(U cU):PUeld) > P(m)}, (116)

P(z) —P(U € U)

combining with (113), (114), (115) and (116), finally, we get

Plz,y) — s

min Ph 1> min {s + o) = Blw) iU CR/{ths =PU el € [max {0,P(x) - P(ut)},n»(x,y)}}

yldo(z
Pz, ) 117
T,y)— S

= {5 + ﬁp(ut) U C R/{t}v ERS {prrlin(ztvz£)7pmax(ztvzg)} 7é Q]}
Here Z; = R/{t} and T = {max {0,P(z) — P(ug) }, P(x, y)} Pmin and Py are identified in our main text. The last
inequality is blessed with the monotonicity. In sum, we get

B'(PU);z,y) PU) € (PF)°

—. mul
P(z,y) Py epr = LBy (B(U)). (118)

. . dy—1
minP(y | do(x)) = min Pyido(z) = {
Here B'(P(U); z, y) is identified in the main text. We conclude that (118) is the valid lower identification bound of

P(y | do(z)) in the multi-valued confounder case.

Furthermore, we consider the valid upper identification bound. Following the same strategy as above, the valid lower
identification bound of P(—y | do(x)) can be constructed as

B'(P(U);z,~y) P(U) € (PY)° (119)
P(z, ) P(U) € PV
Due to the fact P(y | do(z)) = 1 — P(—y | ), the valid upper identification bound of P(y | do(x)) is formalized as
1- B/(]P)(U),.I, _‘y) ]P)(U) S (PU)C . mul
{ P(e,y) +P(—a)  PU)epv  — UBSy (PU)). (120)

In sum, the validity part is completed.

(TIGHTNESS) We first take the lower bound for instance. Notice that the legitimate P(X, Y, U) under P(U) € P’ has
already been established in Theorem 4.1, we only need to consider the non-vanilla case P(U) € (PL)¢ . According to (117),
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it is sufficient to prove that for each legitimate pair {t,/} that satisfies P(U € U) € [0V (P(z) — P(w)),P(z,y)] and
t € (U)°, we could construct legitimate P(X, Y, U) which induces P(y | do(z)) = P(U € U) + %P(ut).

Notice that it must holds P(u;) > P(x, —y). The construction is as follows:
PU el,z)=PU €U),P(U € UU{w})x) =0, and P(uy, z) = P(x) — P(U € U). (121)
Moreover, the conditional probability P(Y | U, X) is set as

P(z,y) —P(U € U)
P(z) —P(U €ll)

Vu e U, P(y | u,z) =1,Vu e UU{t})",P(y | u,z) =0, and P(y | uy, ) =

Yu € U, P(u, —x) is supplemented by P(u) — P(u, ) based on (121). Additionally, Vu € U, we set
Ply | u,—z) =P(y | ) and P(—y | u,2’) =1 — P(y | u,a’), 2’ € {0,1}. It is easy to verify construction (121) is
non-negative and compatible with the observed P(X,Y"), P(U).

We further consider the tightness of upper bound with the same strategy. Compared with (121), we re-construct the
conditional probability P(Y | U, X) as

P(z,y)
P(z) - P(U € U)’

Vu e U, Py | u,z) =0,Vu € UU{t})", Py | u,z) =1, and P(y | ug, ) =

The other part holds the same as that of the lower bound. In sum, the tightness of the identification bound has been
demonstrated.

As illustrated as above, we have proved for each specification of P(X,Y") and P(U), there exists a compatible joint
distribution so that its induced P(y | do(z)) is equal to the lower bound LB_‘;EI(IP’(U )) and upper bound B?Zl(P(U ).
Now we are left with illustrating that for each o between these two bounds, there exists a legitimate corresponding

P(X,Y,U) whose induced interventional probability is o.

To achieve this goal, the strategy is inherited from the proof of Theorem 3.3. The difference is that when dealing with the
multi-valued confounders, our new construction would be more general and it is legitimate for any given P(U). Given any
¢ > 0 and a legitimate joint distribution P(X,Y, U), we construct a new legitimate joint distribution P*(X, Y, U) satisfying

Py | u,) e
P*(z,y u) = ¢ Py 2,u) — e PO | v,2)(e — P, 2)) u=argmax,{P(u,z,y) v €R} | 2
Py, z,u) Otherwise. (122)

P*(=z,y,u) = P(y' | =2)(P(u) — P*(u,z)), where y’ € {0,1}, U, := {u: P(u,z) < &}.

It is easy to verify that (122) is a legitimate joint distribution generated from arbitrary given legitimate joint distribution
P(X,Y,U). Then in the following part, we consider the sub region

P;do(w) = {P(y | do(z)) : {X,Y,U} obeys P*(X,Y,U) in (122) with some P(X,Y,U) € PXYU}. (123)

y|do( s y
bound U Bg‘}‘;(P(U )). We defer the detailed proof of legitimacy and convergence to Lemma M.3 in Appendix M.

