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Abstract

Bounding causal effects analytically, rather than
numerically, is appealing for its interpretability
and conceptual clarity. Existing sharp methods
rely on optimization-based approaches such as
the Balke—Pearl framework, whose computational
complexity grows rapidly. An alternative line of
work derives bounds heuristically using probabil-
ity laws and generic inequalities, and some recent
papers have claimed or conjectured that this ap-
proach can yield sharp analytical bounds with sub-
stantially lower complexity. In this paper, we show
that this perceived advantage is illusory. In par-
ticular, in a discrete instrumental variable setting,
we show that any sharp analytical bound for the
average treatment effect must be expressible as
a maximum (minimum) over a collection of lin-
ear terms whose cardinality grows exponentially
in the number of values taken by the outcome. In
parallel, we show that the number of instrumental
variable inequalities itself also grows exponentially.
Consequently, bounds and inequalities expressed
using only polynomially many such terms cannot
be sharp. As a constructive complement, the paper
is accompanied by codes implemented in python
and R to derive sharp analytical bounds and sharp
inequalities with optimal computational complex-
ity, matching the lower bounds proven in this paper.
These codes are available lonline.

1 INTRODUCTION

Bounding causal effects under partial identification has a
long history in statistics, econometrics, and causal infer-
ence. When point identification fails, sharp bounds provide
the tightest possible characterization of causal estimands
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consistent with observed data and maintained assumptions.
Seminal contributions by Manski| [[1990] and Manski| [2003]]
formalized partial identification as a coherent framework,
while subsequent work on instrumental variable (IV) models
clarified how structural assumptions can result in narrower
identification regions [Balke, |[1995| |Balke and Pearl, |1997,
Robins, (1989, |Pearl, [1995].

Among the available tools for bounding causal estimands,
analytical bounds, closed-form expressions written directly
as functionals of observed probabilities, are especially ap-
pealing due to their interpretability and transparency. How-
ever, the computational complexity of deriving sharp analyt-
ical bounds remains poorly understood.

Two broad approaches have been developed to derive analyt-
ical bounds in IV models. The first formulates the bounding
problem as an optimization over the space of full data distri-
butions consistent with the observed data and the structural
assumptions. This approach originates in Balke|[[1995]], and
has been extended in multiple directions [Cheng and Small,
2006, Richardson and Robins, 2014, [Sachs et al., 2023,
Duarte et al.||2024]]. These methods are guaranteed to yield
sharp bounds, but their computational cost grows rapidly
with the cardinalities of the observed variables, making them
difficult to apply in more complex discrete settings.

The second approach derives inequalities algebraically from
the observed data law using logical implications of the
causal model, the laws of probability, and generic inequali-
ties, e.g. Fréchet inequalities [Fréchet, 1935 Manskil (1990,
Kédagni and Mourifié, [2020, [Finkelstein and Shpitser],
2020]. While these bounds are not guaranteed to be sharp,
they are often easier to interpret and compute. Because these
approaches do not explicitly enumerate vertices of the full-
data polytope, it has been conjectured, implicitly or explic-
itly [Bonet, |2001} [Kédagni and Mourifié} 2020] |Shu et al.|
2025] that sharp analytical bounds and complete testable
implications might be obtained through these approaches
without incurring the limiting computational complexity of
the optimization-based approaches.
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This paper shows that such a computational separation is
impossible. Focusing on the discrete instrumental variable
(IV) model, we establish fundamental lower bounds on the
complexity of both problems of deriving (i) sharp partial
identification bounds for the average treatment effect (ATE)
and (ii) sharp testable implications of the IV model. Here,
sharp implies valid and tight: the bounds cannot be im-
proved, and the implications are necessary and sufficient for
compatibility with the IV model.

First, for partial identification, we prove that when the out-
come variable Y takes n distinct values, any sharp upper (or
lower) bound for the ATE must be representable as the min-
imum (or maximum) over a collection of linear expressions
whose cardinality grows exponentially in n. Consequently,
no polynomial-size family of linear analytical expressions
can yield sharp bounds in general.

Second, we provide a complete and sharp characterization
of the testable implications of the discrete IV model. We
show that the set of observed data distributions compatible
with the model is defined by a family of linear inequalities
corresponding to the extreme rays of a dual cone. Crucially,
we prove that the number of necessary and sufficient IV
inequalities also grows exponentially in the support size
of the outcome. Thus, any complete system of testable im-
plications must be exponentially large in the worst case.
This extends and sharpens earlier results on instrumental in-
equalities [[Pearl, 1995, |Bonet, 2001} |Kédagni and Mourifi€,
2020]] by providing necessity, sufficiency, and explicit lower
bounds on their number in multi-valued settings.

Both results show that the exponential growth observed
in linear programming approaches, therefore, reflects an
intrinsic combinatorial feature of the IV model rather than
an artifact of a particular computational technique.

As a constructive complement to our theoretical results, we
develop a software package that computes sharp upper and
lower bounds on the ATE as well as sharp IV inequalities
(testable implications) with optimal output-sensitive com-
putational complexity, that is, time linear in the number
of sharp terms (or inequalities). Rather than enumerating
extreme points of the dual linear program, our implementa-
tion exploits the explicit structural characterizations derived
in this paper to generate sharp bounds and IV inequalities
directly. This avoids the combinatorial overhead inherent
in off-the-shelf linear programming or vertex-enumeration
routines. Simulation studies demonstrate substantial com-
putational gains. While existing packages based on generic
optimization or polyhedral enumeration become practically
intractable even for moderate outcome support sizes, our
method computes the full collection of sharp bounds and
necessary and sufficient IV inequalities in milliseconds,
even when the outcome support is large.
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RELATED WORK

The identification of causal effects in IV models dates back
to classical econometric analyses of simultaneous equations
and compliance behavior. Under additional structural as-
sumptions such as monotonicity, point identification of ef-
fects is possible [Imbens and Angrist, |1994} |Angrist and Im
bens) (1991}, [Chamberlain, 1986, Manski and Pepper, 2000].
Without such strengthening assumptions, causal effects are
generally only partially identified.

Sharp bounds for IV models were first derived via linear pro-
gramming in Balke| [[1995]]. Extensions to multi-valued in-
struments appeared in|/Cheng and Small| [2006] and Richard{
son and Robins|[2014], building on earlier nonparametric
bounds of |[Robins| [1989] and |[Manski| [1990]. Symbolic and
algorithmic characterizations of causal bounds for a class
of graphs more general than the standard IV model were
developed in Sachs et al.[[2023]]. Our results complement
this work by proving that the observed computational com-
plexity is unavoidable for sharp bounds in the discrete IV
setting, rather than an artifact of their approach. In addition,
we characterize the solutions to these linear programming
formulations of the problem, circumventing the need for
the compute-intensive task of numerically enumerating the
extreme points.

On the testability side, |Pearl| [1995]] derived the original
instrumental inequalities for the binary case, and Bonet
[2001]] strengthened these results. Kédagni and Mourifié
[2020] provided necessary and sufficient generalized instru-
mental inequalities for the binary treatment and outcome
setting under joint independence. Most recently, Song et al.
[2024] characterized the restrictions on the joint distribution
of potential outcomes in a categorical IV model.

Another related approach to deriving the testable implica-
tions is based on Artstein’s inequalities [Artstein, |1983]].
This perspective characterizes compatibility with a latent-
variable model through the existence of a random selection
from a set-valued map, and has been used to derive sharp
instrumental variable inequalities [Beresteanu et al., [2012].
More recently, Luo et al.[[2025]] studied how to select non-
redundant Artstein inequalities for sharp identification in
models with set-valued predictions, recovering the restric-
tions characterized by [Song et al.|[2024] in the IV model.

These approaches are closely related to ours in that they char-
acterize compatibility restrictions implied by IV assump-
tions. However, existing numerical and linear-programming-
based approaches typically solve an instance-dependent op-
timization or feasibility problem for a given observed dis-
tribution, and therefore must be re-run when the observed
data law changes. In contrast, our results provide explicit
closed-form symbolic solutions for both sharp ATE bounds
and falsification constraints in the discrete IV model. This
provides two important advantages: (i) once derived, these



solutions can be evaluated on any observed distribution
without additional numerical optimization, and (ii) because
of the explicit characterization, the bounds or the inequal-
ities can be generated sequentially, avoiding the memory
bottleneck in moderate to large support sizes.

Deriving symbolic bounds is also crucial for the task of infer-
ence, as shown by recent work [Ben-Michael 2025]]. Since
existing symbolic approaches often derive such bounds by
enumerating feasible solutions or vertices, which can be-
come computationally intractable as the problem size grows,
our closed-form characterizations can help tractable infer-
ence while avoiding unnecessary generic enumeration.

Finally, continuous IV models have been studied under struc-

tural or semiparametric assumptions [Imbens and Angrist,

1994, |[Kitagawal, 2021}, Beresteanu et al., 2012]]. However,

without additional restrictions, continuous IV models im-

pose no testable constraints on the observed distribution

[Bonet, 2001}, |Gunsilius, [2021]]. Our focus is therefore on

the discrete setting, where rich geometric structure emerges.

Contributions. We make three main contributions:

1. Sharp analytical ATE bounds. We prove that any
sharp representation of the ATE bounds in the dis-
crete [V model must involve exponentially many linear
terms in the outcome support size, showing that the
computational burden is unavoidable when deriving
sharp bounds. We provide an explicit and complete
characterization of these bounds in the binary instru-
ment setting.

. Sharp testable implications. We establish exponen-
tial (in the outcome support size) lower bounds on the
number of sharp testable implications (IV inequalities)
in the discrete IV model. We provide these sharp in-
equalities explicitly in the binary instrument setting.

. Computationally optimal code. We provide codes for
computing the sharp bounds and inequalities with opti-
mal time complexity in the binary instrument setting,
which enables tractable computation of bounds and
inequalities in discrete IV models.

2 PROBLEM SETUP

For n € N, we denote the set {0,---,n— 1} by [n].
Throughout the paper, vectors are shown by bold letters
(e.g., p), random variables by capital letters (e.g., Y), and
probability measures by calligraphic letters (e.g., P).

We consider the instrumental variable model with categori-
cal variables. We let D denote a dichotomous treatment vari-
able. We assume without loss of generality that D € {0, 1}.
We denote the observed outcome variable and the instrument
by Y and Z, respectively. Following Neyman-Rubin poten-
tial outcome model, let Y (42) denote the potential outcome
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of Y, if the treatment and the instrument (possibly contrary
to the fact) were set to D = d and Z = z, respectively. We
assume these variables exist throughout. The variables D(*)
are defined similarly, as the potential outcome of D, had
(possibly contrary to the fact) the instrumental variable been
set to Z = z. The existence of these variables, however, is
only essential to some of our results.

We assume the outcome variable Y takes values in a fi-
nite real-valued set {yo,v1, ", Yn—1}, Where 79 < 71 <
.-+ < vp—1 without loss of generality. We further assume
that the instrument Z takes values in [¢].

We require an exclusion restriction in our setting.

Assumption 1 (Individual-level exclusion). y(dz) —
Y (42) almost surely for all z, 2" € [¢] and every d € {0,1}.

The individual-level exclusion restriction posits that there is
no direct effect of Z on the outcome Y other than through
the treatment of interest D. We maintain this assumption
throughout the manuscript and consequently simplify the
notation and use Y (%) to denote potential outcomes.

In addition to the exclusion restriction, we will work under
an IV independence assumption. We consider the following
two versions.

Assumption 2 (Random assignment). The variables D®)
for z € [{] exist, and,

Assumption 3 (Joint independence).

Z 1 (YO vy,

Assumption[2]is stronger than Assumption [3] in the sense
that the former implies the latter. In the remainder of this
paper, we work under Assumption [2] for ease of exposi-
tion. However, we will show that most of our results are
valid under Assumption 3] Finally, we make the standard
consistency assumption:

Assumption 4 (Consistency).

Y=01-D)Y©® 4+ py®,
D= Zze[a 1(Z = z)D(Z),

(4a)
(4b)

where 1(-) is the indicator function.

Let Qf and P represent the full data and the observed
data laws, respectively. For example, when ¢/ = 2 (bi-
nary instrument), Q@ = L£(Y© y® DO DO 7)
and P = L(Y,D,Z). We denote by Q the marginal
law of (YO, y(M DO DED)  after marginal-
izing out Z, induced by of. Moreover, for every



z € [f], we define the stochastic kernel P, as the
regular conditional distributio of (Y,D) given
Z = zunder P. Thatis, P, == P(Y,D | Z = z).
Finally, we use ¢;;q and p;q. as shorthand for
1) (y(O) =, Y = Y, (D(O)7 o 7D(é—l)) — d)

and P, (Y = ;, D = d), respectively.

In this work, we consider the following two problems.

Sharp Partial Identification Bounds for the Average
Treatment Effect. We consider the problem of deriving
sharp bounds for the average treatment effect, defined as

ATE(QY) := Egs [y — YO

ey
= Zme[n] Zde{o,m (v; = %) Gij,a-

Specifically, the objective is to derive functionals U(-) and
L(-) of the observed data law P such that the following
inequalities are valid and sharp

L(P) < ATE(Q7) < U(P), )

meaning that (i) they contain the true value of the estimand
for every full data law that is compatible with the maintained
assumptions and the observed distribution (valid); and, (ii)

they are the tightest possible among all valid bounds (sharp).
Specifically, for every observed law P conforming to the IV
model, there exist full data distributions Q£ and Qé satis-
fying the maintained assumptions and having the marginal
‘P that attain these bounds, i.e.

ATE(Qf) = L(P),  ATE(Q))=U(P).

In general, one has to derive the functional L(-) and U(-)
separately. However, in the following proposition we show
that using the symmetry of the ATE functional, U (P) can
be expressed as L(-) evaluated at a different point (and vise
versa).

Proposition 1. For any observed data law P we have
U(P) = —L(P), where the law P can be constructed based
on P as follows:

PY =y,D=d,Z=2)=PY =y,D=1-d,Z = z2).

Proof. Let OF be defined as
Qf(y(o) =, YD = Vi, (D(O), B .’D(f)) =d,Z=2)=
Qf (YO =, YD =, (DO, ... DY) =d, 7 = z),
which is the probability measure resulting from relabeling
Y (© and YV by swapping them. By definition,
ATE(Qf) :=Eg, [y — Y]

3
=Eos YO - YW = — ATE(QY). ©

'We assume without loss of generality that P(Z) > 0. Oth-
erwise, one can discard the values z with zero probability and
rearrange.
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Let P be the observed data law induced by O7 under consis-
tency. Equation (3)) implies that if L(7P) is a (sharp) lower
bound for ATE(QY), then —L(P) is a (sharp) upper bound
for ATE(QY); that is, U(P) = —L(P). The law P can be
easily constructed based on P as follows.

PY =y D=d,Z=2)=PY =y,D=1-d,Z = z).
O

Therefore, it is sufficient to characterize the lower bound
functional L(-) for our purposes. We call P the conjugate
observed law, and similar to P, we define conditionals P,
and use p;; q as shorthand for its conditionals.

Sharp Testable Implications. It is known that the instru-
mental variable model has testable implications (see, e.g.
Pearl|[[1993]], Kédagni and Mourifié|[2020]). In particular,
the instrumental variable model imposes restrictions on the
observed data law P, and if these restrictions are violated,
the IV model is falsified. Here, we consider the problem
of deriving the set of valid and sharp testable implications,
in the sense that (i) if the true data-generating process fol-
lows the instrumental variable model, then P satisfies these
implications, and (ii) if P satisfies this set of testable impli-
cations, then there exists a full data law Q that follows the
IV model and induces (marginalizes to) P. In other words,
the IV model cannot be falsified.

3 LINEAR PROGRAMMING
FORMULATION AND THE DUAL

In this section, we formalize the set of necessary and suffi-
cient (linear) constraints that the full data law must satisfy
under Assumptions [T} 2] and 4] Additionally, we review a
unified linear programming approach to solving both classes
of problems considered in this work.

Proposition 2. Under Assumptions and ) given the
observed law P, the marginal law of potential outcome
variables Q(-) is sharply characterized as follows:

pyO,z = Z Z Qyﬁd Vy € [n]a ze [6]7
j€ln] de{o,1},
d,=0
Pyl= > > Giyd Yy€En], zell], 4
i€[n] def0,1}",
¢ija >0 Vi,j € [n], d € {0,1},

where d, is the z-th element of vector d.

The proof of Proposition[Z]is given in Appendix [A.T] Propo-
sition [2] states that for any IV model, these equations hold
(necessity), and for every pair P, Q that satisfy these equa-
tions, there exists a full data law Q7* conforming to the [V
model that marginalizes to Q and P (sufficiency).



Let p, p € R2" and q € R2™” be vector representations
of pyd,. and pyq . for all y,d, z and g;; q for all 7, j, d, re-
spectively. Equation (4) can be expressed in matrix form:

M'q=p, q>0, )

where M is a binary matrix such that

Mij.ay,(yd,z) = 1

if g;j,a appears in the equation corresponding to p,q, . in
Equation (), and is 0 otherwise. In Appendix, we provide
an example where n = ¢ = 2 and the corresponding matrix
M is given (see Section [E.T).

3.1 LINEAR PROGRAMMING AND THE DUAL
PROBLEM

Based on Proposition[2]and its matrix representation (Equa-
tion[9), the set of all full data laws consistent with the ob-
served distribution p is given by the convex polytope

I(p) = {qGRQE"2 :MTq=np, qZO}. (6)

Below, we review how the problems we consider in this
paper are cast into linear programming (LP) problems using
the latter observation.

Partial Identification for ATE. The ATE is a linear func-
tional of the full data law. In particular,

ATE(Q')=c'q,
where the coefficient vector c is defined component-wise as
Cij,d = V5 — Vis
for all 7,5 € [n] and all d € {0, 1}* (see Equation|[I).