As e — 0, we show that min P; ;. approaches the lower bound LB;“;I(IP(U )) and max Py jdo(x) approaches the upper

In this sense, in order to prove Vo € [KB;“’ZI(]P’(U )),UB?ZI(P(U ))], there exists a legitimate joint probability so that
P(y | do(z)) = o, it is sufficient to prove that Je¢ > 0 sufficiently small, such that Ve € (0, ¢},

[min Py () 0aX Py o ()] (124)

derived by (123) is a subset of the true identification region. Namely, for each point o’ in the interval given by (123), there
exists a legitimate joint distribution with its corresponding P(y | do(x)) = o’. To achieve this goal, we now recall the region
given by (26):

0. = {]P’(y | do(z)) : Yu € U, P(u, ) > &, P(Y, U, X) is compatible with P(X, Y),JP(U)}. (125)
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As we have already demonstrated in the proof of Theorem 3.3, O in (125) is a closed interval on R. Following the previous
notations, we take op,;, and o,y as the left and right side of the interval O, it is easily verified that 3¢ sufficiently small,
such that Ve € (0, ¢¢],

Omin < min P;do(r) < max 73;|d0(z) < Omax-
It indicates that the interval given by (124) is a subset of O.. Furthermore, since O. is also a subset of the identification
region by definition, it is straightforward that the interval (124) is the subset of the identification region. It completes the
proof.

J. The proof of Proposition 4.6

Proof. (Lower bound) We first consider the lower bound and choose Z = [P(z,y), P(z)]. When D(P(U),Z) = 0, it
immediately leads to 3U € R, such that P(U € U) € [P(z,y), P(z)] holds. Hence the if and only if condition in
Theorem 3.3 holds and EB;“";(IE”(U)) equals to the vanilla lower bound P(x, y). In this sense, we only need to consider the
case D(P(U),Z) > 0:

LB (B(U)) = min {s + Wﬁ”(ut)} — min {P(z,) + (P(a,y) - S)W}. (126)
Here t spans {0, 1,...d, — 1} and then s spans every legitimate P(U € U) for each ¢. Namely,
s=PU cl) e [max {0,P(z) — P(ut)}JP’(m,y)},t ¢ U. (127)
Hence ) )
ey e ) > o) + 2D s pay 4 PEDE ro @, 09

On the other hand, we denote {{/°P", t°P*} = arg minycr ez [P(U € U) — t|. There are two possibilities:
() P(U € U°PY) € [0,P(x, y)], t°P* = P(x,y), then in (127) we choose s = P(U € U°P'), t € (U°P')°. We have that

P(-z)
P(z) — s

P(-z)

(126) < P(z,y) + (P(z,9) - P(U €UP)) e

< P(z,y) + D(P(U),T) (129)

(i) P(U € U°rY) € [P(z),1],t°P* = P(x), then in (127) we choose s = P(U € U°P* Ju;) < P(x,y), where u; € UP'. We
have that

P(U € UP) — P(x) D(P(U),T)

(126) < Pla, y) + P(z, ) =555 < Pley) + Pe.y) = — 5 (130)
The combination of (129) and (130) leads to
LBPPW)) < Play) + ECDYEOD) by 1)1~ la,y), Pl (131)

]P(:E, _'y)

The combination of (128) and (131) leads to the first result.

(Upper bound) Second, we consider the upper bound and choose Z = [P(—x),1 — P(x, —y)]. Following the same strategy,
when D (P(U),Z) = 0, then due to the if and only if condition in Theorem 3.3, we have that /B (P(U)) equals to the

vanilla upper bound P(z, y) + P(—z). Hence we also only need to consider D (P(U),Z) > 0:

P(ut) — P(x) + s }

mu . P($7 _'y) — S .
Z/{B%yl(]}D(U)) =1 —min {s + 7}11’(1@)} =1-P(x,~y) — ntnsn {(]P(x, —y) — $) @ —s

t,s P(z) — s
(132)
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Here {s,t} follow the same setting as in the lower bound case. Then (132) leads to

2
UBL (P(U)) < 1 — Pz, ~y) - W =P(z,y) + P(-z) — 0, A2, (133)

On the other hand, we follow the notations {L/°P*, t°P*} as above with Z = [P(—z), 1 — P(z, —y)]. There are also two
possibilities:

() P(U € U°PY) € [0, P(—x)], t°P* = P(—z), then in (127) we choose s = P(U € (U°P*)¢/u;) < P(z, —y), where

uy € (U°PY)¢. We have that

P(~z) — P(U € U°P)

D(P(U), 7)
P(x) — s '

(132) > 1 — P(z, ~y) — P(x, ) P(z g)/)

(134)

> P(x,y) +P(—z) — Pz, )

(i) P(U € U°**) € [1 — P(z, ~y), 1],t°P* = 1 — P(x, —y), then in (127) we choose s = P(U € (U°P*)¢) and t € U°P*.
We have that

P(—x)
(z,y

(132) 2 1 = Pz, ~y) - (PU € @) = (1~ P(z, ) > B(a,y) + P(~z) - D(P(U), )

<

(135)
The combination of (134) and (135) leads to
(P(=z) V Pz, ~y))
P(z,y)
Here Z = [P(—x),1 — P(x, —y)], and it completes the proof.

UB™ (B(U)) < P(z,y) + P(~z) - D(B(U).Z) = B(x.y) + P(~x) = iy D(B(U). T).

K. The proof of Proposition 4.7

Proof. According to the natural composition of Proposition 4.6, it directly leads to ATE — ATE%MH.CI > aq A%}l + aoAgyo
and ATEY — ATE > aoAj; + a1 A . Hence we only need consider the rest part.

vanilla

(Lower bound) We only need analyze the non-vanilla case. Under P(U) ¢ PX1y, We aim to prove
ATEY e + Date (P(U), {Zo,0, Il’l})Q /d,, serves as the valid lower bound. Recalling that in (78), we have that

ATE — ATE\I;anilla = Z [P(?Jl | w, z1)P(u, z0) + P(yo | u,xo)]P’(u,xl)]
1 > 1 , (136
Zm zu: (P(yl,u,m) A P(u, a:o)) + En) zu: (P(yo,U,xo) A P(u,xl)) .