Since the bounds are obtained as global optima, the sharp
identification region for the ATE is given by solutions to the
linear programs

L(P)=min c'q st. M'q=p, q>0 (7)
a
and
UP)=max c'q st. M'q=p, q>0
q
= —L(P)
=—min c'q st. M'q=p, q>0, (8
a

where U, L are defined in Equation (2). Since I'(p) (the
feasibility region) is a convex polytope, the resulting interval

[L(P),U(P)] = [L(P), —L(P)]

is the sharp identification region for the ATE.
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Testable Implications of IV Model. To test whether a
given observed probability vector p is compatible with the
IV model, we seek necessary and sufficient conditions on
p such that existence of a vector q satisfying the linear
system in Equation (5) is guaranteed. In other words, we
want to determine whether the set I'(p) is nonempty. This
can be cast as deciding the feasibility of the following linear
program:

min 0 st. M'q=p,

q

q>0. )

The IV model can be falsified if and only if the latter is not
feasible.

Dual Formulation. The dual formulation provides an al-
ternative characterization of both sharp identification re-
gions and testable implications. By the strong duality theo-
rem of linear programming, whenever the feasible set I'(p)
is nonempty, the optimal values of the primal and dual prob-
lems coincide (see, e.g., [Boyd and Vandenberghe, 2004,
Section 5.2.3]). The dual has two desirable advantages: (i)
solving the dual can be computationally more efficient as it
is defined over parameters corresponding to the observed
data with dimension 2¢n, whereas the primal is defined over
parameters corresponding to the full data law with dimen-
sion 2fn?; (ii) more importantly, the dual admits a form
where the constraints do not depend on the observed vector
p. As we shall see in Section[3.2] the latter is essential for
deriving analytical (closed-form) solutions to the LPs.

The dual LPs associated with Equations (7) and (8) are

max vVv'p st Mv<c, (10)
veRZI’.n
and
— max va) s.t. Mv <c, (11
vER2Ln

respectively, where v is the vector of dual variables corre-
sponding to the equality constraints of primal LPs. Every
dual-feasible vector v in Equation or generates a
valid bound which holds uniformly over all full data laws
consistent with the observed distribution. The optimal dual
solution yields the tightest such bound.

In the testable implications setting, a fundamental result
from linear programming (a theorem of the alternative; see,
e.g., [Boyd and Vandenberghel 2004} Section 5.8]) implies
that the primal problem of Equation (9) is feasible if and
only if

{max p'r subjectto Mr<0} < 0. (12)

reRr2en
In other words, each vector r satisfying Mr < 0 imposes
the linear inequality p " r < 0 that must be satisfied by the
observed distribution p. These inequalities are necessary
and sufficient for the existence of a full data law q > 0
satisfying M " q = p.



3.2 DUAL SOLUTION VIA EXTREME POINTS
AND RAYS

In this section, we discuss how to derive closed-form so-
lutions of the dual LPs. We denote the feasible regions of

Equations (T0) and (IT)) by
H:={veR* : Mv<c},

and the corresponding feasible region of Equation by
K:={re R . Mr < 0}.

Note that these sets do not depend on the observed data law;
they remain invariant across every instance of the IV model,
and so are their extreme points. Closed-form solutions can
therefore be obtained through finding the extreme points
and rays of these feasible regions. We provide the necessary
formalism below.

Both H and K are polyhedra. However, since M might
not have full column rank, these polyhedra contain affine
directions given by the kernel of M, defined as

ker(M) := {xz : Mz = 0}.

Consequently, feasible points are not isolated in R2‘": if v is
feasible, then so is v + s for any s € ker(M). To eliminate
this intrinsic degeneracy, we work modulo ker(M).

Definition 1 (M -equivalent and M -distinct). Two vectors
v1, vy are M-equivalent if

vy —vg € ker(M),

or equivalently, Mv, = Mvy. Two vectors are called M -
distinct if they are not M -equivalent.

Working in the quotient space R2‘"\ ker( M) removes affine
directions and restores a proper notion of extremality.

Definition 2 (Vertex). A vector v € H is a vertex of H if
for any representation

v =Avy + (1 = \)vo, A€ (0,1), wvi,vo €H,

the vectors v,vi,vo are M-equivalent.

A vertex is a point in H that cannot be written as a nontriv-
ial convex combination of two M -distinct feasible points.
The dual optimum will be attained at a vertex of H (see
Appendix for a more detailed discussion). Therefore,
sharp identification bounds can be obtained by evaluating
p v and p' v over the (finite) set of vertices.

The set K is a polyhedral cone. The feasibility of the primal
problem is equivalent to

pTr <0 forallr € K.

Hence, the extreme rays of K determine all necessary and
sufficient IV inequalities.
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Definition 3 (Extreme ray). A nonzero vectorr € K is an
extreme ray of KC if for any decomposition

r=ry+ry, ri,rs€lk,
there exist o, 8 > 0 such that
Mry = aMr, Mry,=[Mr
or equivalently,
r; = ar + sy, ro = Or + sg

M).

for some s1, 89 € ker(

Each extreme ray r generates the affine set
& ={ar+s:a>0,s¢eker(M)}.

Since K is a polyhedral cone, it admits only finitely
many M -distinct extreme rays [Rockafellar, |1970] (see Ap-
pendix [A.3]for a more detailed discussion). Consequently, K
can be written as the conic hull of finitely many extreme rays.
It follows that the infinite family of inequalities p " r < 0 for
all r € K reduces to a finite family indexed by the extreme
rays.

The above discussion yields a unifying principle:

* Sharp identification bounds are obtained by enumerat-
ing the vertices of H.

 Sharp testable implications are obtained by enumerat-
ing the extreme rays of K.

We shall explicitly characterize the vertices of H and the ex-
treme rays of X in Sections[and[5] respectively, and present
closed-form sharp bounds and IV inequalities accordingly.

4 PARTIAL IDENTIFICATION OF ATE

We first present the sharp ATE bounds for the case where
¢ = 2 (binary instrument) in Section @ Later in Sec-
tion 4.2] we provide an exponential lower bound on the
number of terms in the bounds for an arbitrary value of ¢
(multi-valued instrument).

4.1 BINARY INSTRUMENT

To compute the vertices of H explicitly in this case, we use
the special structure of 7. An extensive list of the useful
properties of H along with their proof is available in Ap-
pendix [B] Using these properties, for every feasible point
v € H, we build a corresponding binary vector b, which we
call the signature of that feasible point. See Definition
in Appendix [B.3]for the details of constructing a signature
vector. We next define a set .S of such signature vectors that,
as we shall see, correspond to the M -distinct vertices of H.



Definition 4 (Admissible signatures). The set of admissible
signatures, denoted by S, is defined as S = S1 U So U S3,
where each S; is a set of binary vectors b € R"*2%2 5.1,

1. be Sy iff
e 3t € [n — 1] such that byog = bjo1 = 1 for all
i >t and bypg # bip1 for all i < t.
e Foralli € [n], bj10 # bi11-
e There exist i, j € [n] such that b;1o = bj11 = 1.
2. beSyiff
* b(n—1)00 = bn-1)01 = bo1o = bo11 = 1.
e Forall 0 <i<mn—1, bioo # bior1.
e Forall0 < j <n—1, bji0 # bjn1.
3. beSsiff
e 3t € [n — 1] such that bj1g = bj11 = 1 for all
i <t+1andbj1g # b1y foralli >t + 1.
e Foralli € [n], bioo # bio1-
* There exist i, j € [n] such that byoo = bjo1 = 1.

In Appendix|B| we first show that given a set of M -distinct
vertices of H, every vertex induces a unique admissible
signature b € S. Conversely, given an admissible signature,
we can reconstruct the corresponding vertex, as outlined
below.

Definition 5 (Vertex map). Given an admissible signature
b € S, we define the vector u(b) € R"*2*2 g5 follows:

* w00 = —y; — @ if bioo = 1, and w00 = o otherwise;
* Uji0 = % if bio = 1, and uz10 = —Yp—1 — o other-
wise;
® Ujol = Vi l:fbj,()l =1, and u;p1 = Yo + & otherwise;
* ujin = % +aifby = 1, and uj1n = —yn—1 other-
wise,
where
—Yo — "Vt ifbe S,
a =9 =% — Yn-1 ifb e Sy,
Mt — Vn—1 ifb e Ss.

This following result establishes a one-to-one correspon-
dence between the set of admissible signatures .S and the
M -distinct vertices of H.

Theorem 1. The set V = {u(b) : b € S} is a set of
M -distinct vertices of H, and any other vertex of H is M-
equivalent to a member of V.

Corollary 1. The number of M -distinct vertices of H is
exactly
5 % 471,71 _ 2n+2 +4’

which is the number of admissible signatures.
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Sharp ATE bounds can be expressed in terms of the M-
distinct vertices of H as follows.

Theorem 2. Under Assumptions|I|[2] and[] the ATE admits
the following valid and sharp bounds:

maxv'p < ATE < —maxv'p.
vev vey

(13)
We presented the sharp bounds on ATE under random as-
signment (Assumption[2). However, our next result indicates
that the ATE admits the same set of sharp bounds under the
weaker assumption of joint independence.

Theorem 3. The ATE bounds of Equation (13)) are valid
and sharp under Assumptions|[I} 5l and

Notice that Theorem does not require the variables D(?)
to be defined. For n = 2, the corresponding S, V, and ATE
bounds are provided in Appendix [E.3]

Remark 1. The set of admissible signatures S can be gen-
erated in time O(|S|) by conditioning on the threshold t
in the definitions of S1 and Ss3 and then iterating over the
corresponding binary vector choices. Moreover, each ad-
missible signature can be mapped to its associated vertex
in O(n) time; see remarkES’] Hence, all vertices inV can be
generated in time O(n|V|), which is optimal in output size,
as it is linear in the total length of the generated vertices.

4.2 MULTI-VALUED INSTRUMENT

To show that the number of linear terms in the ATE bounds
grows exponentially in the multi-valued instrument case
(¢ > 2), we construct a family of M-distinct vertices whose
cardinality grows as Q(¢™).

Theorem 4. Foranya € [{], andanys = (sg,...,5p—1) €
([ \ {a})™, define w(a,s) € RPX2XE 40
Wty = 0’ Vy, j 7é a,
Wyl,a =Ty — Tn—1, Yy,
Wy0,5 = 0, V% ] ¢ {a’sy}’
Wy0,s, = Yn—1 — Vy; Yy,
Wy0,a =70 — Yn—1, Yy.

Then {w(a,s) :a € [{], s € ([{] \ {a})™ non-constant} is
a set of M -distinct vertices of H (the feasible region of Equa-
tion[I0). The number of these M-distinct vertices equals

z((z—l)”—l (- 1)).

Corollary 2 (Exponential lower bound). Under Assump-

tions[1} 2| and [ (or alternatively, [1) 5| and {d), if a set of
linear functionals of P is a sharp ATE bound, then it must
contain at least

z((e )yt (- 1))

terms.



5 TESTABLE IMPLICATIONS

In a similar fashion to the previous section, we first present
the sharp implications expressed as IV inequalities in a
binary instrument case (/ = 2) in Section Later in
Section[5.2] we provide an exponential lower bound on the
number of sharp inequalities for an arbitrary value of ¢.

5.1 BINARY INSTRUMENT

As mentioned in Section[3] the implications of the IV model
boil down to

p'r<0 forallreK. (14)
Since K is a polyhedral cone, it can be expressed as a cone
combination of finitely many, e.g. w, extreme rays (see, e.g.,
[Rockafellar, |1970, Section 19, Part IV]):

15)

K = cone(ry, ..., 7).

Equation (T4) is therefore equivalent to the finite family of
inequalities

p <0 Vie{l,... w} (16)
where {r1,...,7,} are M-distinct extreme rays of }C. That
is, the inequalities of Equation (I6) are sufficient to test
the IV model. In Appendix [C} we characterize these ex-
treme rays (see Proposition [7). We further show that each
inequality of Equation (T6) is necessary, that is, for each
i € {1,...,w}, there exists a vector p such that p satisfies
all inequalities but the one corresponding to r; (see Sec-
tion [C.3). Therefore, to obtain an explicit set of necessary
and sufficient (valid and sharp) IV inequalities, it suffices
to characterize the M -distinct extreme rays r; of K. The
following result presents these sharp implications.

Theorem S. Let P be the observed probability distribution,
and pyq. . defined as in Secti()n The sharp testable impli-
cations of the IV model under Assumptions[I} 2| and[)are
the following inequalities:

Z —Pro,1 + Z(PM,O —pr11) <0,

keln] keT
VI Cln—1], T # @,

Z —Pr1,0 T Z(pk(u — Proo) <0,

ken] keT
VT C[n], T # @,

> —proo+ Y (Pri1 —prio) <0,

ke[n] keT
VI Cn—1], T #@.

A7)

Corollary 3. The number of sharp 1V inequalities in a
binary instrument setting is 2" 1 — 4,
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Remark 2. For a binary instrument, |Bonet| [2001|] de-
rived 2"tY IV inequalities, showing that they are nec-
essary but not sufficient. In fact, some of those inequal-
ities were shown to be redundant within the same pa-
per. More recently, |Kédagni and Mourifié| [2020|] obtained
o’ 4 2n(4 + 2™) + 2"*L inequalities and proved their
necessity, noting that this set may not be sufficient (and
clearly contains redundancies). Theorem 3| provides a non-
redundant, necessary and sufficient set of size 2" 1 — 4,

For n = 2, the corresponding extreme rays and IV inequali-
ties are provided in Appendix [E.4]

5.2 MULTI-VALUED INSTRUMENT

We now show that the number of IV inequalities grows
exponentially when the instrument Z takes ¢ > 2 values.

To this end, it suffices to find a set of M -distinct extreme
rays of I with exponentially increasing cardinality, and
construct the corresponding IV inequalities. The following
result presents such a set of inequalities.

Theorem 6. Suppose Assumptions|l| 2]and[| hold. For any

y € [n—1], j/ € [¢], and non-constant (jo,. .., jn—1) €
[\ {4’ D)™, the following inequality holds:
n—1

Py1y < S by + Y by, (18)
J€{jos--sdn—1} y=0

Moreover, none of these inequalities are implied by the
others (no redundancy), and their total number is

(n—1)e((t—1)" = (£ —1)).

Corollary 4 (Exponential lower bound). Any sharp set of
linear IV (in P) inequalities must contain at least (n —
)4 ((¢—1)" — (¢ — 1)) inequalities.

6 SIMULATIONS

As shown in Theorem 2]and Theorem 3] both the number of
linear terms in the ATE bounds and the number of testable
implications grows exponentially in the outcome support
n. These numbers are provided in Tableﬂ]for 2 <n<10.
These results establish an exponential-time lower bound on
the time complexity of deriving closed-form bounds and
testable implications. Our approach of explicitly characteriz-
ing the vertices (extreme rays) of the dual feasible set allows
for the derivation of the bounds (inequalities) in time linear
in the number of terms appearing in the bound (inequalities).
We can therefore use these characterizations to derive the
ATE bounds as well as testable implications efficiently, i.e.,
with time complexity matching the lower bound.

In order to assess whether this approach is advantageous to
the existing ones, we compared the running time of deriving



n | Terms in ATE Bound | IV Inequalities
2 8 4

3 52 12

4 260 28

5 1156 60

6 4868 124

7 19972 252

8 80900 508

9 325636 1020

Table 1: Number of linear terms in the ATE bounds, and the
number of testable implications. n represents the size of the
outcome support.

Average Time (seconds)

—$— causaloptim
—$— our approach

8 9 10

Figure 1: Average running time of our approach vs causa-
loptim [Sachs et al.| | 2023]] for enumerating the vertices of
the dual LP and producing the ATE bounds.

sharp closed-form ATE bounds using our approach vs the
approach of|Sachs et al.|[2023]], who enumerate the vertices
of the feasible set using off-the-shelf methods. We used the
causaloptim library in R [Sachs et al., 2023 for this com-
parison. The code implementing our approach is available
onlineEl

Figure|l|illustrates the running times across different values
of n (the size of the outcome support). As expected, our
approach requires time exponential in n (linear trend in the
log-scale plot). However, as shown in Figure[l} the approach
of[Sachs et al.|[2023] requires time super-exponential in n to
enumerate the vertices, albeit the number of vertices is only
exponential. With support sizes as small as n = 6, we can
already witness more than 1000 times faster running times
through our approach. Importantly, both methods yield the
exact same sharp bounds, while our approach runs several
orders of magnitude faster, taking milliseconds compared
with over 24 hours for causaloptim when |Y| = 7.

The super-exponential scaling of causaloptim stems from its

2https://github.com/ArefeBoushehrian/Analytical-Causal-
Bounds-in-Instrumental-Variable-Models
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reliance on general-purpose polyhedral enumeration. Such
enumeration procedures do not scale linearly with the num-
ber of resulting vertices or extreme rays; instead, they search
over a much larger implicit candidate space. In contrast, our
approach exploits the structural patterns of the discrete IV
model identified in this paper, avoiding this generic enumer-
ation bottleneck.

We note that confidence intervals are included in Figure/[T}
however, they are visually negligible due to the deterministic
nature of both algorithms. The minor observed variation in
running times is driven only by external factors such as
operating-system scheduling and background processes.

7 CONCLUSION

We studied the problem of deriving sharp analytical closed-
form ATE bounds and testable implications of the discrete
IV model. We showed that the number of linear expres-
sions in any set of sharp bounds for the ATE, as well as
the number of sharp testable implications in such models
grow exponentially in the outcome support. This rules out
any approach trying to derive sharp linear bounds (inequali-
ties) in polynomial time. On the positive side, we explicitly
characterized the sharp ATE bounds and the sharp IV in-
equalities in the binary instrument setting. As shown in our
simulations, this approach makes deriving bounds and in-
equalities tractable for moderate sizes of outcome support,
which were untractable with previously existing approaches.
While this paper focuses on the fundamental IV setting,
it provides groundwork for extending sharp characteriza-
tions to broader graph classes and estimands; we leave these
extensions to future work.
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This supplementary material is organized as follows:

* The proof of Proposition [2|along with some preliminaries for the rest of our results is provided in Appendix
* The proofs of Theorems [T]and [2] are provided in Section[B]

* The proof of Theorem[5]is provided in Section|[C]

* The proofs of Theorems [ and [6| are provided in Section[D]

A  PRELIMINARIES

A.1 PROOF OF PROPOSITION

Proposition 2. Under Assumptions[I} [2|andH] given the observed law P, the marginal law of potential outcome variables
Q(+) is sharply characterized as follows:

Pyo: = . Y. yja Yy€n], z€[l,
J€[n]de{0,1}*,

d.=0
Pylz== ). D, GQiya Yy€[n], z€[l], “4)
i€[n] de{0,1}*,
d,=1
qij,d >0 VZ,] S [n], de {0, 1}27

where d, is the z-th element of vector d.

Proof. (=) Consider the first equation for a fixed y and z. The right-hand-side summation is equal to Q(Y'(®) = ¢, D(*) =
0). Under Assumption the latter is also equal to Q(Y'(9) =y, D(*) = 0 | Z = 2), which, under consistency (Assumption
equals P(Y =y,D = 0| Z = z) = pyo,.. The second set of equations hold similarly. The the inequalities ¢;; 4 > 0 hold
because Q is a probability measure.

(<) By Theorem 1 of [Song et al.|[2024], it suffices to show that the linear relations Equation (E]) imply the family of
inequalities
1
QYW eV yWev) <3 P(v eV, D=d|z=z), Vzell, (19)
d=0
for every choice of nonempty sets V(O , V1) C {~g, ..., v,_1}.
Fix an arbitrary 2 € [¢]. We show that Equation follows solely from Equation (4) for this fixed 2.
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Left-hand side: Expanding the definition of Q yields

QY eV yWev®)= 3 3 3 g

de{0,1} yoeV(© y eV

Right-hand side: Using (@),

1

DD Pude= D D D Gwd T D D D uowds

d=0 yeV(d) yeV© Y1 defo,1}¢, yev® yo defo,1}¢,
d.=0 d.=1

Since all entries of q are nonnegative, Hence,

i Z Dyd,z = Z Z Z Qyoys ,d-

d=0 ycV(d) de{0,1}¢ yoeV(© y; eV

The right-hand side equals the left-hand side of (T9), proving the inequality. L

A.2 VERTICES OF H
We define the M -equivalence class of a vertex v as
[vl]={v+s]|seker(M)}.
The Deﬁnition captures extremality after quotienting out the intrinsic affine directions induced by ker(M).

Lemma 1 (Quotient characterization). Let 7 : R*™ — R /ker(M) denote the canonical projection, i.e., the map that
identifies any two vectors x,y € R*™ such that x — y € ker(M). Then v is a vertex of H in the sense of Deﬁnitionif and
only if w(v) is an extreme point of the projected polyhedron w(H).

Proof. (=) Assume vV is a vertex and suppose that

m(v) = Am(vy) + (1 = N)7(va)
for some A € (0,1) and vy, vy € H. By linearity of 7, this implies

7T(V —Avy —(1- )\)VQ) =0,

hence v = Avi+(1—\)va+s for somes € ker(M). Since M's = 0, we also have M (vy+s) = Mvy, M(va+s) = Mvy
and vy + s, ve + s € H (because feasibility depends only on M -). Thus we can rewrite

v=Avi+s)+ (1 —-A)(va+s)

with both points in 7. By Definition 2} it follows that M (vy + s) = Mv and M (vs + s) = Mv, ie. 7(vy) = 7(v) and
mw(vy) = w(v). Therefore w(v) is an extreme point of ().

(<) Conversely, assume that 7(v) is an extreme point of () and write
v =2Avi+ (1 = N)vy, A€ (0,1), wvq,vy€EH.

Applying 7 yields
w(v) = Am(vy) + (1 = N)m(va).

By extremality of 7(v), we get w(v1) = 7(va) = w(v), which is equivalent to M v, = Mvy = Mv. This is exactly the
condition in Definition O
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Lemma 2. For any observed law P conforming to the IV and s € ker(M),

p's=0.

Proof. Since M "q = p,

where in (a) we used the fact that s € ker(M ), we have Ms = 0. O

Consequently, for any linear objective p ' v, it suffices to consider one representative per vertex class [v].

By the fundamental theorem of linear programming, whenever the primal is feasible and bounded, the dual optimum over H
is attained at an extreme point of 7(#), equivalently at a vertex M-equivalence class of v of H in the sense of Definition
Therefore, sharp identification bounds can be obtained by evaluating p " v over a finite set containing one representative
from each vertex class.

A.3 EXTREME RAYS OF K

The set K := {r € R?** : Mr < 0} is a polyhedral cone. Moreover, by standard LP duality, feasibility of the primal system
is equivalent to
pTr <0 forallr € K.

Hence, sharp testable implications (i.e., a necessary and sufficient finite family of IV inequalities) can be obtained by
characterizing the extreme structure of .

M-Equivalence under Scaling and Kernel Shifts. Because ker(M) # {0} (see Remark ), the cone K is generally not
pointed and contains a lineality space. In particular, ker(M) C K and ker(M) C —K. Accordingly, we work with rays
modulo positive scaling and kernel shifts.

Definition 6 (Extreme ray class). For nonzero r,r’ € K, we write v ~ v’ if there exists A > 0 such that
Ar — 1’ € ker(M).

We call the M -equivalence class
Ei={Ar+s:A>0, s € ker(M)}

the ray class generated by r.

Definition 7 (M -Distinct extreme rays). Two extreme rays r1,ry ¢ ker(M) are called M-distinct if
Ery F Ery-

Lemma 3. For any two M -distinct extreme rays r1 and ro, we have

Er, NEy = O.

Proof. Suppose, by contradiction, that there exists r’ € &, N &,,. Then there exist ay, vy > 0 and s1, 89 € ker(M) such
that

r =ogr) +5; and r' = qary + so.
Rearranging yields
(&%) (€5)
ry = —ry+ —(s2 —s1),
aq aq
which implies ry € &;,. By symmetry, ro € &, hence &, = &,.,, a contradiction. O

The following lemma formalizes the fact that extremality is a property of the ray class and coincides with extremality in the
quotient cone.
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Lemma 4 (Quotient characterization of extreme rays). Let 7 : R2lm _, R26n ker(M) be the canonical projection and let
K :=n(K). Thenr € K\ ker(M) is an extreme ray in the sense of Definition
of the pointed polyhedral cone K. Moreover, if v ~ v/, then 7(r) and 7 (r’) generate the same ray in K.

if and only if w(r) generates an extreme ray

Proof. First, note that 7(r) = 7(r’) holds if and only if r — r’ € ker(M), hence r ~ r’ implies that 7(r) and 7(r’) lie on
the same ray in K. Now suppose that r is not extreme in the sense of Deﬁnition Then there exist r1, ro € K such that
r = rp + ry and neither summand belongs to the ray class &, i.e., vy ¢ {ar +s: a >0, s € ker(M)}. Applying 7 yields
7(r) = m(ry) + 7(re) with m(ry), 7(rs) € K., and neither 7(r;) lies on the ray generated by 7(r). Hence 7(r) does not
generate an extreme ray of E

Conversely, if m(r) does not generate an extreme ray of K, then we can write 7(r) =7 + 7o with 7,75 € K such that
neither lies on the ray of 7r(r). Choose preimages r1,rs € K with w(r;) = 7. Thenw(r — 11 —r2) = 0,s0r =r; +r3+5
for some s € ker(M). Since s € K and K is a cone, we may absorb s into, say, r and obtain a decomposition r = 1 + T'o
with ¥1, T2 € K whose projections do not lie on the ray of 7(r); equivalently, neither summand belongs to the ray class &;.
Thus r is not extreme in the sense of Definition O

Corollary 5 (Finite generation and reduction to finitely many inequalities). The quotient cone K = 7w (K) is a pointed
polyhedral cone and therefore admits only finitely many extreme rays. Consequently, there existry, ..., v, € K such that

K =ker(M) + cone(rq,...,r,),
and every element of K can be written as s + >, \;x; for some s € ker(M) and \; > 0.
In particular, if p's = 0 for all s € ker(M), then the family of inequalities
pTr <0 Vrek
is equivalent to the finite family

p'r;<o0 Vie{l,...,w}

Proof. Since K is polyhedral, K= m(K) is also polyhedral. By construction it is pointed, hence it has finitely many extreme
rays; see, e.g., [Rockafellar, |1970, Section 19]. Choosing one representative r; in each extreme-ray class and lifting back to
K yields IC = ker(M) + cone(ry, ..., Try).

Finally, if r = s 4 >, A\;jr;, then
p'r=p's+ Z Ap T = Z Aip i,

sop'r < 0forall r € K holds if and only if p"r; < 0 for all . L

Lineality Space. Since ker(M) is a linear subspace, there exists finite nonzero vectors s1, - - - s; such that

ker(M) = span(sy,- - ,s;) = cone(sy, - ,8;) + cone(—sy, -+, —S).
Consequently,
K =cone(sy, - ,St,—S1,"** , —St,T1,. .., Ty ),
where rq, . .., 1, are representatives of extreme-ray classes in XC\ ker(M ). Moreover, note that sq,- - - ,s; and —sq,- -+ , —S¢

satisfy Definition [3] thus, they are extreme-rays in /C N ker(M ).

Therefore, if p's; < 0and —p's; < 0 are satisfied for all i < ¢, then we have p's = 0 for all s € ker(M). As a result,
based on Corollary 3]
p'r<o0 vrek

is equivalent to the finite family
p'r;<0 Vie{l,...,w}
p's; <0 Vie{l,...,t}
—p's; <0 Vie{l,...,t}.

Consequently, sharp testable implications can be obtained by enumerating one representative from each extreme-ray class
along with sq,- -+ ,s; and —sq, - - - , —s; from the extreme ray class & which denote the ker(M).
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B VERTEX ENUMERATION

In this section, we provide the proofs and notations for Section ] First, in Section [B.T] we introduce the basic definitions
and notation required for the problem. In Section we present fundamental lemmas that characterize the vertices and the
structure of the dual LP matrix. In Section[B.3] we define the signature binary number associated with a vertex v and prove
lemmas describing its structure. Next, in Section [B.4] we establish the existence of a bijection between these signatures and
the vertices. Finally, in Section[B.5] we prove the main results, Theorem[I]and Theorem 2] using the previously established
lemmas.

B.1 DEFINITIONS AND NOTATIONS

In this subsection, we introduce the notation, definitions, and preliminary results required for the subsequent proofs.

Definition 8 (Active Constraint Matrix). For a point v, let M, denote the submatrix of M and c., the corresponding
subvector of ¢ associated with active (tight) constraints at v, i.e., M v = c. We call M, the active constraint matrix at v.

Definition 9. Let M («, 8) denote the submatrix of M obtained by restricting to the rows indexed by « and the columns
indexed by (. Here, a row index « is of the form yoy1dodi1, and a column index [3 is of the form ydz, where each symbol
may also be the wildcard *, indicating that it ranges over all possible values.

By M, € Ms, we mean that the row indices appearing in M, are a subset of the row indices appearing in Mo, and the
column indices appearing in My are a subset of the column indices appearing in M.

Also, by M (a1 U aig, 81 U B2) we mean the submatrix obtained by restricting to all rows indexed by either oy or e, and to
the columns indexed by either By or (.

The same notation applies to M. An example for this definition is provided in section|E.2]

Based on the LP formulation, each variable gy, 4,4, 1S constrained by exactly two pyq, .. More precisely,

* Qyoy:,00 1s constrained by py.0.0 and py,0,1,
* Qyoy:,01 1 constrained by py,0,0 and py, 1.1,
* Qyoy:,10 18 constrained by py, 0.1 and py, 1,0,

* Qyoy:,11 1s constrained by py, 1,0 and py,1,1.
According to these relations between p and q, the matrix M will have a specific pattern outlined in the following remark.
Remark 3. Fori,j € [n], all entries equal to 1 in M occur in the following positions and any other entry is eqaul to 0:
700, 400) and M (i500,i01),
j01,400) and M (ij01, j11)
) )

(
510,401) and M (ij10, 510
ij11,710) and M (511, 511).

M
- M
M

b

>

M(
(
(
(

B.2 STRUCTURAL PROPERTIES OF VERTICES

In this subsection, we establish some fundamental structural properties of the constraint matrix M and the active constraint
matrix M, associated with a vertex v.

Lemma 5. The rank of matrix M is 4n — 1.

Proof. By Remark [3] every row of M contains exactly one entry equal to 1 in M ( * #x, % * 0) and exactly one entry
equal to 1 in M (% * %%, % % 1). Therefore, the sum of all columns of M (x x s, % * 0) minus the sum of all columns of
M (% * %, * % 1) gives a nontrivial linear combination of columns equal to zero. Hence, M cannot have full rank, and

rank(M) < 4n — 1.
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Now suppose that there exists a nontrivial linear combination of columns of M that is equal to zero. Then at least one
column must have a nonzero coefficient. Without loss of generality, assume that the coefficient assigned to the column
M (% % *%,100) is c;00 = s # 0.

For any j € [n], the columns M (x * xx,300) and M (* * *x, j11) share a 1 in some row of M. Since each row of M contains
exactly two entries equal to 1, the corresponding coefficient must satisfy

Cj11 = —S
in order for the linear combination to vanish on that row. Applying the same argument to all such rows implies that

cjin =—s forall j € [n].

Next, since each column M (x * %, j11) shares 1’s with the column M (x * *x, j00), the same reasoning shows that

Cjoo = S for all_] S [Tl]

Similarly, for any i € [n], the columns M (* * *x*,300) and M (* * **,401) share n entries equal to 1 in the rows indexed by
M (i % 00,70%). Thus, to cancel these contributions we must have
cior = —s foralli € [n].
By the same argument, since M (x x #%,401) and M (* x %%, 410) share 1’s, we obtain
cito = s foralli € [n].
Therefore, in any nontrivial linear dependence among the columns of M, all columns appear with coefficient either s or —s,
and this dependence is unique up to scaling. Consequently, the null space of M is one-dimensional, and hence
rank(M) = 4n — 1.
O

Remark 4. As shown in the proof of Lemma |5 the null space of M is one-dimensional. Moreover, any vector s =
(Sydz)ye[n], d,z€{0,1} in ker (M) must satisfy

Sydo = S, Sya1 = —s forally € [n],d € {0,1},
for some scalar s € R.
Lemma 6. Let v be a feasible point satisfying Mv < c. Then v is a vertex if and only if

rank(M) = 4n — 1.
Proof. We prove both directions.

(<) If rank (M, ) < 4n — 1, then v is not a vertex.

Suppose rank(M,,) < 4n — 1. Since rank(M) = 4n — 1, we have
dim(ker(My)) > dim(ker(M)).

Hence, there exists a nonzero vector t € ker(My ) such that t ¢ ker(M).

Since t € ker(My ), we have
My (v +et) = Myv =cy

for all e € R. For sufficiently small € > 0, the inequalities corresponding to non-active constraints remain strict, because
they are strict at v. Therefore,
M(v+et)<c and M(v—et)<c
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for sufficiently small e.
Thus both v + et and v — et are feasible. Moreover,
v=21(vtet)+i(v—et),

and since t ¢ ker(M ), we have
M(v +et) £ Mv,
so the two feasible points are M -distinct.
Hence v can be written as a non-trivial convex combination of two M -distinct feasible points, and therefore v is not a vertex
by Definition [2]
(=) If rank(M, ) = 4n — 1, then v is a vertex.

Now suppose rank(M,, ) = 4n — 1. Assume
v =2Avi+ (1 = N)vy, A€ (0,1),

for feasible points vi, va.

Since v is active on M,,, we have
M,v =c,.

Applying M, to the convex combination gives

Myv = AMyvi + (1 — M) Myve.

Because vy and v are feasible,
Mvvl S Cy, Mvv2 S Cy.

Since the convex combination equals c., it follows that
Myvy =cy and M,vy =cy.

Therefore,
My (v —vy) =0, M, (v —vy)=0.

Because rank(M,, ) = 4n — 1 = rank(M), and the fact the M is a submatrix of M we have
ker(My) = ker(M).

Hence,
v — vy € ker(M), v — vy € ker(M).

By Definition [2| any two feasible points differing by a vector in ker(M) represent the same extreme point. Thus v cannot be
written as a non-trivial convex combination of two M -distinct feasible points, and therefore v is a vertex. O

From now on, we assume that v represents a vertex. This means that Mv < ¢ and M, v = ¢y, and rank(M, ) = 4n — 1
(by Lemma[).

Remark 5. Since rank(M) = rank(My) = 4n — 1, the system M,v = c has a unique solution in the affine space
v + ker(M). Therefore, M, uniquely determines the M -equivalence class [v].

In particular, if two active constraint matrices share the same row basis (that is, they consist of the same linearly independent
rows), then they determine the same solution v and thus the same M -equivalence class [v]. Consequently, the two active
constraint matrices must coincide.

Lemma 7. If M (ij00, * x %) € My, then j = 0. Also if M (ij11,* * x) € My, theni =n — 1.
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Proof. Suppose that M (500, * x x) € M, for some j > 0, then
M (500, * % ¥)v = v; — v > Y0 — Vi-
On the other hand, based on the structure of M we know that M (4500, * * *) = M (4000, * * %), so
M (4000, * * *)v > v9 — i,

which contradicts the fact that v is a vertex. Hence 7 = 0.