We denote that
U = {u: Py, u, ) > Pu,z—) },t € {0,1}. (137)

According to the Cauchy—Schwartz inequality, we have that

1 2
Z (]P’(yt,u,xt) A P(u, zﬁt))Q Zd—@”(yt,xt, UeU))+PU e Uf,xﬁt)) (138)

u
u

Combined with (136) and (138), we have

1 2
ATE — ATEY .. > P P(u, z—,
vanilla = tzzoJ P(J?t) ; ( (ytvu;xt) N ('qu t))

1 1 2

> P *\C P * _ P

_du s P(l‘t) ( (yhxta Ue (ut ) ) + (U € ut y L t)) t:ZOJ (xt) (139)
1 2

> (3 By U € 1)) +BU €U )
U T t=0,1
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The last inequality in (139) is also due to the Cauchy—Schwarz inequality. Moreover, P(U € U;),t = 0,1 can be bounded

as
P(U e Uf) =P(U €Uy, z,) +P(U € Uf,x—y) < Play) + P(U € Up,ay),

. . rye (140)
]P)(U € ut ) > ]P)(U € Z/{t 71‘t7yt) = ]P)(:Eta yt) - ]P)(U € (ut ) ’xt7yt)a
Importantly, according to the definition of I}, t = 0, 1, we have Ui NU; # 0. Otherwise Ju € R, such that
> im0 Pyt u, ) > >, o 1 P(u, 2-), which is a contradiction. It indicates that P(U € U;") locates in
Dtk (P(U),{Zo,0,T1,1}) < Z P(U € U) ze,y)) VU € Uy z). (141)
t=0,1
Combined with (139) and (141), we have
1
ATE — ATE 10 2 = Dare (P(U), {To0, T11})>. (142)

According to the above analysis, we get ATE — ATEY . > A% n/dy, where Aprg = Date(P(U), {Zo.0,Z1.1}). On
this basis, we are only left with the demonstration of proving ATE — ATEY o < (811 + Bo.1)Aare. We prove it via
direct construction. We denote

(U UPy = argz/r{nizfll (|IP>(U € Up) —to| + [P(U € Uy) — t1|>, (143)

0,41

where Uy, Uy C R, Uy NUL = B, to € [P(z1,91), P(z1)], 1 € [P(0, yo), P(z0)]. It could be separated into two cases:
(i) P(U € USP") < P(x0) and P(U € UP") < P(x1). We follow the construction of P(U, X) in (144):

P(U € UP  x1) PU UL x1) PU € UP UUP ) x1)] 0 P(U € UPY) P(xy) — P(U € U
P(U € UP* z0) PU € u°Pt, o) P(U € UP U e xo)| — |[P(U € USP) 0 P(zo) — P(U € USP)
(144)
Moreover, the conditional probability P(Y" | U, X) is constructed by
Yu € USP P(yy | u,21) = 0,P(yy | u, o) = 8o/P(U € UP);
Yu € UPPY Py | w,z1) = 1 — 61 /P(U € UPPY), P(yy | u,20) = 1; 145)
P UclUP®)+6 P -4

Y € U UL Bl | umy) = O RO ST B0 iy gy - Pl 0

P(z1) — P(U € U7™) P(zo) — P(U € USP")

Here
6 = (P(U € UPPY) — P(zg, o)) I(P(U € UPPY) > Py, 1)), t = 0, 1.

Moreover, we also choose P(yo | ui, ') =1 —P(y1 | ui, 2'). Here w € {0, 1, ...d, — 1}, 2’ € {0, 1}. It is easy to verify
the construction (144)-(145) is non-negative and compatible with the observed P(X,Y"), P(U). We can verify that

P(.’Et,yt) — P(U S u;)pt) + (St
P(z;) — P(U € UP")
P(U € U UUP")) — P(xy) +P(U € UP)
=P(z¢,y¢) + [P(zs,y:) — P(U € UPY) + 6 t -t ¢
(e, ye) + [P(e, ye) ( i0) + 6 P(z;) — P(U € U™)

P(z)
P(xtu y—|t) ’

P(y, | do(x;)) =P(U € UP*) — 6§, + P(U € (U UU")°)

(146)

1-— ]P)(,Z’t)

<P(z¢,y¢) + Aarp——— 2
> ( t yt) ATE]P,(xt) —]P’(l“t,yt)

=P(x¢,y:) + Aare t=0,1

Therefore, according to ATE = P(y; | do(z1)) — P(y1 | do(z0)) = =1+ >7,_o , P(y¢ | do(z:)), ATE under the

construction in (144)-(145) can be upper-bounded by

P(xo) P(z1)
]P)(xlay()) IPJ(wanl)
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Hence it can be concluded as ATE < ATEL o+ (811 + Bo.0))AaTE-

(i) 3t € {0,1}, 5.t.P(U € UP") > P(2). In this case, according to the definition (143), it immediately leads to
P(U € UP") =1 —P(U € U") < P(x—;). Moreover, We select u;* € 1", it must hold
P(U € UP* JudP") < P(zy, ;). We take construction on different groups:

P(U e U™ ) PU eUP J{u®},z)  PU =u®, z)
P(U e U™ ) PU eUP J{u®},aoy) PU = u®, zy)

opt opt t opt (147)
_ 0 PU e U™ {u;”"})  Plx) —P(U € U™ {u;™})
~P(U e U 0 P(xo) —P(U eU%P) |°
Moreover, the conditional probability P(Y" | U, X) is constructed by
Vu € U Py, | u, ) = 0,P(y; | u,2—p) = 0 /P(U € UD);
Y € U (g} Plye | w,e) = LBy |, z) = 1 11
Pz, y) — P(U € U™ /{ui™}) P(@—t,yt) — 0
Vu = ulP P U, Ty) = L t P U, Tt) = .
P ) = ) TR eur ) ) T B - BT e )
Here 0;,,t' = 0, 1 has been identified in the case (i). We can verify that
P(xs,y:) — P(U € U™ /{ug™}) ¢
P(y; | do(x,)) = P(U € UP* J{ug®'}) + — : E I P(ug?
(yt | ( t)) ( t /{ t }) P(]}t) . ]P)(U c utopt/{u(t)pt}) ( t )
P(ug®™) — P(xy) + P(U € U™ /{uy™})
=P(a, y0) + (P(2e,y) — P(U € U /{udP" t ¢ t (149)
(¢, y¢) ( (T4, y¢) ( t Al t })> P(xt) “P(U Eufpt/{u?pt})
AaTE Pz, yt)
<P P - =P — = AATE-
< P(ze,ye) + ($t7yt)P(It) ~P(ar, ) (e, ye) + Plzs, yy) ATE
On the other hand,
P(x
Pyt [ do(z—t)) < P(zt,y—) + AATEP(JUEJ?%)- (150)
Hence under the construction (147) and (148), the ATE can be upper bounded by
P(xs, ye) VIP(2zS
ATE = -1+ Y Py | do(zy)) < —P(z1,90) — P(zo,y1) + Y (0, 50) V P t)AATE~ (151)

t=0,1 =01 Pz, y-t)

it can also be concluded as ATE < ATEY ... + (B1.1 + Bo.0)Aare. Combining case (i)-(ii), the desired result follows.

(Upper bound) We adopt the same strategy. Considering the non-vanilla case P(U) € (PY; )¢, we only need to further

demonstrate that ATEY, .. — Darg (P(U), {Io,l,ILO})Q /d,, serves as a valid upper bound. Compared with (137), we
re-denote
Uy = {u:Plys,u,x-¢) > Plu, )}, t € {0,1}.

Recalling that in (79), it holds that

ATEganilla — ATE = Z [P(yl | u, l‘o)P(U, ZEl) + P(yo | U, :El)]P)(u7 1'0)]

2 Pley) Z (]P)(ytv u, x—) A P(u, fﬂt))
t=0,1 “t) Ty 152
1 1 2

>— *\C *

23 2 B (IP’(yt,:Eﬂt, UeU))+PU el ,xt)) t:z;l P(z_;)
1 2

> (2 Bl U € U)) +BU €Uy )
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Here the last two inequalities are both due to the Cauchy—Schwartz inequality. We get

PUel))=PU el],z—) +P(U e U, z) <P(x—y) + P(U € U, z4),

P(UeU]) >PU el ,x—t,yt) = Plx—y,yt) — P(U € (U)°, x=t, yt). (153)
According to U5 NU; # () with the same reason as above, we claim that P(U € U;") locates in
Dare(P(U),{Zo1,Ti0}) < D> PU € U)°,w—t,00) VPU €U, 1), (154)
t=0,1
Combined with (152) and (154), we have
ATEY, ... — ATE ziDATE (P(U), {Zo.0,T11})"- (155)

The desired result follows.

Moreover, notice that the analysis on the upper bound P(y; | do(z1)) — P(y1 | do(zo)) is equivalent to the analysis on the
lower bound of P(y; | do(zg)) — P(y1 | do(x1)). Based on the above analysis on the lower bound and exchange {x¢, 1}
with each other, we directly get that there exists legitimate P(X, Y, U) such that

P(2-¢,y:) V P(x¢)

A .
P(l'ﬁtv yﬁt) ATE

P(y1 | do(wo)) — P(y1 | do(x1)) < —P(wo,y0) — Plwr, ) + )
t=0,1

It is concluded that the tight upper bound of ATE is lower-bounded by

B(zo,0) + Bl yn) — 3 Dot be) V(i)

Apre = ATEY, i, — o
t=0,1 P(z-¢,y-¢) ATE vanilla — (B1,0 + Bo,1) Aate

Here Aarg = Dare(P(U),{Zo.1,Z1,0}). Hence we get ATE\I;MHHa — ATE < (81,0 + Bo,1)Aark. It completes the proof.
|
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L. Auxiliary algorithms

Algorithm 1 Approximation TPI algorithm.