Now suppose that M (ij11, % % x) € M, for some i < n — 1. Then
M(ij11, % % %)v = 7; =% < %j = Yn—1-
Again, by the structure of M we have M (3511, % % x) = M ((n — 1)j11, % * *), and therefore
M((n—1)j11,% % %)v < v} — Y1,
which contradicts the fact that v is a vertex. Hence ¢ = n — 1. O

Lemma 8. For any vertex v, every column of M, contains at least one entry equal to 1.

Proof. We know that the null space of M, is one-dimensional and is spanned by some non-zero vector s (see Remark [)).
Suppose, by contradiction, that there exists a column indexed by (y, d, z) in M, that contains no entries equal to 1. Then the
corresponding standard basis vector e,q, satisfies

Mveydz =0.

Hence e, 4, lies in the null space of M, .

Since ey 4 is linearly independent from s, the null space of M, has dimension at least 2. This contradicts the fact that v is a
vertex based on Lemma[6] Hence every column of M/, must contain at least one entry equal to 1. O

B.3 SIGNATURE OF A VERTEX

In this section, we define the signature of a vertex and prove its fundamental properties. These results will help us show that
the signature is unique for each vertex and that it can be used to reconstruct the vertex.

Definition 10 (Signature of a Point). We define signature b* € {0, 1}*" for a point u as the column-wise logical OR of the
rows of My (* x 01 U * x 10, % x x). That is, for each index (y, d, z), the entry b;‘dz equals 1 if there exists at least one entry
equal to 1 in the column My, (% * 01 U x % 10, ydz), and equals 0 otherwise.

Lemma 9. Foranyy, z, if by, = 0, then M (y000, * x ) € M. Similarly, if by;, = 0, then M ((n — 1)yl1,* x x) € M.

Proof. By Lemma 8] every column of M, must contain at least one entry equal to 1. Fix indices y, z and suppose that
by, = 0. By definition of b", this means that there is no entry equal to 1 in M, (* % 01 U * % 10, ydz). Consequently, the

required 1 in column My, (* * *x, ydz) must lie in My (x * 00 U  x 11, ydz).

First, assume that d = 0. By the structure of M (see Remark , the only rows of M, (% % 00 U % x 11, y0z) that can contain
a 1 are the rows M (yj00, %  x). Hence, at least one such row must belong to M. By Lemma this is only possible when
j = 0, and therefore M (y000, * * *x) € M.

The case d = 1 follows by a similar argument: if by;, = 0, then the 1 in column (y1z) must lie in My (x * 11, % * %),
and by the structure of M the only possible rows are M (ij11, * * ). Applying Lemma yields ¢ = n — 1, and hence
M((n—1)yll, = x %) € M. O

Lemma 10. For any i,j € [n], b}y, = bYy; = 1 if and only if M(ijO1, x x) € M. Similarly, for any i,j € [n],
bior = 010 = Lifand only if M (ij10, * x) € M.
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Proof. The “<” direction in both statements follows immediately from Definition[I0] since the presence of a row in My,
forces a 1 in the corresponding columns.

We prove the “=-" directions.

First case. Assume b}, = b7;; = 1. By Deﬁnitionand the fact that My, (x * 10,00 U *11) contains no entries equal to
1, there must exist at least one row in M, (* * 01, * * *) containing required 1 entries.

Suppose, by contradiction, that M (ijO1, % x ) ¢ M,,. Then there exist indices a # i and b # j such that
M(aj0l,* x %), M(ib01, x % *) € M.

(If no such a existed, M (x x 01, j11) would contain no 1(see Remark , contradicting bY;; = 1; the same argument applies
to b).

Since these rows belong to M., we have
M(ajol,*+)v ="; —ya,  M(ibOL, % % %)v = 3 — i,

and therefore
(M(ajOl, k% k) 4+ M (D01, * *))v =7 =%+ — Ya-

On the other hand, since M (ij01, x x %) ¢ M., we obtain
M(ijO1, %+ ¥)v <95 — 7, M(abOl, %% %)v < 3 — 7a,
and therefore,

(M (3501, % %) + M (abO1,%  %))v < v; — % + Y — Yo = (M(ajOl,* %) + M(ib01, x x %)) v.

By the structure of M (see Remark [3)),
M (ajOl, * * x) + M (ib01, % * %) = M (501, % x x) + M (ab01, * * *),
which yields a contradiction.

Second case. Assume b}, = b¥;, = 1 and suppose M (ij10, x * x) ¢ M. Since My (x * 01,01 U 10) contains no 1’s,
the required 1’s must lie in My, (* * 10, x * *). Thus, there exist indices a # ¢ and b # j such that

M(aj10, * *), M(ibl0,* x x) € M,.

As before, using the structure of M we have
M(aj10,  * ) + M (ib10, * * x) = M (4710, * x *) + M (abl0, * * %),
and evaluating at v gives
Y — Vi + 7 — Yo = (M(ajl0, % * %) + M (410, % * x))v = (M (4510, * * x) + M (abl0, * * *))v < v; — v + V6 — Ya,

a contradiction.

Therefore, M (ij10, % x x) € M. O
Lemma 11. For any i € [n], we have
b;’oo + b;’Ol >0 and b;’lo + b;’ll > 0.

Equivalently, at least one of b}, b}y, and at least one of b, bY;, must be equal to 1.
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Proof. We prove the first statement; the second follows by an analogous argument.
Suppose, by contradiction, that by, = bY; = 0. By Lemmal[9] this implies that M (000, * * *) € M.

Moreover, M (i000, * * ) is the only row of M, that can contain a 1 in either column M, ( * *x,i00) or My, (* * *x,01).
Indeed, since b}, = b}y; = 0, no row of M, (% % 01 U * * 10, * * %) contains a 1 in these columns. By the structure of M,
the only remaining cells of M that contain a 1 in columns M, (x * x*,100) or My, (* * xx,401) are M (* % 00,4« 00 U7 * 01).
By Lemma among these rows only M (:000, * * x) can belong to M.

Now consider the vector
t = ej00 — €jo1-

Since the only row of M, with nonzero entries in columns My, (* * *x,i00) or My, (* * %, 01) is M (000, * * ), and this
row contains a 1 in both columns, we have M, t = 0. Thus, t lies in the null space of M,,.

Together with the vector s, which spans the null space of M, (see remark [)), this implies that the null space of M, is at
least two-dimensional

Consequently, M, cannot have rank 4n — 1, contradicting the assumption that v is a vertex.
Therefore, b, + b}y, > 0.
The proof for b}, + by;; > 0 is identical. O

Lemma 12. We have
b;,oo = b¥01 = b;‘,lO = b,;'lll =1

ifandonly ifi =n—1, 7 =0, and

M((n—1)000, % * %), M((n—1)011,* % x) € M,.

Proof. We first prove the “=-" direction.

Suppose
bioo = bjo1 = b}'lo = b;n =1

By Lemma([T0] this implies that
M (i01, % % %), M(i510, % % %) € M.

Hence
M (igO1, % * )V = v; — ;, M (ig10, % * %)V = v; — i,

and
(M (4501, % % %) + M (3710, % * *))v = 2(y; — 7).

By the structure of M (see Remark[3), we have
M (1501, % % %) + M (510, % * ) = M (3000, * % *) + M ((n — 1)511, % * ).

Therefore,
2(; — i) = (M(i000,  * *) + M ((n — 1)j11, %+ *))v < (y0 — i) + (7 — Yn—1)-

Rearranging yields
Vi~ % =Y~ Yn—-1-

Since 9 — vn—1 is the maximum possible difference, equality can occur only if 7 = 0 and ¢ = n — 1. In this case, equality
in the above inequality forces

M((n —1)000, % % %), M((n—1)011,x* %) € My,

because
(M((n —1)000, % * %) + M ((n — 1)011, % * %))v = 2(70 — Yn—1)-

We now prove the “<” direction.
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Suppose i =n — 1, 5 = 0, and
M((n —1)000,* * ), M((n—1)011,x % x) € M.
By the structure of M, we have
M((n —1)001, % % *) + M((n — 1)010, % * *) = M((n — 1)000, * * *) + M ((n — 1)011, * * *).

Evaluating at v gives
(M((n —1)001, % * ) + M ((n — 1)010, * * %))v = 2(y0 — Yn—1)-

Since each of M ((n — 1)001, * * x)v, M ((n — 1)010, % * *)v is bounded above by g — ~y,—1, both must attain this value.
Thus,
M((n —1)001, % % %), M((n—1)010,x* *) € My,

which implies
bzlnfl)OO = bzln71)01 = by1o = by = 1.
O

Remark 6. If b}, = bY, for some i <n — 1, then for all j € [n] we have b¥,, # bY,,. Similarly, if b¥,, = bY, for some
J > 0, then for all i € [n] we have by, # bYy;.
Proof. This follows directly from Lemma|[I2} together with Lemmalg] O

Lemma 13. There exists at least one i € [n] and d € {0, 1} such that
ia0 = biar = 1.
Proof. Suppose, by contradiction, that for every ¢ € [n] and every d € {0, 1}, we have

biao 7 biar-

In particular, for every ¢,
bioo +biopr =1 and b +b, =1,

by Lemmal[TT]
For every i, since exactly one of b}, b}y, is equal to 0, Lemma|[9]implies that
M (3000, * * *) € M,

and, in particular for: =n — 1,
M((n — 1)000, % x x) € M. (20)

Similarly, since exactly one of bY,, b} is equal to 0, again by Lemmal9 we obtain
M((n—1)ill, * x ) € My,

and, for the choice of 7 = 0,
M((n —1)011, % x %) € M,. (1)

Equations (20) and (1)) together with Lemma [I2]imply
Eln—l)OO = bz/n—l)Ol = bgo = bo11 = 1,
which contradicts the assumption that b}, + by, = 1 for all ¢, d.

Therefore, there must exist at least one ¢ € [n] and d € {0, 1} such that

biao = bian = 1.
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Lemma 14. Let aq. denote the number of indices i such that by, = 1. Then

rank(My (% % 01, % % %)) < agp + a11 — 1 and rank(My(* * 10, % % *)) < ag; + a1o — 1.

Proof. We prove the bound for My (x * 01, * * x); the proof for M, (x 10, * * x) is identical.

By definition of bV, the submatrix M (* x 01, % * ) has nonzero entries only in columns indexed by (00) and (i11) with
b¥o = lorbY;; = 1 (as all entries in My, (% 10, x00 U x11) are equal to 0). Hence, My, (* * 01, % * *) has at most agp + a11
nonzero columns.

Moreover, by the structure of M, every row of M., (* * 01, x % *) contains exactly one entry equal to 1 in a column of type
(100) and exactly one entry equal to 1 in a column of type (;j11). Consequently, the sum of all columns of type (¢00) is equal
to the sum of all columns of type (j11). This yields a nontrivial linear dependence among the columns of M, ( * 01, * * *).

Therefore, the column space of M, (x * 01, * * x) has dimension at most agp + a11 — 1, and hence

rank( My (% % 01, % * %)) < agp + a1 — 1.

The same argument, applied to columns of type (i01) and (¢10), gives

rank (M, (% % 10, * * %)) < ag; + a9 — 1.

Lemma 15. For any d, z € {0, 1}, there exists an index i € [n] such that

v
idz 1.

Proof. Tt suffices to prove the statement for (d, z) = (0, 0); the other cases follow by symmetry.

Suppose, by contradiction, that
bjoo =0 foralli € [n].

By Lemma this implies that no row of the form M (i’j'01, % * *) can belong to M. Consequently, My ( x 01, % * x) is
empty and for every j € [n],
}’11 = 0.

We now bound the rank of M. First, submatrix My, (x * 01, % % x) is empty and contributes zero to the rank. By Lemma
the submatrix My, (* % 10, * * %) has rank at most

a01+a10—1§2n—1.

Next, by Lemma at most 2n rows from M (x * 00 U % x 11, % % *) can belong to M. Therefore, the total rank of M, is at
most
2n—1)+2n=4n—1.

Equality can occur only if all such rows belong to M.

In particular, this forces
M((n —1)000, % % %), M((n—1)011,x % %) € M.

By Lemma|I2] this implies
Eln—l)OO = bz/n—l)Ol = bgo = bo11 = 1,
which contradicts the assumption that b}, = 0 for all .

Hence, there exists at least one ¢ € [n] such that b}, = 1. The same argument applies to any choice of (d, z). O
Lemma 16. Suppose that by, = bYy, = 1 for some i € [n]. Then for every j with i < j < n — 1, we have

bYoo = bYor =1 and  M(j000, % %) ¢ M, .
Similarly, if b}, = bY;, = 1 for some i € [n], then for every j with 0 < j < i,

biio =051 =1 and M((n—1)j11,% %) ¢ M,.
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Proof. We prove the first statement; the second follows by symmetry.
Suppose b}, = by,; = 1 for some 4. If i = n — 1, there is nothing to prove, so assume 7 < n — 1.

By Remark@, it is impossible that b};, = by;; = 1 for any ¢. Hence, for every t € [n], by Lemma exactly one of b}/, by},
is equal to 0. By Lemma(J} this implies

M((n—1)t11,*x %) € M, forallt € [n].

By Lemma([I3] there exist indices a, b such that
byip=1 and bj; =1
Since b}y, = 1 and b}, = 1, and b}, = 1 and by}, = 1, Lemma|[I0|implies
M (ial0, * %), M(ib01,* x x) € My,

which yields
M (ial0, * * x)v = v, — i, M (1601, * x *)v = v, — ;.

Adding the sides gives
V300 + Vio1 + Val0 + Vb1t = Ya + Vb — 2. (22)

Also we have the inequality
M (7000, * * *)v = vio0 + vio1 < Yo — Vis

which implies
Va10 + Up11 = Ya + Y — Vi — Y0- (23)

Now fix any j with ¢ < j < n — 1. Suppose, by contradiction, that b,, = 0 or b%,; = 0. Then by Lemmal?l,
M (000,  * *) € My,

)
V500 + V01 = Y0 — Vj- 24)

Using inequalities for the rows M (jal0, * * x) and M (jb01, * * ), we obtain
V01 + Va10 < Ya — V5> vjo0 + V11 < Vo — V5

Adding and using (24) gives
Va10 + V11 < Ya + Y — Y5 — Yo0- (25)

Combining (23) and (23)) yields

Yo+ — Y — Y0 < Va10 + Up11 < Ya + Y — V5 — Y0,
which is impossible since ; > ;. Hence,
b“'oo = b}’m =1

J

Finally, if M (5000, * * x) € M, while b¥,, = bY,; = 1, then equality holds in (23], which again contradicts (23) because
vj > ;- Therefore,
M (5000, * = *) ¢ M.

This completes the proof of the first statement. The second statement follows from a symmetric argument.

711



Lemma 17. Suppose 0 < i < n — 1 is the smallest index such that
bioo = bjo1 = 1.

Then M (i000,  * x) € M. Similarly, if 0 < j < n — 1 is the largest index such that
b}’w = b}’n =1,

then M((n — 1)j11, % x %) € M,.

Proof. First, we prove the first statement.
Let i < n — 1 be the smallest index such that b}, = b¥,; = 1. By Remark|[] this implies that

byio +by;1 =1 forally € [n]. (26)

By minimality of ¢ and Lemma[T6] we have
blo0 + 0501 = {;: ?fjj:_l 27)
Let aq. denote the number of indices k with b};, = 1. From (]Z]) we obtain
agp + apy =i+ 2(n—1i) =2n — i, alp+ail=n
by (26). Hence, by Lemma([T4]
rank (My (+ 01 U % % 10, % * %)) < (ago + ao1) + (a0 +a11) —2=3n—i— 2. (28)
By Lemma([I6] no row M (000, * * ) with j > i can belong to M,.

Suppose, by contradiction, that M (¢000, % * x) ¢ M. Then the submatrix My (x x 00 U * % 11, % * x) contains at most n + i
rows and therefore has rank at most n + 7. Combining with (28)), we obtain

rank(My) < (3n—i—2)+ (n+1i) =4n —2,
which contradicts the fact that v is a vertex and hence rank(M, ) = 4n — 1.
Therefore, M (000, * * *) € M,.

The proof of the second statement is symmetric. Let 0 < j < n — 1 be the largest index such that b}, = bj;; = 1. Since
j > 0, by Remark[6 we cannot have b}, = by, = 1 for any ¢, and hence

bioo + by =1 forallt € [n]. (29)
By maximality of j and Lemma|[I6] we have

2, t<j,

30
1, t>7. 0)

biio + 011 = {

Let a4, be as above. Then (29) gives ago + ag1 = n, and (30) yields
apo+an =2+ +n—-(G+1)=n+j+1.
Therefore, by Lemma [T4]
rank (My (% % 01 U % 10, % % %)) < (ago +ao1) + (a0 +a11) —2=(n)+(n+j+1)—2=2n+j-1. (3

By Lemma|[l6] no row M ((n — 1)t11, % % *) with ¢ < j can belong to M.

If M((n—1)j11,* % x) ¢ M, then My (% % 00 U % x 11, % % %) contains at most n + (n — (j + 1)) = 2n — j — 1 rows,
hence has rank at most 2n — j — 1. Combining with (1)) gives

rank(My) < 2n+j—-1)+2n—j—1) =4n — 2,
contradicting rank(M, ) = 4n — 1 at a vertex. Thus M ((n — 1)j11,* x x) € M.
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Lemma 18. The index i = n — 1 is the smallest index such that
Zoo = 52’01 =1
if and only if the index 7 = 0 is the largest index such that

Proof. Tt suffices to prove one direction, since the statement is symmetric.

Assume that ¢ = n — 1 is the smallest index such that b}, = bY,; = 1. By Remark@ this implies that there is no index
4 > 0 for which b}’lo = b}’u =1.

Suppose, by contradiction, that by, # 1 or by;; # 1. Then by;o+b;; = 1. Forall j € [n], we therefore have bY,,+bY,; = 1.
By Lemma|[I4] this implies
rank(My (% x 01 U * % 10, % x %)) < 2n — 1.