Require: Observed data P(z2',y'),P(u;),i = 0,1, ...d, — 1; Null set S,y = (), 2/, y' € {0, 1}; approximation error 1.
— mul — mul
Ensure: The approximated tight identification region [LB, , (P(U)),UB, , (P(U))] := [min Sy, 1 — minS-,] .
output The tight identification region of P(y | do(z)) with approximation error S, 7, where constant 3, , has been
identified in Proposition 4.6. Namely, we produce

— mul

— mul
LB, (B(U)) — LB (P(U))| < Boyns [UB,,, (B(U)) = UBL (B(U))| < Bamy-

for 4/ =y,—y do
ifSSP-min({]P’(ut) f;o_l,IP(x,y’)> < P(z) then
return S,y = P(xz,y’).
else
for each t satisfying P(u;) > P(x, —y’) do

Smin = min SSP({P(u:) 145 /{P() 1 T, 1) Smax = max SSP({P(un) g /{P(u)}, T ),

where [Z, 7% := [0V (P(2') — P(w)), P(2', y/')].
Moreover, S,y = Sy U{Smin+ Wﬂ]?(ut)} when spmin < Z%;, and Sy = Sy U{Smax+ W%P(Ut)}
when sy > Il; .
end for
end if

end for

The traditional subset-sum problem (SSP) problem is to explore the sub-optimal subset, such that its sum is larger (smaller)
than a certain threshold. The algorithm for SSP is illustrated as follows. For brevity, we denote
min(f) = —oo, max(f)) = +oo,

Algorithm 2 SSP(Z, 7', n) algorithm.

Require: Region Z,7’ and approximation error 7). N
Ensure: sub-optimal subsets Upin, Umax < R such that P(U € UL )/pmin(Z,Z') € [1 —n,1 + n] and P(U €
ﬁgax)/pmaxc[a ') e[l —n1+4n).
Initialize Spin = {P(U € )}, Smax = {0}.
for u € 7 do
Smin = Smin U {Smin — ]P(u)}, Smax = Smax U {Smax + ]P’(u)}
Update S,,i, by removing each element that is lower than min Z’; Update Sy, by removing each element that is
upper than maxZ'.
For each element g € S.4, if 3¢ € S4, such that ¢’ /¢ € [1 — n/dy, 1+ 1/d,], then remove ¢ . A € {min, max}.
end for R
Set Uppin = mMin Siin, Umax = MaxX Spax-
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M. Auxiliary lemmas
Lemma M.1 (Justification of (44)).

Sus = {Plur | do()) + [ 1

(i [ue)  Plag | uy

)]5 HERS {P(%,yl,Uﬁt)vp(xi,yo,ut)}} (156)

Proof. We have

1 1 P(y1, us, v;) +p P(y1, u—, ;) —p
S, =P do(z; — = P P(u—¢). (157
o =Pl |06+ | By ~ B TP = Bluey T By T (09
When we choose p = P(x;, y1, u—t), we have
P(ziayl)
Spi= 2P ey, 158
t, Plug, 7) (w) (158)
When we choose p = P(x;, yo, ut), we have
P(utaxi) P(yla uﬁhxi) B ]P)(l‘i?y()aut) ]P)(Ihyl) B P(utaxi)
Sii=—"7"--2P Plu—;) = P(u—, P . 159
b P(us, x;) (ue) + P(u—y, x;) (u-e) P(a;) — Plug, x;) (u-t) + Plue) (159)

(158) and (159) are consistent with the definition of S; ; in (41). [ |
Lemma M.2 (Justification of Claim I in Appendix I). P?{f& # 0.

Proof. We aim to construct a legitimate P(X, Y, U) within P44+ For given P(U), we choose

U' = argmax{P(U € U) | P(U e U) < P(z,y)}.
u

Apparently, P(U € U') < P(xz,y). We then choose u. € (U’)¢, and thus legitimate constructions could be constructed.
There are at most two possibilities:

CASEL: P(U e U' Uu,) > P(z):
‘We choose

PU el ,z)=PU eU'),P(U € (U"U{u.}) z) =0, and P(uc,z) = P(z) — P(U € U'). (160)
Moreover, the conditional probability P(Y | U, X) is set as

YU e, Ply | u,z) = 1,VU € (U U{u.}) Py | u,x) =0, and P(y | u,,x) =

CASEIL: P(U e U Uu,) € [P(x,y),P(z)]:
We choose

PU eU',z)=PU eU),P(U € (U U{u.}) z) =Px) —PU €U U{u.}), and P(uc, z) = P(u.).  (161)
The conditional probability P(Y" | U, X) is constructed as P(Y | U, X) is set as

P(z,y) —P(U €U’

YU eU" Py | u,z) = 1,VU € (U U{u.}) Py | u,x) =0, and P(y | ue,x) = Blu,)

In both two cases, Vu € U, P(u, —z) is supplemented by P(u) — P(u, ) based on (160) and (161). Additionally, Vu € U,
we set P(y | u,~z) =P(y | ~z) and P(~y | u,2') =1 —P(y | u, '), 2’ € {0,1}.

It is easy to verify these three cases of constructions are non-negative and compatible with P(X,Y") and P(U). Moreover, it
always holds Vu € R/{u.}, P(y, u, x) A P(—y,u,x) = 0. According to this direct construction, we say P;igy_l} # 0.
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Lemma M.3 (Justification of (122)-(123)). The construction given by (122) is legitimate and satisfies
: ISy mu. mu 2 £ mu. 2 mu.
min Py\do(x) € ‘CBac,yl(P(U))vL:Bx,yl(]P)(U)) + EE:|7 maxpmdo(;c) € [uBac,yl(P(U)) - E€7uBar,yl(P(U)) )
where ¢ € [0, c], where ¢ = (P(x,y0) AN P(x,91))/2d2 is a constant.

Proof.

Apparently, construction given by (122) is consistent with confounder distribution P(U). To demonstrate the legitimacy, we
are only left with proving that the constructed P*(Y, X, U) is always non-negative and compatible with observed P(X,Y).
In order to achieve this goal, it is sufficient to verify >~ P*(y',z,u) = P(y/, z) and P*(x,u) € [0,P(u)] in (122).

The first part is easy to verify by summation. For brevity, we denote uy, := arg max,/ {P*(v/,z,y')},y" € {0, 1}:

S (Y, )

u€R
=> P au) + Py mu=u)+ > Py

u€l, ueU Vur,)e

BN B | rwe B wu =) = 3P | wa)e—Bua) £ Y Pl

u€EU, u€U, ue (U, Uu;,)“

= Z P(y/?x’ u) = P(yl7x)'

uER

(162)

For the second part, Vu ¢ {ug, uj}, we have that P*(z,u) € {e,P(z,u)} C [0,P(u)]. Otherwise, Vu € {ug, u}, it could
be verified that

P* (2, u) € [P(x, w3 (e - P(u, ), B(z, u)} C [0, P(w)]. (163)
u' €U,
(163) is according to
P(z,u) — Z (e —=P(u,2)) > (P(x,y0) AP(z, 1)) /du — due > dye > 0. (164)
u’ €U,

e

In combination with the above analysis, the construction P£5 (Y, X, U) is legitimate.

Stepping forwards, we aim to bound min PZI do(=) and max PZ‘ do(z)* According to the definition in (123), it directly holds
that min PZ ) > LB (P(U)) and max P,y < UBEY (P(U)). On the other hand, under (122) we have that
P*(y [ 2, u)P(u) = P(y [ 2, u)P(u) = 0, Vu ¢ {ug,ui}.
| B(y |, w)B(w) ~ Bly | 2,u)Pu) | < bt < vue gy (0
(P(x,y0) AP(z,91))/dy —due  2c—e ~ ¢
Hence under the construction (122), we have
B*(y | do(a)) ~ Bly | do(a))] < . (166)
It indicates that 5 )
min P 4,0y < LB (P(U)) + ~&, max Pl > UBMI(BU)) — “e. (167)
|

Lemma M.4 ((Rubin, 1981), Section 2). If we uniformly sample d,, — 1 points {po, p1, ...Dd, —1} on the interval [0, 1] and
then re-order the d,, + 1 points {0, po, 1, ...pd, -1, 1} as

Pi(0)) Pi(1)s ----Pi(dy) -
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Then the d,-dimensional vector

(pi(l) — Pi(0)>Pi(2) — Pi(1)s -+-Pi(dy) — pi(du—l))
shares the same distribution with P(U), where P(U) is a uniformly sampled d, -dimensional vector which is induced by
{P(U =0),P(U =1),..P(U =d, —1)}. Here X" " P(U = i) = 1.
Lemma M.5 (Proof of (112)). Consider the case P(U) € (P¥)c. IfU C R, t € U° satisfies VU € U, P(—y,u,x) = 0,
YU U{t})e, Py, u,x) = 0, then we have

P(U el) € [max {0,P(z) — P(u¢) },P(z,y) + P(ﬂx)}, wheret € U C R.

Proof.
It holds that

P(U e UU{t}) > P(y, U e UU{t},z) L Py, U € UU{t},2) + P(y,U € U U {t}), 2) = P(z, y). o)
PU cu) 2 IP({X,Y} £ {z, -y}, U e u) <1-P(z,~y) = P(z,y) + P(~z).

Here (1)-(2) correspond to the properties Vu € (U U {t})¢, P(y, u,z) = 0 and Yu € U, P(—y, u, x) = 0, respectively. In
combination with (168) and the fact P(U) € (PL)¢, the first conclusion could be strengthened as P(U € U U {t}) > P(z).
In sum, we derive that

P(U elU) € [max {0,P(z) — P(ug) }, P(z,y) + P(—x)|, wheret € U° C R.

N. Auxiliary Experimental details

Due to the theoretical optimality of our tight identification region, additional experiments are, in general, not extremely
necessary to provide further valuable information. This is the reason why we just focus on these two goals in our main text.
We first show that the traditional entropy-based methods lose information compared with our oracle tight

bound (Experiment N.1, N.2), then we additionally show that Proposition 4.7 is efficient (Experiment N.2); namely, it
reveals more reliable information compared with traditional competitive bounds and additionally guide decision making.

N.1. Simulations

Experiment setting We follow the basic sampling method (Chickering & Meek, 2012) and replicate the setting in Jiang
et al. (2023) to conduct Dirichlet sampling upon Figure 1. We assume that each generated data sample has only two parts of
data information: P(X,Y") and confounder information P(U). Specifically, we generate U with the same analogue as the
previous: U ~ Dir([0.1,0.1,0.1,0.1,0.1]), d,, = 5. Moreover, following the famous sampling procedure (Chickering &
Meek, 2012), X,Y is generated by P(X | w;) ~ Dir(v"),Vi =0, ...d,, — 1,

P(Y | uj,x) ~ Dir(s"),¥j € [0,1,...d, — 1],k € [0,1,...|X| — 1], where v’ and s’ are permutations of the vector

vi= ﬁ[lv 1/2,1/3,..1/|X|] and s := ﬁu, 1/2,1/3,...1/|Y|] following Chickering & Meek (2012).
1 g 1 g

Without loss of generalization, we consider the binary case; namely, | X | = |Y'| = 2, and it is natural to extend to the
multi-valued cases. For each sampling (10° in total), we select P(X,Y") and P(U) as our accessible data. We consider

whether P(y' | do(z)), 2,3y’ = 0,1 to be vanilla.