Moreover, since there are at most 2n rows in My, (* % 00 U % * 11, x * *), we have
rank(My (% * 00 U % % 11, % % %)) < 2n.

Consequently,
rank(M,) < 4n — 1,

and equality can hold only if all such rows belong to M,,. In particular, this forces
M((n —1)000, % % %), M((n—1)011,%* %) € My,

which implies by}, = by;; = 1 by Lemma[12] This contradicts the assumption.

Therefore, by, = by = 1, and hence j = 0 is the largest index such that bY,, = b7;; = 1. O

B.4 BIJECTION BETWEEN VERTICES AND THEIR SIGNATURE

Here we show that there is a bijection between vertices and their signatures. Consequently, the vertices can be enumerated
via their signatures.

Proposition 3. The active constraint matrix M, uniquely determines b¥, and conversely, b¥ uniquely determines M,,.

Proof. One can construct b¥ from M, by Definition [I0}

Now suppose that we are given bY for some vertex v and wish to recover M,,. First, by Lemma the submatrix
M, (% 01 U % x 10, * * *) is uniquely determined by bV.

It remains to determine which of the 2n rows in M (% % 00 U * % 11, % * %) belong to M. By Lemma there exists an
index y € [n] and d € {0, 1} such that
b:‘g,do = bj‘g/dl = 1.

We first consider the case d = 0 and let ¢ be the smallest index such that b}, = b}, = 1.
If i = n — 1, then by Lemma (I8 we have by,, = by;; = 1, and by Lemma|[12]it follows that
M((n —1)000,* * ), M((n—1)011,x % x) € M.

Moreover, forany 0 < i’ <n —1and0 < j' <n — 1, we have b}, + by; = 1 and b%,,, + bY,;; = 1 (by Remark@), SO
exactly one entry in each pair is zero. By Lemma([9} this implies

M (i'000, % * *), M((n—1)5'11,* % ) € M.

Hence, M, is uniquely determined by b" in this case.
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Now suppose that7 < n — 1. By Remark@, for every j € [n] we have b%10 + bj11 = 1, and hence exactly one of them is
zero. By Lemma(9] this implies
M((n—1)j11,**x*) € M, forall j € [n].

Furthermore, by Lemma [16] for all i’ > i we have M (000, x  *) ¢ M,. By minimality of i, for all /' < i we have
bYoo + bY1 = 1, and hence M (7000, * * ) € M. Finally, by Lemmal[l7] we also have M (i000, * x %) € M. Thus, M,
is uniquely determined by b" in this case as well.

We now consider the case d = 1. Let j be the largest index such that bY,, = b7;; = 1.

If j = 0, then by Lemma [I8] we reduce to the first case considered above, and M, can again be uniquely constructed from
bY.

Finally, suppose that j > 0. By Remark|6] for every i € [n] we have b}, + b¥,; = 1, and hence exactly one of them is zero.
By Lemmal(9] this implies
M (i000, * * x) € M, foralli € [n].

Moreover, by Lemmal[16] for all j* < j we have M ((n — 1)j'11, % * %) ¢ M,,, while by maximality of j and Lemma 17]
we have M ((n — 1)j11, % * *) € My. For j’ > j, we have bY,,, + b%,;; = 1, and hence M ((n — 1)j'11,* * x) € M, by
Lemmal[9l

Therefore, in all cases, M, is uniquely determined by b¥. This completes the proof. O

Remark 7. Since [v] and M, uniquely determine each other, it follows that [v] uniquely determines bY, and conversely b¥Y
uniquely determines [v].

We introduce the following set and claim that it precisely consists of all signatures associated with vertices.

Definition 4 (Admissible signatures). The set of admissible signatures, denoted by S, is defined as S = S1 U Sy U S3, where
each S; is a set of binary vectors b € R"*?*2 g1,

1. be S iff
o 3t € [n — 1] such that bjgg = bjo1 = 1 forall i > t and b;og # bio1 for all i < t.
e foralli € [n], bi1o0 75 bi11-
* There exist i, j € [n] such that b;1o = bj11 = 1.
2. be Sy iff
* b(n—1)00 = bn-1)01 = bo1o = bo11 = 1.
e Forall0 <i<mn—1, by # bio1.
e Forall0 < j <n—1, bji0 # bjn1.
3. beSsiff
e 3t € [n — 1] such that bj1o = bj11 = 1 foralli <t +1and b;10 # biny forall i >t + 1.
e foralli € [’I’L], bioo 75 bio1-
e There exist i, j € [n] such that byoo = bjo1 = 1.

Proposition 4. bY € S for any vertex v.

Proof. Suppose that some 0 < t < n — 1 is the smallest index such that b}y, = b};. Then Lemma 16} Remark [6} and
Lemma [I5]imply that the first, second, and third conditions of Sy hold, respectively. Thus b¥ € S;.

Suppose that some 0 < ¢ < n — 1 is the largest index such that b}, = b};;. Then Lemma|[I6| Remark [f] and Lemma T3]
imply that the first, second, and third conditions of S5 hold, respectively. Thus b¥ € Ss.

Finally, suppose that b, # by, forall 0 <4 < n — 1 and that b}, # b¥;; forall 0 < j <n — 1. By Lemma|l3] at least

one of by, = b5y or bzn—l)oo = bz,nq)m must hold. If one holds, then Lemma|l8|implies the other, and hence the first
condition of S5 is satisfied. Moreover, Lemma [I2]implies that the remaining two conditions of Ss also hold. Therefore
bY € 5. O

Definition 11. A vector b € {0, 1}4" is called valid if there exists a vertex v such that b = b".
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Definition 5 (Vertex map). Given an admissible signature b € S, we define the vector u(b) € R"*2%2 gs follows:

* w00 = —y; — @ if bigo = 1, and w09 = Yo otherwise;
* uj10 = ¥ if bijro = 1, and uj10 = —yn—1 — « otherwise;
e w01 = —7; if bjor = 1, and w01 = Yo + « otherwise;
* U1 = +aifbin =1, and u;11 = —yn_1 otherwise,
where
—Y — "t ifb € 5y,
=< =Y — Yn-1 ifbe Sy,

=Yt — Yn—1 ifb e Ss.
Proposition 5. Any b € S is valid and its corresponding vertex is u(b).
Proof. In this proof, for every b € S, we prove that vector u(b) satisfies all the required equalities and strict inequalities. In

particular, we prove that
Mu(b)<c and b=b%"®)

which results the feasibility of u(b) and its uniqueness with respect to b. Finally, we verify that u(b) is a vertex by showing
that

rank(Mypy) = 4n — 1,

in view of Lemma@ During this proof, u is used as shorthand for u(b).
Relevant constraints. Similar to Lemmal[7] it is enough to check the inequality for rows
M (3000, % x %) and M ((n — 1)j11, % *)

among the rows of M (x % 00 U % x 11, %  *), because all other rows correspond to strictly weaker inequalities. Therefore, it
suffices to verify the following inequalities:

000, * * %)u = w00 + Uio1 < Yo — Vis

M(
o M((n—1)j11,% x x)u = ujio + uji1 <V — Yn—1;
M (ig01, % * %)u = wio0 + uji1 <5 — Vis

M(

1710, % * *)u = w01 + Uj10 < Y5 — Vio

for all relevant indices.

Equality structure. If b, = b;11 = 1, then

W00 + Uj11 = V5 — Vi

so the inequality corresponding to M (4501, * * *) holds with equality, independently of the value of . If b;01 = bj10 = 1,
then

w01 + Uj10 = V5 — Vis
so the inequality corresponding to M (4510,  « ) also holds with equality.
To establish strict inequality whenever at least one of the corresponding b-entries is zero, we verify that each component
Uyq strictly increases when by 4. takes the value 1 instead of 0. Since equality holds when both corresponding b-entries are
equal to 1, this implies that the sum is strictly smaller than ; — 7; whenever at least one of them is zero.

Caseb € S;.Let 0 <t < n — 1 be the smallest index such that b;99 = bsg1 = 1. Set

a = =7 — "t
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*» For i < t, bipop # bio1, and hence ;o0 + w01 = Yo — V4. For i > ¢, bjoo = bip1 = 1, and
uioo + uio1 = —27; — =0 — % + (Ve — Vi)
Thus equality holds if and only if ¢ = ¢, and the inequality is strict for all ¢ > ¢ (as y; — 7; < 0). Therefore,
M (3000, % x %) € M, <= i <{t.
* Forall j € [n], bji0 # bj11. Consequently,
Uj10 + Uj11 = V5 — Vn—1,

so equality holds for all j, and
M((n—1)j11,%xx %) € M,, forallj € [n].

e If ;oo = 0, which occurs only for ¢ < ¢, then
—Yi — @ > Yo,

which shows that u;qg is strictly larger when b;gg = 1. If b;1; = 0, then
v+ o> —Yn-1,
which shows that w11 is strictly smaller when b;1; = 0. Therefore,
M (ij01,% % %) € My <= bjoo = bj11 = 1.

o If biOl = 0, then
=i >t a,

SO U401 18 strictly larger when b;p1 = 1. If bj19 = 0, then
Vi >~ -1 &,
SO u;10 i8 strictly smaller when b;19 = 0. Hence,
M (ij10,% % %) € My <= bjo1 = bji0 = 1.
Thus Mu < c and b* = b forb € 5.
Caseb € So.Seta = —y9 — Vn_1.

e Fori < n —1, bjoo # bio1, SO Ujoo + Uior = Yo — V- Fori = n — 1, b_1)00 = bn—1)01 = 1, and hence
U(n—1)00 + U(n—1)01 = Yo — Yn—1. Therefore,

M (1000, * x x) € M,, foralli € [n].
» For j > 0, bjio # bj11, which gives equality. For j = 0, bg19 = bp11 = 1, which also gives equality. Thus,
M((n—1)j11,%xxx) € M,, forallj € [n].

e If bjopo =0,theni < n —1and
—Yi — & >0,
showing that w;qg is strictly larger when b;gp = 1. If b;1; = 0, then j > 0 and

Vs +a > —Tn—1
showing that w1, is strictly smaller when b;1; = 0. Hence,

M(Z]Ol, * ok *) € My, < bjgg = bjn =1.
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e If gy =0,theni <n —1and
Y > Yo+,

showing that u;g; is strictly larger when b;g1 = 1. If bj19 = 0, then j > 0 and
Yi > —Vn-1—Q,
showing that w1 is strictly smaller when b;10 = 0. Hence,
M (ij10,% % %) € My <= bjo1 = bji10 =1
Thus Mu < cand b" = b forb € S,.
Case b € S3.Let 0 < ¢t < n — 1 be the largest index such that b;19 = bs11 = 1. Set
o= —Y — Yn-—1-
¢ For all i € [n], bjoo # bio1, and hence u;gp + w01 = o — ;. Therefore,
M (7000,  * x) € M,, foralli € [n].
* For j > t, bj10 # b;11 and equality holds. For j < ¢, bj10 = bj11 = 1, so
ujio +ujir = Vi — Y1+ (Vi — Ye)-
Equality holds only when j = ¢. Hence,
M((n—1)jll,xx%) € My < j <t.

o If biOO = O, then
—% — & > "0,
which shows that u;qg is strictly larger when b;og = 1. If b;1; = 0, then j > ¢ and

’YJ +a> —Yn—1,
which shows that w1 is strictly smaller when b;1; = 0. Therefore,
M (ij01, % x %) € My <= bjop = bj11 = 1.

o If biOl = O, then
—Yi > Yo + a,

showing that w;g; is strictly larger when b;o; = 1. If bj10 = 0, then j > ¢ and
Yi > —Vn-1—Q,
showing that u1¢ is strictly smaller when ;10 = 0. Hence,
M (ij10,% % %) € My <= bjo1 = bj10 =1
Thus Mu < c and b" = b for b € S5.

It remains to prove that rank(My,) = 4n — 1 in all cases.
To do so, we show that ker(M,,) is one-dimensional.
Suppose that s € ker(My). Then

Structure coming from M (3501, ).
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In all cases we have
M(ZjO]., * % *) € My < bjpo = bjll =1.

Hence, whenever b;go = bj11 = 1, we obtain

M(’L]O]_, * 3k *)S = 5500 + sjll = 0

By the structure of b, there exists some index % such that b;,0o = 1. Let
Sig00 = Q.
Then for every j such that bj;; = 1, the relation s;,00 + 5511 = 0 implies
511 = —a.
Substituting this back into s;00 + 5511 = 0 for any 4 with b;oo = 1 gives
8400 = Q.

Therefore,
Si;00 = a if biOO = 1, Sj11 = —a if bju =1.

Structure coming from M (3510, % * *).

Similarly, in all cases we have
]\4(2']'107 * % *) e M, < b1 = ble =1.

Hence, whenever b;g1 = bj19 = 1, we obtain
M (510, * *)s = 5401 + sj10 = 0.
Let
Sip01 = a

for some i with b;,01 = 1. Then for every j such that b;10 = 1 we have

Sj10 = —a,
and consequently for every ¢ such that b;p; = 1,
S;01 = a'.
Thus,
Si01 = CL/ if biOl = 1, $510 = 7(1, if ble =1.

Determination of the remaining entries.

If b9, = O for some y € [n] and z € {0, 1}, then by construction
M (y000, * * *) € M.

Hence
M(yOOO, * 3k *)S = 5400 + Syo1 = 0.

Since by the structure of b we know that
byoo + byo1r > 0,

at least one of s,00 or s,01 is already determined (either equal to @ or a’). The equation s, + Sy01 = O therefore uniquely
determines the other entry.

Similarly, if by, = 0, then
M((n—1)yll,x* %) € My,
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and therefore
Sy10 + sy11 = 0,

which again uniquely determines the remaining component.

Consequently, every component of s is determined in terms of ¢ and a’.

Caseb € S;.

In this case, we know that
M (000, * * x) € My,

for the index t defined in S7. Hence
st00 + St01 = 0.

Since bi;gg = big1 = 1, we have
!
Stoo = @, St01 = @ -

Thus

a+a =0, so a=—d.

Therefore all components of s are determined by a single parameter a, and the null space is one-dimensional.

Case b € S5.

Here we know that
M((n — 1)000, * x x) € My,

S0
S(n-1)00 + $(n—1)01 = 0.

Since b, —1)00 = b(n—1)01 = 1, we have

/
S(n—1)00 = @, S(n—1)01 = @,

which implies
a+a =0.

Again a = —d’, so s depends on a single parameter.

Caseb € S5.

In this case,
M((n — 1)t11, % x ) € My,

for the index t defined in S53. So
st10 + si11 = 0.

Since b;19 = by11 = 1, we have
/
St10 = —a, St11 = —a.

Thus

—a—a =0, soagain a=—da.

In all three cases, s is uniquely determined up to a scalar multiple. Hence,
dim(ker(My)) =1,

and therefore
rank(My) = 4n — 1.

Finally, we have proven that for each b € .S there exists a unique active constraint matrix M, and a unique vector u such
that u is a vertex. Hence, every b € S is valid, and this validity is unique. O
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Remark 8. Ifb is valid, we can recreate its corresponding vertex in O(n), which indicates the length of the vertex.

Proof. Given b, we can explicitly construct the corresponding vertex u using Definition |5} This construction requires only
O(n) time.

Indeed, once b is given, the only remaining parameter to determine is the value of a. To compute this value, it suffices to
find either

e the smallest index ¢ such that b;gg = bsg1, Or

* the largest index ¢ such that by;19 = bs11.

Both quantities can be obtained by a single linear scan of b, and therefore can be computed in O(n) time. O

B.5 PROOF OF THE THEOREMS AND@

Theorem 1. The set V = {u(b) : b € S} is a set of M -distinct vertices of H, and any other vertex of H is M -equivalent
to a member of V.

Proof. By proposition [d] every vertex has a signature in S. Therefore, any vertex is M-equivalent to a member of V.
Conversely, by proposition[5] every b € S has an associated vertex, and this vertex is unique. Indeed, no two M -distinct
vectors produce the same signature b. Thus, set )V includes M -distinct vertices. As a result, there is a bijection between the
elements of S and vertices and the proof is completed. O

Proposition 6. For every vertex v of the dual feasible set, there exists a distribution P conforming to the IV model
(equivalently, a corresponding Q that the pair P, Q satisfy equations in ) such that v uniquely attains the maximum (or, in
the minimization case, the minimum) value of the dual objective.

Let v be a vertex of the feasible set of Equation (I0). By the definition of a vertex (see Lemmal6)), there exists a collection of
inequalities in Equation (T0) that are tight at v and whose corresponding equalities admit a unique vertex solution, namely v
itself (see Remark [5)). Since Equation is the dual of Equation (7), each dual inequality corresponds to a primal variable
qx1,i; forsome 4, j € {0,1} and &, € [n].

Proof. Fix a vertex v, and let u denote the number of inequalities in Equation (I0) that are tight at v. By construction of the
dual via the Lagrangian, each such inequality is associated with a primal variable gy, dod; -

We define a distribution Q as follows: for each inequality that holds with equality at v, set the corresponding gy, y, ,dod: = L

and set all remaining probabilities in the support of Q to zero. This defines a valid distribution supported exactly on the tigﬁt
inequalities at v.

Next, rewrite the dual objective in Equation (T0) in terms of gy, dod, :

§ DPyd,z Vyd,z = E qyl1,05 Uy0,0 + E Qky,15 Vyl,0

d,z€{0,1}, y€[n] gy J.k.y
+ E Qyl,i0 Vyo,1 + E Qky,il Vy1,1,
i,ly i,k,y

which can be equivalently expressed as

Z 1,00 (Vko,0 + Vko0,1) + Z @r1,01 (Vko,0 + vi1,1) (32)
k.l k,l
+ Z qki,10 (Uu,o + Uko,l) + Z qkl,11 (1111,0 + vz1,1)~
k.l k,l

Each term in Equation (32) is a convex combination of expressions that are individually bounded above (or below) by
the inequalities defining the dual feasible set. Since all nonzero coefficients gy y, 4,4, €qual % > 0, the dual objective is
maximized (or minimized) if and only if every inequality corresponding to a nonzero gy, dyd, s tight.
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By construction of M, this occurs precisely when the set of inequalities that are tight at v hold with equality. In other words,
u can maximize the dual objective if and only if M, C M,,. Since v is a vertex, by RemarkE], M, has the same basis as
M, and must be equal to it. Thus, the system of equalities represented by M, admits a unique vertex solution, namely v
itself. Therefore, v uniquely attains the extreme value of the dual objective, completing the proof. O

Theorem 2. Under Assumptions[l} 2} andH) the ATE admits the following valid and sharp bounds:

mavap < ATE < —Inavaf). (13)
vey vey

Proof. We have enumerated all M -distinct vertices of the dual feasible set, which is sufficient. Moreover, by Proposition 6}
each vertex provides a unique bound. Hence, every vertex contributes a necessary term to the bounds.
Therefore, we obtain

T D T=
=L < ATE < —L(P) =— .
vy P=LP) = ATE = LR = oy e

based on Equations[7]and [§] O
Theorem 3. The ATE bounds of Equation are valid and sharp under Assumptions I} Bland
Proof. As established in Theorem 1 of |Song et al.|[2024]], the set of admissible pairs (P, Q) under Assumptions andE]

(denoted by M in[Song et al. [2024]) is identical to the set of admissible pairs under Assumptions|[I} [3] and fa] (denoted by
M, in[Song et al| [2024]).

More precisely, for every pair (P, Q) for which there exists a full data law Q/* satisfying Assumptions and there
exists a full data law Q7 satisfying Assumptions and léza] that induces the same observed distribution P, and vice versa.

Consequently, the sharp identification region for the ATE under the two sets of assumptions is identical. In particular, the
bounds in (T3], obtained via (7) and (8), remain valid and sharp under Assumptions [I} 3] and Fa] O

C EXTREME RAY ENUMERATION
Note that Equation can be also written as follows:

0 >max X401} yeln)Pyd,=Tyd.> 33)
s.t. Troo+xro1 <0 Vke [n}
Troo + 11 <0 V1€ [n]
0+ Tko1 <0 V1€ [n]
T11,0 + 21,0 <0 VI E [n]

In the definition below, we introduce a set of vectors R. We shall shortly prove that R is exactly the set of vectors that can
generate the cone K := {x € R*" : Mx < 0}.

Definition 12. Ler R be the set of all vectors r = (r;ﬂ-,j) that belong to one of the following families:

ken],i,j€{0,1}
(I) The all-+1 rays. One vector corresponding to each s € {—1,1}, defined as
Thi,l = S, Tki,0 = —8, Vken], i€ {0,1}.

(II) Single-entry perturbations. One vector corresponding to every (k',i', ') € [n] x {0,1} x {0,1} with (K',,j") #
(n—1,1,1), defined as

rk’/i/,j/ = —1’
rhig =0 V(k,i,j) # (K, 5")

(III) One special coordinate set to zero.
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Tk1,0 = —1, Tk0,0 = -1 Vk € [nL
Tk, =1 Vk € [n—1],
Tko,1 = 1 Vk € [n],

T(n-1)1,1 = 0.

(IV) Rays indexed by a nonzero binary vector s € {0,1}"~1. One vector corresponding to every s € {0,1}"~1\ {0},
defined as

rro,1 = —1, TR0 =0 Vk € [n],

Tk1,0 = Sk Vk € [n — 1],

Tk1,1 = —Tk1,0 Vk € [n],

T(n-1)1,0 = 0.
(V) Rays indexed by a nontrivial binary vector s € {0, 1}". One vector corresponding to every s € {0,1}™\ {0,1}, defined
as

Tk1,1 = Oa Tk1,0 = -1 Vk € [ﬂ},

Tko1 = Sk Vk € [n],
Tk0,0 = —Tk0,1 Vk € [n].

(VI) Another family indexed by s € {0,1}"~1 \ {0}. One vector corresponding to every s € {0,1}"~1 \ {0}, defined as

Tro,1 = 0, TRo,0 = —1 Vk € [n],
Tk1,1 = Sk Vk € [n — 1],
Tk1,0 = —Tk1,1 Vk € [n],

T(n-1)1,1 = 0.
Proposition 7. The cone K is generated by cone combination of vectorsr € R.

In order to prove Proposition[7] we characterize the extreme rays. To do so, we will utilize a few preliminary results presented
below.

Definition 13 (Active Constraint Matrix). For a feasible point v in IC, the active constraint matrix at r, denoted by Mr(o), is
the maximal (row-) submatrix of M such that
Mﬁo)r =0.

Definition 14 (Positive Homogeneity). A set defined by a system of equalities is positively homogeneous if it is closed under
nonnegative scaling, i.e., if r satisfies the defining equalities, then \r also satisfies them for all X > 0.

Lemma 19. Let r # 0 be a feasible point of the cone K := {x : Mx < 0}. Then v is an extreme ray of K if and only if the
active contain matrix at least 4n — 2 linearly independent constraints, i.e.,

rank(M) > 4n — 2

Proof. (=) Fix an extreme ray r. Suppose by contradiction that rank(MlsO)) < 4n — 2. Then the null space of M has
dimension strictly larger than 1 4+ dim(ker(M)). Hence there exists a nonzero vector

t € ker(M) \ span(r, ker(M)) .

Since t € ker(M, 50)), all inequalities that are tight at r remain tight along the direction t. Therefore, for sufficiently small
e>0,
M(r+et) <0, M(r—et) <0,
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so both r + €t and r — et belong to KC. Moreover,
r=21(r+et)+ 3(r—et).

Because t ¢ span(r,ker(M)), at least one of the vectors r + et is not contained in span(r, ker(M)), contradicting

Definition |3| Hence rank(M,SO)) > 4n — 2.

(<) Suppose rank(MIEO)) > 4n — 2. Then
dim(ker(M{?)) < 1 4 dim(ker(M)).
By construction, r € ker(Mr(O)) and ker(M) C ker(Mr(O)).

Let ry,ro € K such that
r=r;+ro.

)

Applying Mﬁo gives

0=MO = MOr; + MOr,.
Since ry,ry € K, we have leo)rl < 0and Mlgo)rg < 0, hence
Mﬁo)rl = Mﬁo)rg =0,
which implies r1,ry € ker(Mlgo)).
If r € ker(M), then M{” = M by definition, and therefore ry,r5 € ker(M), satisfying Definition [3} Otherwise,
r ¢ ker(M). Since ker(M) C ker(M{”) and
dim(ker(M{”)) < 1 + dim(ker(M)),

we must have
ker(M{?)) = span(r, ker(M)).

Thus any feasible decomposition of r lies in span(r, ker(M)), which proves that r is an extreme ray. O

According to Lemmaand Lemma we have two sets of extreme rays, one set for those with rank(Mlso)) =4n —1and
one set with rank(Mr(0 )=4dn — 2.

Remark 9 (Invariant directions and trivial rays). Based on the structure of the cone K := {x : Mx < 0}, if rank(M,fO)) =
rank(M) = 4n—1 holds for a vector r, then Mr = 0. Therefore, only the following vectors can satisfy rank(leo)) =4n—1:

{rq: a€R},
where r,, is defined as
Thi0 = G, TRl = —a, Yk € [n], i € {0,1}.

On the other hand, each vector v, is a scalar multiple of any other vectors of this kind. As a result, all vectors r that satisfy

rank(Mr(O)) = 4n — 1, produce two extreme rays. Convenient choices for these extreme rays are the vectors r'™1 and ri"v?
defined by

7“}3701 = -1, Vke|[n],ie{0,1},
rmt = 1, Vkeln], ie{0,1}.
{T‘EZS — 1, Vkeln], ie {01},
[n]

i 34
r}cr;:’f:—l, Vk € [n], i € {0,1}. (34)

Moreover, since both inequalities pTrinvl < 0and
_pTrinvl — pTrinvg < O
are required to hold, it follows that p T r'™ = 0. As v and r'™ 2 span ker(M), we have
p's=0, Vs € ker(M),

whenever p satisfies Equation (T4).
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The two extreme rays identified in Remark [9]belong to the family (I) in Definition
Lemma 20 (Shift invariance). Let x be feasible for Equation (12), i.e., Mx < 0. Fix any a € R, and define 'y by

Yki,0 = Thi,0 + Gy Ykil = Thi,l — @, Vk € [n], i € {0,1}.

Then y is also feasible: My < 0. Moreover, M,((O) = M3(,0) and p'x = p'y; in particular, x and y induce the same
constraints on p.

Proof. Each inequality in Mx < 0 involves a sum of one (-, 0)-coordinate and one (-, 1)-coordinate. Under the transforma-

tion above, these sums remain unchanged, hence feasibility is preserved. The equalities M,(CO) = M)(,O) andp'x=p'y
follow from the same cancellation (see Remark [9). O

Remark 10 (Normalization). By Lemma @ for the set of extreme rays with rank(M,SO)) = 4n — 2, we may impose the
normalization 7(,_1y1,1 = 0 without loss of generality.

C.1 CHARACTERIZING THE EXTREME RAYS

Under Remark[I0] the vector r has 4n — 1 free (unfixed) coordinates. Throughout the remainder of this appendix, the term
coordinate refers to these 4n — 1 unfixed entries, excluding r(,_1)1,1. By Lemma@ any nonzero, nontrivial extreme ray r
of K—excluding the case rank(Mlso)) = 4n — 1 already treated in Remark |9(—satisfies exactly 4n — 2 linearly independent

)

tight equalities. Consequently, the solution space of the linear equation system M,SO r = 0 is one—dimensional.

Equivalently, r is unique up to scaling. In particular, at most one coordinate can remain absent from the active equalities. We
therefore classify all extreme rays according to the number of unconstrained coordinates.

C.1.1 Case 1: A Single Unconstrained Coordinate

Suppose that exactly one coordinate does not appear in any equality. Then all remaining 4n — 2 variables are uniquely
determined by the linear equation system. Since the system is homogeneous and closed under positive homogeneity, this
unique solution should also satisfy positive homogeneity (if r is the unique solution then r = Ar VYA > 0) therefore, this
solution have to set all constrained variables equal to zero.

Thus r = ce;, where c is constant and e; is the standard basis vector corresponding to the unconstrained coordinate.
Feasibility of Equation (I2) requires ¢ < 0, as a result, a convenient choice for these extreme rays are

r=—e;.
This case contributes exactly 4n — 1 extreme rays belonging to the family (II) in Definition[12]
In what follows, we assume that every variable appears in at least one equality of our linear equation system.

Lemma 21. Every M-equivalence class E (other than those in Case[C.1.1|and Equation (34)) has a member; e.g. r, that
satisfies
re{-1,0,1}*"1

Moreover, v must follow exactly one of the two sign patterns below:

rrio € {0,—1} rio0 =0,
Pattern A: { ki,0 . {0’ +1}’ Pattern B: k1,0 € {0, +1}, (35)
Tki ) 9
ki, 1 rri1 € {0,—1},

forallk € [n]and i € {0,1}.

Note that, based on the feasibility of r, in Pattern B, if r; 1 = O for all possible k and ¢, then 7 o have to be zero for all &
which yields to a trivial ray O that is a member of trivial extreme ray Equation (34). Excluding that, these two patterns are
disjoint.

Before presenting the formal proof, we provide a high-level outline.
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Proof outline. Let r be an extreme ray not covered by Case The defining equalities form a homogeneous linear
system with 4n — 1 variables and rank 4n — 2. Hence, the solution space is one—dimensional and can be parameterized as

Thij = Qi W + bk,
for some scalar w.

Homogeneity of the system implies that if r is feasible, then Ar is feasible for all A > 0. This forces each nonzero coordinate
of r to have fixed magnitude, which we normalize to 1. Therefore ry,; ; € {—1,0,1}.

Each equality has the form ry,;, 0 + 7%,4,,1 = 0, which implies that all nonzero 7; o share the same sign and all nonzero
7ks,1 share the opposite sign. Using Remark [0} which enforces 70,0 < 0, only the two sign patterns in (33) are possible. [

Using the intuition given in the outline, we continue on with the full version of the proof.

Full version of the proof. Consider an extreme ray r and the system of linear equalities obtained from the inequalities of
Equation (I2)) that are active at r. By Assumption[I0]and the feasibility of r, we have

Tn—1)1,1 T 7k0,0 < 0= 70,0 <0 VK € [n].

As mentioned before, the solution space of this homogeneous linear system Mr < 0 is one—dimensional. Consequently,
there exists a scalar parameter w € R and coefficients ay; j, brs,; € R such that every solution of the system, and in
particular each the extreme ray r, can be written as

Tki,j = Qki ;W + bki,ja Vk € [n], 1,] € {0, 1}. (36)

Now consider any equality of the form
Tkoio,0 T Thyiy,1 =0

appearing in the system. Substituting Equation (36) yields
(@kyio,0 + Akyiy,1) W+ (Broig,0 + bkyiy1) =0 Vw €R.
Since this equality must hold for all w, we obtain

Algin,0 F Qhyin,1 = 0, bkoio,0 + bkyiz,1 = 0.

To show that each nonzero coordinate has the same absolute value, we use the following crucial property of extreme rays:
positive homogeneity. Therefore, for any A > 0, there must exist a scalar w), such that

AThi; = QhiWx + bri j Vk,i,J.
Substituting Equation (36) into the left-hand side gives

Ak W 4 A j = Qg jwx + b ;.
For indices (k, 4, j) such that ay; ; # 0, this implies

(A= 1D)bgi,;

Aki,j

wy = Aw + 37

Since Equation holds for any indices that ax; ; # 0, there exists a constant ¢ independent of (k, 4, j) such that

whenever ay; ; # 0.

On the other hand, if az; ; = 0, then the above homogeneity condition reduces to

brij = Abri YA >0,
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which forces by, ; = 0.

We now justify the normalization of the nonzero coordinates of r. Define a graph G whose vertices correspond to the
coordinates (k, %, j) of r, and where an edge connects two vertices (ko, g, 0) and (k1,71,1) # ((n — 1), 1, 1) whenever the
equality

Tkoyio,0 T Thyiz, 1 =0

appears in the active constraint system. Also, we have some self loops on vertices (kg, 7o, 0) whenever we have
Tkoyio,0 T T(n—1),1,1 = 0= Tkg,ig,0 =0

in the active constraint system.

Each connected component of G corresponds to a subset of variables that are linearly linked through the equalities. Therefore,
we can separate the whole linear system as several disjoint linear equations, each corresponding to a connected component
of G. Since the whole linear system has rank 4n — 2 over 4n — 1 variables, exactly one connected component of GG (and its
corresponding linear equation) contains one degree of freedom, while all others correspond to uniquely determined variables
(since their linear equation system is full ranked, it has a unique solution, which is therefore a zero vector). Equivalently, for
all vertices outside this specific component we have ay; ; = 0 and hence ry; ; = 0.

Within the unique component containing the free variable, the equalities force all variables to be affine functions of the same
scalar w. Note that there is no edge of type ry, 4,,0 = 0 in this connected component, due to the fact that each variable has a
path with the node corresponding 7, ;,,0 must have a value equal to zero and uniquely determined. Moreover, along any
edge of G, the equality r4,:,,0 + 7k, i,,1 = O implies that the corresponding coordinates must have the same absolute value.
By connectivity, it follows that all nonzero coordinates in this component have equal absolute value.

Since r is a ray, it is defined only up to positive scaling. Without loss of generality (by rescaling w), we may normalize the
ray so that
|aki jw + bri ;| =1 whenever a; ; # 0.

Consequently, each coordinate of r satisfies
Tki,j € {—1, 0, 1}

We now analyze the sign structure of r. Each equality in the system has the form

Tkoio,0 + Tkyig, 1 = 0,

which implies that whenever both variables are nonzero, they must have opposite signs. Since we are excluding Case|C.1.1}
every variable appears in at least one equality. As a result, due to the fact that all nonzero coordinates present in one
connected component, so, they all have paths to each other, all variables ry; o share the same sign, and all nonzero variables
7,1 share the opposite sign (we treat zero as sign—neutral).

Finally, from Remark we have 0,0 < 0 for all k € [n]. This restricts the possible sign configurations to exactly two
cases:

* 10,0 = 0 forall k, with 7,1 0 > 0 and 14,1 < 0;

* Trio < 0andrg; > 0.

These correspond precisely to the two patterns stated in Equation (33), which completes the proof. O

Using Lemma 2T} we now enumerate all extreme rays by determining which coordinates can be zero under each admissible
sign pattern while satisfying the rank condition of Lemma|[I9]

C.1.2 Case 2: Pattern B

Suppose Pattern B holds, namely

TK0,0 = 0, Tk1,0 € {0, 1}, Tki1l € {0, —1}, Vk € [n], 1€ {0, 1}.

We distinguish two subcases.
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Subcase 2.1: V&, i : ;0 = 0. In this subcase, the only potentially nonzero variables are {rxo.1,7%1,1} ke[n)- Let
A:={ken]:rg1 =0}, B:={ke€n]:rp1 =0},

and denote a := |A| and b := | B].

We prove that the rank of the active constraint matrix in this subcase equals
2n—1)+a+b,
by constructing an independent family of this cardinality whose span contains all tight equalities.

Step 1: a spanning family. Define the following sets of equalities: Let k' € A and I’ € B be arbitrary fixed values.
Li:={rwo+rw1=0:keA}
Lo :={rpoo+rni1=0:1€B} U {rgo+m1=0: ke ]\ A{T'} 1,
L3 :={rno+ru1=0:101€B},
Ly := {T[l,o + rio1 = 0:1 ¢ B}

Remark 11. Note that choosing k' € A andl' € B implicitly assumes that both sets are nonempty. We now justify this
assumption.

First, B # & by normalization, since r(,_1y1,1 = 0 implies (n—1) € B.