Experiment result We justify whether the PI region is vanilla according to the if and only if criteria (Theorem 4.1). We
consider the case H(U) < 1 and separate it into ten groups corresponding to the confounder entropy

H(U) € [i/10,i/10 + 0.1],4 = 0,1, ...0.9. As illustrated in Table 5, our proposed PI bound is consistent with the ground
truth blessed with its tightness guarantee. For comparison, the traditional entropy-based method (Jiang et al., 2023) exhibits
an information loss. Such loss is significant when confounder entropy is relatively large. This is because for traditional
entropy-based methods, P(y’ | do(z')) degenerate to near P(y’ | ') when the entropy is sufficiently small (smaller than the
so-called “entropy threshold”) although it is a relaxed optimization programming, which causes non-vanilla bound. In
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contrast, entropy-based methods lose this guarantee when the entropy is relatively large (which corresponds to many
real-world scenarios). Our method, on the other hand, can accurately extract tight PI for any U-information and determine
whether it is vanilla®.

N.2. Real-world experiments

Experiment setting We also follow the setting of Jiang et al. (2023) for better comparison, where we reasonably simplify
the graph within these two datasets into the paradigm of Figure 1, and we choose the same separating strategy of variables
X,Y,U (Jiang et al., 2023). In the INSURANCE dataset, we treat car cost, property cost, and accident cost (other cars) as
X,Y,U. Furthermore, in the ADULT dataset, we treat this triple as relationship (unmarried, in-family, etc), income and age.
‘We follow the division method as before in Table 6. For instance, for “AGE” in the ADULT dataset, we choose 65 as the
cutting point to separate it into two categories: “young” and “old”. We treat other information as the protected feature but
only the observations P(X,Y") and marginal information on the confounders are accessible. As we have comprehensively
analyzed the quantitative performance of Li’s bound (Li et al., 2023) in our main text (Theorem 3.4) and Appendix C, here
we mainly focus on the comparison with Jiang et al. (2023) as our baseline.

Experiment result The results are shown in Table 6. Being blessed by our theoretical optimality, our PI bounds upon
interventional probabilities are usually stricter than Jiang et al. (2023). Again, it validates our first goal. Noteworthy, there is
no absolute guarantee under limited computational costs, as theoretical errors also exist when we compute approximate
values based on the SSP problem, as mentioned in Theorem 4.5.

More importantly, for our second goal, apart from Table 6, we aim to argue the efficiency of our proposed valid ATE bound
(Proposition 4.7). According to this proposition, we directly compute/th\e valid ATE bound for the ADULT dataset across
line {1,2},{3,4}, {5,6},{7,8},{9,10}, {11,12}. We denote it as ATE;_(;41),% = 1,3,5,7,9, 11. For instance,
ATE;_5 :=P(INCOME < 50K | RELATIONSHIP = Y ES) — P(INCOME < 50K |

RELATIONSHIP = NO,). As illustrated in Table 7, our result via Proposition 4.7 is better than directly computing the
upper and lower bounds of interventional probability and is also better (narrower) than Jiang’s baseline; namely, our bound
is more reliable. Noteworthy, compared with the baseline method (Tian & Pearl, 2000), Jiang et al. (2023) showed that

—

ATFE11_12 is definitely greater than zero under this setting. It indicates the significant causal effect of the “relationship” to
the high “income” among well-educated and “full-time” individuals. Stepping forward, our PI bound extends this

o —

observation to the “part-time” individuals. Namely, our bound via Proposition 4.7 additionally claims that AT F7_g is
almost positive. It indicates the above-high-school and part-time individuals also exhibit a positive causal effect between
“relationship” and “income”. This phenomenon is in line with practical experience but has not been extracted in previous
literature to our knowledge. This discovery will help guide relevant political and economic decision-making practices: we
should advocate that the higher education population actively maintains their personal relationships and family situations in
the pursuit of income, regardless of whether full-time or part-time, as “relationship” and “income” will have a positive
causal relationship.

Similarly, for the INSURANCE dataset, we construct A/T\E(QH)_(Hi), /ﬁ(3+i)_(2+i), ﬁ(3+i)_(1+i), i =0, 3. For
instance, AT Eo_1 :=P(PROP COST = 100,000 | CAR COST = 100,000) — P(PROP COST = 10,000 |

CAR COST = 100,000). Our valid ATE bound (from Table 6 and Proposition 4.7) are also both stricter than the baseline.
N.3. Experiment 3

Finally, we also provide a visualization of the affiliation relationship in Corollary 4.3 (take d,, = 3 for brevity), which is a
vivid supplement of Figure 3 in our manuscript.

%1t is necessary to point out that when we only have estimations for confounder entropy but do not have knowledge of other side
information, Jiang’s method is effective. Our method sacrifices efficiency (by directly using confunder entropy) in exchange for accuracy
(accurate vanilla-judgement for each possible U).
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FIGURE 5: Simulations (Experiment N.1). Tradition entropy-based optimization loss information of PI without taking full
advantage of P(U), especially when H(U) is relatively large, which is common in the real-world.

dataset SUBGROUP X Y H(Z) | Baseline (Jiang et al., 2023)  Baseline (Tian & Pearl, 2000) OUR BOUNDS
INSUR | UNDER 5000 MILES, NORMAL CAR COST PROP COST ACCI
100,000 10,000 0.092 | [0.000, 0.246] [0.000, 0.800] [0.000, 0.214]
100,000 100,000 0.092 | [0.699, 0.996] [0.196, 0.996] [0.703, 0.995]
100,000 1,000,000 0.092 | [0.004, 0.301] [0.004, 0.804] [0.004, 0.285]
1,000,000 10,000 0.092 | [0.000, 0.044] [0.000, 0.249] [0.000, 0.037]
1,000,000 100,000 0.092 | [0.000, 0.044] [0.000, 0.249] [0.000, 0.040]
1,000,000 1,000,000 0.092 | [0.956, 0.999] [0.751, 0.999] [0.964, 0.999]
ADULT RELATIONSHIP INCOME AGE
BELOW HIGH SCHOOL, FULL-TIME | YES < 50K 0.21 [0.605, 0.934] [0.423, 0.934] [0.743, 0.924]
BELOW HIGH SCHOOL, FULL-TIME | NO < 50K 0.21 [0.762, 0.985] [0.496, 0.985] [0.798, 0.982]
BELOW HIGH SCHOOL, FULL-TIME | YES >50K 0.21 [0.066, 0.395] [0.066, 0.577] [0.066, 0.388]
BELOW HIGH SCHOOL, FULL-TIME | NO >50K 0.21 [0.015, 0.238] [0.015, 0.504] [0.015,0.216]
ABOVE HIGH SCHOOL, PART-TIME | YES < 50K 0.41 [0.186, 0.903] [0.183, 0.903] [0.192, 0.903]
ABOVE HIGH SCHOOL, PART-TIME | NO < 50K 0.41 [0.779, 0.982] [0.703, 0.983] [0.832, 0.970]
ABOVE HIGH SCHOOL, PART-TIME | YES >50K 0.41 [0.017,0.814] [0.096, 0.817] [0.097, 0.814]
ABOVE HIGH SCHOOL, PART-TIME | NO >50K 0.41 [0.017, 0.220] [0.017, 0.297] [0.017, 0.220]
ABOVE HIGH SCHOOL, FULL-TIME | YES < 50K 0.12 [0.310, 0.664] [0.250, 0.734] [0.310, 0.664]
ABOVE HIGH SCHOOL, FULL-TIME | NO < 50K 0.12 [0.725, 0.953] [0.438, 0.953] [0.752, 0.952]
ABOVE HIGH SCHOOL, FULL-TIME | YES >50K 0.12 [0.336, 0.690] [0.266, 0.750] [0.332, 0.677]
ABOVE HIGH SCHOOL, FULL-TIME | NO >50K 0.12 [0.046, 0.275] [0.046, 0.562] [0.048, 0.204]

TABLE 6: Real-world experiment (Experiment N.2).

Our proposed PI bounds are stricter than the competitive baselines.
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Dataset ~ ATE estimation | Baseline (Jiang et al., 2023)  Baseline (Tian & Pearl, 2000)  Our bounds via Table 6 ~ Our bounds via Proposition 4.7
ATE5 4 [0.453,0.996] [-0.604,0.996] [0.489, 0.995] [0.560, 0.995]
Xi_“\Eg,l [-0.242, 0.301] [-0.796, 0.804] [-0.210, 0.285] [-0.210, 0.277]
INSUR A/ﬁg,Q [-0.992, -0.398] [-0.992, 0.608] [-0.991, -0.418] [0.991, 0.401]
XT\E5,4 [-0.044, 0.044] [-0.249, 0.249] [-0.037, 0.040] [-0.037, 0.038]
A/ﬁﬁ,4 [0.912, 0.999] [0.502, 0.999] [0.927, 0.999] [0.920, 0.999]
me,g [0.912, 0.999] [0.502, 0.999] [0.924, 0.999] [0.930, 0.999]
A/ﬁl,z [-0.380, 0.172] [-0.562, 0.438] [-0.239, 0.126] [-0.218, 0.107]
A/T\E3,4 [-0.172,0.38] [-0.438, 0.562] [-0.150,0.373] [-0.102, 0.278]
ADULT ms_g [-0.796, 0.124] [-0.800,0.200] [-0.778, 0.071] [-0.770, 0.069]
ATE7_s [0.203, 0.797] [0.201,0.800] [-0.123,0.797] [-0.003, 0.790]
Xﬁg,m [-0.643, -0.061] [-0.703, 0.296] [-0.642, -0.088] [-0.610, -0.102]
ATE1y 1z [0.061, 0.644] [-0.296, 0.704] [0.128, 0.629] [0.146, 0.602]

TABLE 7: ATE estimation for the real-world dataset between the rows (Experiment N.2). The bounds from Table 6 means
directly computing the difference between the lower (upper) bound of P(Y = 1 | do(2)),2’ = 0, 1. Compared with
Jiang’s bounds informatively indicating that ATE 11—12 > 0, our proposed bounds additionally supplements that ATE7 3
is almost positive. It indicates that the relationship significantly affects income among well-educated and high-income
individuals, regardless of “full-time” or “part-time”, which serves as our new observation..
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FIGURE 6: Illustration on whether TPI would be vanilla (Theorem 4.1 under d,, = 3). Confounder information P(U)
is shown as a 2-simplex, and each coordinate axis represents a P(u;), where i = 0,1,2. Notice that (-)° represents
the complement of set (+), and P(X,Y) = [(P(x,y),P(z,~y)T, (P(~z,y),P(~x,~y))T],x = y = 1. According to
Theorem 4.1, we always have Pk, C PL, P, C PY, hence the total region of P(U) is separated into three disjoint
partitions: {(PL)e, PL/PL . PL.Y or {(PY)e, PV )P, Py} These practical examples clearly show that ATE is less
prone to vanilla than P(y | do(x)).
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