Suppose next that A = @. Then ryp1 # 0 for all k € [n], and under pattern B we have ro1 = —1 for every k € [n]. In
this case, the families L1 and L4 are empty and the only tight equalities are of types 10,0 + 11,1 = 0 and 71,0 + 7171,1 = 0.

Consequently, the number of independent equalities is at most
(n—=14+b)+b<2n—1,

which is strictly smaller than the extreme ray rank 4n — 2. Hence A must be nonempty. We may therefore fix arbitrary
indices k' € Aandl' € B.

Let
£5251U£2U£3U£4.

By construction,
[Ll=a+(n—14+b)+b+(n—-0=2n—14+a+0b.

Step 2: spanning property. We show that any remaining tight equality lies in span(L£). The equalities of type 740 0+7k0,1 =
0 and ;1 o + 71,1 = 0 are already contained in £, and Ls. It is easy to see that any equality in { rpo 0+ 711 =0 : k €
[n], I € B} lies in span(Ls). It remains to show that { 7401 + 710 =0 : | € [n], k € A} lies in span(L). Fix[ € B
and k € A. Then

(rino+rn1=0)— (reoo+r1,1=0)0 = 7m1,0—Tkoo =0.

Adding (TkO,O + rko,1 = 0) yields
T11,0 + Tk0,1 = 0.

Now, fix [ ¢ Band k € A\ {k'}. Then
(rii,o0 + 7601 =0) — ("o + ko1 =0) = 11,0 —Tkoo=0.
Adding (rr0,0 + 711,10 = 0) — (Tko,0 + 771,10 = 0) yields
T11,0 — Tk0,0 = 0.

Adding (70,0 + rko,1 = 0) yields
T11,0 + 70,1 = 0.
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Hence all equalities of type 71,0 + 70,1 = 0 with k € A are linear combinations of equalities in £; U Lo U L3.

Step 3: linear independence. Order the variables as
{7”]@0)1 ke A}, {7”;@0)0 ke [n]}, {7‘[1’1 e B}, {7‘[1’0 :le B}, {rll,O ol ¢ B}
Each family £, ..., £, introduces a new pivot variable not used earlier:

* Ly pivots on ry.1 (kK € A),
* Ly pivots on 0,0 (k € [n] \ {I'}) and 111 (I € B),
* Lz pivotson o (I € B),
* Lypivotson g (I ¢ B).

The coefficient matrix therefore contains a block upper-triangular submatrix with nonzero diagonal, implying that L is
linearly independent.

Conclusion. The active constraint matrix has rank
2n—1+a+b.

Imposing the extreme ray rank condition 2n — 1+ a + b = 4n — 2 yields {a,b} = {n — 1,n}, and the configuration
coincides with Case

Subcase 2.2: 3ky : 71,1,0 = 1. In this subcase, the equality constraints imply
70,1 = -1 Ve [n], Tkol,1 = —1.

Moreover, by Remark[10]
T(n—1)1,0 = 0.

Let
A={ken]:rpo=1}, B :={k € [n]: 11,1 = 0},

and denote a := |A| and b := |B|. Since 1,1 < —7Tk1,0, the above constraints imply A N B = & and therefore

a+b<n.

Rank count. We now count the number of independent tight equalities.

* Equalities of type 70,0 + 70,1 = 0 do not appear in this subcase.
* Equalities of type 70,0 + 71,1 = 0 contribute n + b — 1 independent constraints.
* Equalities of type 71,0 + 10,1 = 0 contribute n 4+ a — 1 independent constraints.

* Equalities of type 71,0 + 71,1 = 0 contribute a + b independent constraints.
Hence the total number of independent equalities equals

m+b—1)+(n+a—1)+(a+b)=2n—2+2a+ 2b.

Imposing the extreme ray rank condition 2n — 2 + 2a + 2b = 4n — 2 yields

a+b=n.

Remark 12. Note that A cannot be empty. Indeed, if A = @, then no equalities of type r;1,0 + Tro,1 = 0 appear. In this
case the number of independent equalities is at most

(n+b—1)+b<3n—1,

which is strictly smaller than the extreme ray rank 4n — 2. Hence A # &.
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Enumeration of rays. Thus A and B form a partition of [n] with (n — 1) ¢ A because r(,,_1)1,0 = 0. Hence A C [n — 1]
is nonempty, and every nonempty subset A C [n — 1] yields an extreme ray.

Equivalently, for any binary vector s € {0, 1}~ that is not identically zero, define

Tko,1 = —1, Vk € [n],
k0,0 = 0, VE € [n],
T(n—1)1,0 = 0,

Tk1,0 = Sk, Vk € [n—1],
Tr11 = —Tk10, VK € [n].

This produces 2™~ ! — 1 M-distinct extreme rays belonging to the family (IV) in Definition

C.1.3 Case 3: Pattern A

Suppose Pattern A holds, namely

Tki,0 S {07 _1}7 Tki1 S {07 +1}a Vk € [n]7 (RS {07 1}
We consider four subcases.

Subcase 3.1: V&, i : r,; 1 = 0. In this subcase, the only potentially nonzero variables are {ryo.0,7x1,0} ke[n]- Define
A:={k € [n]: 1k, =0}, B:={ke€n]:rk,o=0}

and denote a := |A| and b := | B].

Rank count. We count the number of independent tight equalities.

* Equalities of type 70,0 + 70,1 = 0 contribute a independent constraints.
* Equalities of type 71,0 + 10,1 = 0 contribute n 4 a — 1 independent constraints.
* Equalities of type 71,0 + 71,1 = 0 contribute b independent constraints.

* Equalities of type 70,0 + 71,1 = 0 contribute n — a independent constraints (Similar to Subcase 2.1).
Hence the total number of independent equalities equals

a+(n+a—-1)+(n—a)+b=2n—14+a+0.

Imposing the extreme ray rank condition 2n — 1 + a + b = 4n — 2 yields {a, b} = {n — 1, n}. Therefore this configuration
coincides with Case

Subcase 3.2: 3k, lo : Tr,0,1 =1, 7,1,1 = 1. In this case, the equality constraints force

710,0 = T11,0 = -1 Vi e [n]

Define
A= {k € [Tl] cTko,1 = 1}, B := {k S [TL] TE1,1 = 1},

and denote a := |A| and b := |B|. By Remark[I0] (n — 1) ¢ B, hence b <n — 1.
Rank count. As in the previous subcases, we count the number of independent equalities:

* Equalities of type 70,0 + 70,1 = 0 contribute a constraints.
* Equalities of type 71,0 + 10,1 = 0 contribute n 4 a — 1 constraints.

* Equalities of type 70,0 + 71,1 = 0 contribute n — a constraints.
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* Equalities of type 71,0 + 71,1 = 0 contribute b constraints.
Hence the total number of independent equalities equals

2n—1+a+b.

Imposing the extreme ray rank condition 2n — 1 + a + b = 4n — 2 yields

a=n, b=n-—1.

Resulting extreme ray. These values uniquely determine the configuration, giving the extreme ray

TE1,0 = -1, Vk € [’I’L]7
Tk0,0 = —1, vk € [n],

T(n-1)1,1 = 0,
Tk1,1 = 1, Vk € [n — 1]7
TKO,1 = 1, Vk € [n]

which belongs to the family (III) in Definition
Subcase 3.3: 3ko : 7,01 =1, VI : 71,1 = 0. In this subcase, the equality constraints imply

rno=-—1 Vle [n}, Tko0,0 = —1.

Define
A=Ak €n]:rpon1 =1}, B:={k € [n]: rro0 =0},

and denote a := |A| and b := | B]|.
Rank count. We now count the number of independent tight equalities.

* Equalities of type 71,0 + 7x1,1 = 0 do not appear.
* Equalities of type 70,0 + 71,1 = 0 contribute n + b — 1 independent constraints.
* Equalities of type 71,0 + 10,1 = 0 contribute n 4 a — 1 independent constraints.

* Equalities of type 10,0 + 710,1 = O (for indices where both variables appear in tight constraints) contribute a + b
independent constraints.

Remark 13. If B = &, then no equalities of type 10,0 +711,1 = 0 appear. In this case the number of independent equalities
is at most

n+a-1)+a=n+2a-1,
which is strictly smaller than the extreme ray rank 4n — 2. Hence B # .
Hence the total number of independent equalities equals

m+b-1)+(n+a—1)+(a+0b) =2n—2+2a+ 2b.

Imposing the extreme ray rank condition
2n —2+42a+2b=4n — 2
yields
a+b=n.
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Enumeration of rays. Thus, the sets A and B form a nontrivial partition of [n]. Equivalently, for any binary vector
s € {0, 1}™ that is neither identically zero nor identically one, define

rp11 =0, Yk € [n],
Tk1,0 = —1, Vk € [ﬂ},
Tk0,1 = Sk Vk € [n],
Tk0,0 = —Tko,1, VK € [n].

This produces 2" — 2 M -distinct extreme rays belonging to the family (V) in Definition

Subcase 3.4: ko : 7,11 =1, VI : r;0,1 = 0. In this subcase, the equality constraints imply

70,0 = -1 Vie [n}, Thol,0 = —1.

Define
A={ke€n]:rp1 =1}, B:={kc[n]:rr0 =0},

and denote a := |A| and b := | B]|.
Rank count. We count the number of independent tight equalities.

* Equalities of type 70,0 + 10,1 = 0 do not appear.
* Equalities of type 71,0 + 7x1,1 = 0 contribute a + b independent constraints.
* Equalities of type 71,0 + 10,1 = 0 contribute n 4 b — 1 independent constraints.

* Equalities of type 70,0 + 71,1 = 0 contribute n 4+ a — 1 independent constraints.

Remark 14. If B = &, then no equalities of type 111 o + 10,1 = 0 appear. In this case the number of independent equalities
is at most
(nta—-1)+a=n+2a—1,

which is strictly smaller than the extreme ray rank 4n — 2. Hence B # Q.

Hence the total number of independent equalities equals
(a+b)+(n+a—-1)+(n+b—1)=2n—2+2a+ 2b.
Imposing the extreme ray rank condition
2n—242a+2b=4n -2

yields
a+b=n.

Enumeration of rays. By Remark |10, (n — 1) ¢ A. Thus, A C [n — 1] is a nonempty subset, and every such subset
produces an extreme ray.

Equivalently, for any nonzero binary vector s € {0,1} "1, define

Tro1 = 0, Vk € [n],
Tk0,0 = -1, Vk € [n],
Tm—11,1 =0,

Tk1,1 = Sk, Vk € [n — 1],
Tri0 = —Tk11, VK € [n].

This produces 2™ ~! — 1 M-distinct extreme rays belonging to the family (VI) in Definition

The above case analysis exhausts all feasible configurations and characterizes all extreme rays of the cone. This completes
the proof of Proposition
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C.2 NUMBER OF EXTREME RAYS
Summing the contributions from all cases,

24+ Un -1+ D) +14+@2"—2)+ (2" 1) =2 4 4n — 2
which proves the following Corollary.

Corollary 6. According to Proposition E] the cone K is generated by 2" ! + 4n — 2 M-distinct vectors ;.

C.3 EXTRACTING THE IV INEQUALITIES

Theorem 5. Let P be the observed probability distribution, and pq, . defined as in SectionE] The sharp testable implications
of the IV model under Assumptions and[|are the following inequalities:

Z —Pro,1 + Z(Pkl,o —pr11) <0,

ke(n] keT
VI Cn—1], T #@,

Z —Pr1,0 + Z(Pk(u — Proo) <0,
ke[n] keT (17)
VT C[n], T # 2,

> —proo+ Y (Pri1 —prio) <0,

ke(n] keT
VI Cln—1], T #o.

Proof. Based on the fact that K can be written as a cone combination of 7;s, we can write the sufficient inequalities as
p'7; <0.As p is the observed probability law, the following inequalities are obviously satisfied, hence, there is no need to
check them.

> (ko +pr11) = Y (Pro.o +pr1o) <0,

ke(n] keln]
> (proo +Pr10) = Y (Pros +pr11) <0,
ke(n] keln]

— <
Proo <0, Vk € [n], (38)
— Pko,1 S 07 vk € [n]7
_pkl,O S 0; Vk € [n]v
[
)

—pr11 <0, Vke

n
Z (Pr1,1 + Pro,1) + Pn—1)0,1 < Z (Pr1,0 + Pro,0)-
ke[n—1] ke[n]

Therefore, the given inequalities in Theorem [5]are sufficient to test the validity of the observed probability vector p satisfying
our problem assumptions and setup.

For necessity part, we need to show that each extreme ray presented in Proposition [7]cannot be derived as cone combination
of the others and moreover, for each inequality in Equation (17)), there exists a vector p such that it satisfies all inequalities
except that specific one.

Fix an extreme ray representative r € R (where R is the family in Definition , and suppose, by contradiction, that
m
I'ZZ/\tI't, At >0,
t=1
where each r, € R are such that &, # &, whenever r, ¢ ker(M).
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LetZ := {t : As > 0} and pick any to € Z. Define

r; = )‘turto’ ro = E /\trt.
teZ\{to}

Thenry,ro € Landr = ry + ro.

Since r is an extreme ray, by Definition [3] we have

Hence there exist @ > 0 and s € ker(M) such that
r=ary +s.
We distinguish two cases.

Case 1: r ¢ ker(M). This implies thatr;, ¢ ker(M ). By the normalization in Remark T(n—1)1,1 = 0. Since s € ker(M),
we have s = 0 if and only if s(,,_1);,1 = 0, which implies s = 0 and therefore

= QTry,.
All vectors in ‘R are unique rays; hence r = ry,,.
Case 2: r € ker(M). Multiplying the above equality by M yields

0=Mr=oaMry,,

so ry, € ker(M). Since both r and r;, belong to ker(M) = cone(sy,- - ,S¢ —S1,- -, —St), combining the fact that
s1,- -, St are independent bases of ker(M) with positiveness of « implies that r and r;, must coincide. Hence
r =Ty,.

Therefore, r cannot be expressed as a conic combination of representatives of the other elements in R. Since the conic hull
of these representatives is a closed convex set, the strong separating hyperplane theorem guarantees the existence of a vector
P such that

p'r>0 and p'x<0

for all x in the conic hull generated by representatives of the remaining elements of R. Moreover, since r does not correspond
to an extreme ray inducing the inequalities in Equation (38)), the vector p satisfies these inequalities. In particular, p # 0,
and by normalization, the vector
«_ 2P
Pl

defines a valid observed probability vector such that
(P)'r>0 and (p*)'x<0

for all x in the conic hull generated by representatives of the other elements of R.

As aresult, for each inequality in Equation (I7)), there exists an observed probability vector p that violates that inequality
while satisfying all the others. Consequently, each inequality p'r < 0 associated with r € R is necessary: removing it
would enlarge the feasible set of observed probability vectors p beyond the set induced by K.

Combining necessity with the sufficiency argument (since XX = cone(R)), we conclude that the family of inequalities in
Theorem [3]is necessary and sufficient. O
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D PROOFS OF GENERALIZED VERSIONS
Below, we provide generalized versions of our previous Lemmas. Specifically, we no longer restrict our setting to ¢ = 2; the
instrument Z can take an arbitrary number £ of values.

Lemma 22. Let v be a feasible point satisfying Mv < c. Then v is a vertex if and only if

rank(M,) = 2nl — dim(ker(M)) = rank(M).
Proof. We prove both directions.

(<) If rank (M) < 2nf — dim(ker(M)), then v is not a vertex.

Suppose rank(My,) < 2nf — dim(ker(M)). Note that rank(M) = 2nf — dim(ker(M)). Because rank (M) < rank(M),
we have
dim ker(My ) > dimker(M).

Hence, there exists a nonzero vector t € ker(M, ) such that t ¢ ker(M).

Since t € ker(M, ), we have
My (v +et) = Myv =cy

for all € € R. For sufficiently small € > 0, the inequalities corresponding to non-active constraints remain strict, because
they are strict at v. Therefore,
M(v+et)<c and M(v—et)<c

for sufficiently small e.
Thus both v + et and v — et are feasible. Moreover,
v=1(vtet)+i(v—et),

and since t ¢ ker(M), we have

so the two feasible points are M -distinct.

Hence v can be written as a non-trivial convex combination of two M -distinct feasible points, and therefore v is not a vertex
by Definition 2]

(=) If rank(M, ) = 2nf — dim(ker(M)), then v is a vertex.
Now suppose rank (M, ) = 2nf — dim(ker(M)). Assume
v =Avi+ (1 = A)vy, A€ (0,1),

for feasible points vy, vs.

Since v is active on M,,, we have
Myv = cy.

Applying M, to the convex combination gives
Myv = AMyvi + (1 — N)Myvs.

Because v, and vy are feasible,
Myvy < cy, Myvy < cy.

Since the convex combination equals c.,, it follows that
Myvi =c¢y and M,vy = cC,.
Therefore,

My (v —vy) =0, My (v —v3)=0.
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Because rank (M, ) = rank(M ), and the fact the My, is a submatrix of M we have
ker(My) = ker(M).
Hence,

v — vy € ker(M), v — vy € ker(M).

By Definition [2| any two feasible points differing by a vector in ker(M) represent the same extreme point. Thus v cannot be
written as a non-trivial convex combination of two M -distinct feasible points, and therefore v is a vertex. O

Remark 15. Since rank(M) = rank(M,) = 2nf — dim(ker(M)), the solution set of the system M,x = c is an affine
space of the form v + ker(M). Therefore, M, uniquely determines the M -equivalence class [v].

In particular, if two active constraint matrices share the same row basis (that is, they consist of the same linearly independent
rows), then they determine the same solution v and thus the same M -equivalence class [v]. Consequently, the two active
constraint matrices must coincide.

Lemma 23. Let v # 0 be a feasible vector of the cone K = {x : Mx < 0}. Let M,EO) denote the matrix of all inequalities
that are active at r as described in Definition[I3| Then r is an extreme ray of K if and only if the active set contains at least
2nl — dim(ker(M)) — 1 linearly independent constraints, i.e.,

rank(M ) > 2n0 — dim(ker(M)) — 1

Proof. (=) Assume r is an extreme ray and suppose, by contradiction, that rank(Mlso)) < 2nl — dim(ker(M)) — 1. Then
the null space of M,SO) has dimension strictly larger than 1 + dim ker(M). Hence there exists a nonzero vector

t € ker(MY) \ span(r, ker(M)) .

Since t € ker(Mr(O)), all inequalities that are tight at r remain tight along the direction t. Therefore, for sufficiently small
€e>0,
M(r+et) <0, M(r —et) <0,

so both r + et and r — €t belong to . Moreover,
r=21(r+et)+ 5(r—et).

Because t ¢ span(r,ker(M)), at least one of the vectors r + €t is not contained in span(r, ker(M)), contradicting
Definition

Hence rank(M,SO)) > 2nf — dim(ker(M)) — 1.
(<) Assume rank(Mlgo)) > 2nl — dim(ker(M)) — 1. Then

dimker(M?) < 1 + dimker(M).
By construction, r € ker(M,EO)) and ker(M) C ker(M,SO)).

Let rV, r(® € K such that
r=r® 4@,

Applying M,SO) gives

0= MOr = MO 4 VO
Since r, r® € K, we have M”r(M) < 0 and M+ < 0, hence
MOr® = 0@ o
which implies r, r® € ker(M{”).
If r € ker(M), then M = M and therefore r) r(® ¢ ker(M), satisfying Deﬁnition Otherwise, r ¢ ker(M). Since

ker(M) C ker(M,SO)) and
dimker(M?) < 1 + dimker(M),

we must have
ker(M9) = span(r, ker(M)) .

Thus any feasible decomposition of r lies in span(r, ker(M)), which proves that r is an extreme ray. O
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D.1  VERTICES AND PROOFS OF SECTION[4.2]

Theorem 4. For any a € [{], and any s = (s, ...,s,_1) € ([¢] \ {a})", define w(a,s) € R"*?** gs

wyl,j = O’ Vyv ] # a,
Wyl,a = Yy — Yn—1, V%

wyO,j = 07 vy7 j ¢ {a>sy}7
Wy0,s, = Tn—1 — Yy Vy,

Wyo,a = Y0 — Vn—1, vy.

Then {w(a,s) : a € [{], s € ([(] \ {a})™ non-constant} is a set of M-distinct vertices of H (the feasible region of Equa-
tion[I0). The number of these M-distinct vertices equals

E((E—l)”_l (- 1)).

Proof. For convenience we rewrite Equation (T0) in the equivalent form

max > > > PydjTyd; (39)

y€[n] de{0,1} je[/]
{—1

S.t. nyijij,j S Yy1 — Yyo» vyanl S [TL], V(io, v aif—l) S {07 1}£
j=0

Lemma 24 (Shift invariance for general version). Let v be feasible for Equation (39). Fix any t € R and j € [¢] \ {0}, and
define u by
Uki,0 = Vki,0 + t, Uks,j = Vkij — t, Vk € [’I’L], 1€ {0, 1}

Then'y is also feasible. Moreover, M, = M, and p'u = p' v, in particular, v and u induce the same constraints on p.

proof of Lemma[24} Each inequality in Equation involves a sum of one (-,0)-coordinate and one (-, j)-coordinate.
Under the transformation above, these sums remain unchanged, hence feasibility is preserved and M, = M,,. The equality
pTv = pTu follows from the same cancellation due to the fact that Zke[n], i€{0,1} Pri0 = Zke[n], ie{0,1} Prij = 1. O

Remark 16 (Normalization). By Lemma |24} for any feasible point in Equation (39), we may impose the normalization
Vn—1)1,; = 0,Vj # 0 without loss of generality.

In order to prove Theorem[d] we show (i) feasibility of the constructed w, and (ii) that w is a vertex by exhibiting a family
of constraints that are tight at w and whose equalities determine w uniquely (after fixing a normalization for the shift
invariance).

(i) Feasibility. Fix (ig,...,40—1) € {0,1}* andlet A := {j : i; = 0} and A° := {j : i; = 1}. For any yo, y1 € [n], the
left-hand side of the corresponding constraint equals

Z Wyo0,5 T Z Wy1,5-

JEA JEA®
By construction, among the terms w,, 1 ; only the coordinate with j = a may be nonzero, and among the terms w0 ; only

the coordinates with j € {q, s,, } may be nonzero. Hence the above sum contains at most two nonzero contributions, at
indices a and s, and we obtain

> wyo0i + Y wy1j < max{wy,0.a, Wy 1,0} + Max{wy0,s,, Wyr1,5,, }-
jeA jeAe

Since Wy 1,5, = 0 (because sy, # a), the second maximum equals Wyy0,5,, = Yn—1 — Vyo- Moreover Wy, 0,6 = Y0 — Yn—1
and Wy, 1,6 = Yy, — Yn—1, 50 the first maximum equals vy, — vn—1. Therefore,

Zwyoo,j + Z Wy, 1,5 < (ﬁYyl - 'Ynfl) + (7”*1 - ﬁY?/U) = Yy1 — Vyo>
JEA JEAC

and all constraints in Equation (39) are satisfied. Thus w is feasible.
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(ii) Vertex Property. We next show that the above construction is uniquely determined (up to the standard shift invariance)
by a collection of tight constraints from Equation (39). Concretely, the construction implies that the following constraints

are tight:
-1
> @05 =0 — W Vy € [n],
j=0
-1
nyl,j =Yy — Yn—1, Yy € [n],
§=0
Tyo,s, + Z Tkl,j5 = Yk — Yy Vyvk € [TL],
J#Sy
Tyo,s, + Tkl,a + Z Tyoj + Z Thij = Yk — Yy Yy, k, YA C [0\ {a, sy}
jeA jeANa,sy}

After fixing the normalization
LT(n-1)1,5 = 0, Vj # 0,
we prove that the resulting linear system has a unique solution, hence w is a vertex of the feasible polyhedron.

From the normalization x(,,_1);,; = 0 for all j # 0 (Remark and equality (@I)) with y = n — 1, we obtain

-1
Zﬂﬂ(n—l)l,j = Yn—1 — Yn-1 = 0.
j=0

Since all summands except possibly j = 0 are zero, it follows that x(,_1)1,0 = 0 as well. Thus,

T(n-11,; =0, vj € [€].

Now apply @2) with k = n — 1:

Zyo,s, t Z T(n—1)1,7 = Tn—1 — Vy-
J#sy

Using (@4), the sum vanishes, and we conclude that for every v,
Ty0,sy = Tn—1 — Vy-

Substituting (@3) back into (42) for general k gives

Tn—1 =Yy + Z Tkl,j = Yk = Vys
J#sy

hence

Y w = =1, Yk
7755y

Combining (@T) with (@6) gives
Tg1,s, =0 VEk,y.

Define the index sets
B = {j: Jk with s, = j}, C = B“.

By construction s, # a forall y,soa € C.

Since there exists y such that s, = j for each j € B, using 7)) implies that

Tkl,j = 0, Vk, V) € B.
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Consequently, (1)) becomes

> k=% — -1, k. (49)
jec

Next, specialize (@3] by choosing A C B\ {s,} (so that A contains no elements of C'). Using (@3) and (&8), the terms
involving 1 ,; for j € B vanish, and @3) simplifies to

Yn—1— Yy + Z Tyo,j = Ve — Yy — Thl,a — Z Tr1,j- (50)
JjEA jeC\{a}

Z Tyo,5 = 0.

JjEA

Combining (@9) with (30) gives

Varying A over all subsets of B \ {s,} forces ,0; = 0 forall j € B\ {s,}, and combined with @3) shows that, within B,
the only possibly nonzero d = 0 coordinate is at s,:

zy0,; =0 (j € B\ {sy}), Ly0,s, = Tn—1 — Vy- (5D
Now choose A C C'\ {a} in (@3). With (#7), the remaining terms lie entirely in C.

Yn—1 = Yy + Tkl,a + Z Tyo,j + Z Tkl,j = Ve — Yy
jeA jeAcn(C\{a})

The dependence on A then implies that for each j € C'\ {a} there exists a scalar /; such that
Tk1,7 = Ty0,j = h_]7 Vk,y7 v] el \ {CL} (52)

Using (@9), we obtain for all &:

Tkl,a + Z hj =Y — Tn—1-
jeC\{a}
Also, with (#0) and (5T)), we obtain for all y:
Tyo,a + Z hj =90 — Yn-1
jeC\{a}
Finally, by the normalization and (32), for every j € C'\ {a},
hj = x(m-1)1,; =0,

S0 k1, = yo,; = 0forall j € C'\ {a}. Plugging this into the two displayed equations yields

Ty0,a = Y0 — Tn—1, LTkl,a = Yk — Tn—1-

Together with (48)) and (51), this determines all coordinates of x uniquely. Therefore, after fixing the stated normalization,
the linear system (@0)-(@3) admits a unique solution, and hence the feasible point w is a vertex of the feasible polyhedral.

(iii) Counting. Fix a € {0,...,¢ — 1}. The map s is a length-n vector taking values in [¢] \ {a}, hence there are (£ — 1)"
possible maps in total. Among these, (¢ — 1) maps are constant. The construction excludes constant s, and moreover the
resulting vertex is unchanged under the standard shift invariance, so the number of M -distinct (non-constant) choices
contributing M -distinct vertices is

-1t —(—1).

Multiplying by the [ possible choices of a gives the total count

1((€— )"t = (£ 1)).

This completes the proof. O
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Corollary 2 (Exponential lower bound). Under Assumptions and M| (or alternatively, and[d)), if a set of linear
functionals of P is a sharp ATE bound, then it must contain at least

e((z —)nl (- 1))

terms.
Proof. By Theorem[d] the feasible set  contains at least

e((z —)nl (- 1))

M -distinct vertices.

Moreover, according to Remark and similar to Proposition@, for each vertex v € H, there exists a pair (P, Q) satisfying
(@) such that v uniquely attains the optimum of the dual objective.

It follows that each such vertex v induces an achievable ATE bound of the form p " v. Therefore, any complete set of sharp
ATE bounds must include at least one bound corresponding to each of these vertices.

Hence, any complete collection of sharp ATE bounds must contain at least

z((e— 1)t (5_1))

bounds. O

D.2 EXTREME RAYS AND PROOFS OF SECTION

In this setting, the dual feasibility problem Equation can be written as

max p'x
S.t. nyoo,j+ Zl‘yleSO Y0, Y1 E{O,...,n—l}, VSQ{O,...,K—l}. (53)
JES JES®

Theorem 6. Suppose Assumptions andW|| hold. For any y' € [n — 1], j' € [{], and non-constant (jo, ..., jn-1) €
([\ {4’} the following inequality holds:

n—1
SR D VIR (18)
j€{jo,--sdn—1} y=0

Moreover, none of these inequalities are implied by the others (no redundancy), and their total number is

(n— 1) ((=1)" ~ (€~ 1)).

In order to prove Theorem [6] we introduce a set of extreme rays that produce necessary IV inequalities.

Proposition 8 (Extreme rays generating the inequalities). Fixy’ € [n — 1] and j' € [{]. Let (jo,...,jn-1) € ([(]\ {J'})"
be not identically constant. Define r by

Ty =1,
TyO,jy - _L vya
ry’l,jy - _]-7 Vil/a

and all other entries equal to zero. Then v is an extreme ray of the cone K.

Proof. The proof consists of three steps.
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Step 1: Feasibility. Fix any constraint indexed by (yo, y1,.5). The left-hand side is

LHS = Zrygo,j + Z Tyi1,5-

j€Ss jese
By construction, the only nonzero entries of r are:
Ty'1,j/ = 1, TyO,jy = —17 Ty’l,jy = —1.

Hence, LH S contains at most one positive term, namely 7,1 ;. If this term appears (i.e., y; = 1y and j’ € S°), then since
Jyo # J', either the term 7,05, = —lorryn ;, = —1 appear in the sums. All remaining nonzero terms are nonpositive.
Therefore,

LHS<1-1=0,

and the constraint is satisfied. Hence r € K.

Step 2: Rank of the Active Constraints. First, note that the ambient dimension is 2n/, and by shift invariance (see
Lemma[24)), the kernel has dimension at least £ — 1. Hence, by Lemma[23] r satisfies Definition 3]if and only if

rank(M ) > 200 — dim(ker(M)) — 1.

We now show that the set of tight constraints at r has rank at least 2n¢ — /.

Consider the following family of constraints, all of which are active (tight) at r:

Tyr0,i + Z Ty1,; =0, Yy #y', i # Gy, (54)
i
Yy =0, Yy £y, (55)
j
Tyoi+ Y @y =0, Yy £y, iy, (56)
J#i
D wyo+ g oy =0, Vi # Gy d's (57)
J#3
Y @yt ayn ey, =0, Yy with jyr # jy, (58)
33"y
> w0+ Ty, + Ty =0, Vy. (59)
3#3"dy

We claim that these constraints determine r uniquely up to scaling and addition of a vector in ker(M).

From (53), we have
Yo =0 Vy#y.
J

Substituting into (56) yields, for all i # j,,

Tyo,i + E Tyl,j = Tyo,i — Ty1,i = 0,
j#i

hence
Tyo,i = Tyl,i, Vy # y/v i # Jy-
Combining with (54) yields, for each i # j, there exists a scalar h; such that,

;7 . .
h; = LTy'0,i = Ty0,i = Tyl,i, Vy 7& Yy, 7& Jy-
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Applying in (33) yields, for all y # v/,

Tyrg, == D hy. (60)
J#Jy
Substituting into (39) yields, for all y # v/,
Ty1g, = Tyo,g, = Ty'1,5 — Ny (61)

Combining with (38) yields, for all y”" with j,» # j,,
Yz ey, =0.
73y
Considering (53)), we obtain
Tyrg, = hi, = Tyo4,
Comparing (57) and (39) for y = 3/, we obtain

o
Ty1,i = Tyr0, = N, Vi £ 50 dyr-

Applying in (37) yields
Ty ==Y hy.
J#3’
Combining with (60) and (61) results in
Tyo.5, = hj,-

Thus, by fixing values of h; for all ¢ € [¢], x is uniquely determined as follows

Tyo,; = hj, Yy, j;
Ty1,; = hy, Yy # Y, # dy;
Tyrg, == > hy Yy #y';
%3y
Ty, = hy, Vi # 4
Ty == Y hy;
i

Therefore, the solution space has dimension ¢. Since dim(ker(M)) > ¢ — 1 and r belongs to the solution space,

rank(M9) > 200 — ¢ > 200 — dim(ker(M)) — 1.
This shows that the active constraints have maximal rank for an extreme ray, and hence x defines an extreme ray.

Step 3: Counting. For each (y’, j'), there are (¢ — 1)™ — (£ — 1) non-constant choices of the vector (jo,. .., Jn—1)-
Multiplying by (n — 1)¢ yields the total number of M -distinct rays. O

Proof of Theorem|[6] Each ray presented in Proposition [§|induces the inequality
p'r<o,

which is exactly inequalities in Theorem|[6] In order to prove the necessity of these inequalities, it is suffice to show that for
each inequality there exists a vector p such that all of inequalities except this specific one is satisfied, which is obtained
similarly to Section [C.3]since the inequalities are derived from A/-distinct extreme rays. Furthermore, as in Section [C.3] the
basic constraints

Pyd,= >0 Vyvda 2, and Zpyd,O = Zpyd,z; Vz e [g]’
y,d y,d

are implied by extreme rays other than those characterized in Proposition[8] Hence, it follows that the vector p is an observed
probability vector, corresponding to some distribution P. O
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E ANALYTICAL EXAMPLE

In this section, we present an explicit example for n = ¢ = 2. We construct the corresponding matrix M, the set .S, the set
of vertices ), the ATE bounds based on the distribution P, set of extreme rays, and the associated IV inequalities.

E.1 FORMULATION

We begin by listing all the constraints given in Proposition 2}

P00,0 = 400,00 1+ Go0,01 + qo1,00 + qo1,01
P10,0 = ¢10,00 + 410,01 + g11,00 + G11,01
P01,0 = 400,10 + Q00,11 + G10,10 + G10,11
P11,0 = qo1,10 + Qo1,11 + q11,10 + 911,11
00,1 = 400,00 + 900,10 + Go1,00 + qo1,10
P10,1 = 410,00 + g10,10 + ¢11,00 + g11,10
Po1,1 = 400,01 + Q00,11 + G10,01 + G10,11
P11,1 = qo1,01 + Qo1,11 + q11,01 + q11,11-

In addition, we impose the nonnegativity constraints
¢ija>0  foralli,j€ {0,1}, d € {0,1}>.

Our objective is to maximize or minimize the linear functional

c'q,
subject to the constraints p = M " q and q > 0, where
i 00,0 P10,0 P01,0 P11,0 P00,1 P10,1 Po1,1 P11,1 ] 0
goo,00| 1 0 0 O 1 0 0 0 400,00
go1o00 1 0 0 0O 1 0 0 O 401,00 Y1 — Yo
quoool 0O 1 0 0 0 1 0 O 410,00 Yo 6 M
g0l 0 1 0 0 0O 1 0 O q11,00 0
b10.0 g1/ 1 0 0O O O 0 0 1 qo1,01 Y1 — Yo
Pod,0 qi0,01| O 1 0 0 0 0 1 0 410,01 Yo 6 7
p= [P0 M=|qgia/ 0 1 0 0 0 0 0 1 q= |00 c=
Poo.1 7 400,10 0
gooof 0O 0O 1 0 1 0 0 O -
P10 qo1,00 0 0 O 1 1 0O 0 0 qo1,10 Y1 — Yo
Po1,1 ¢10.10| 0 0 1 0 0 1 0 0 410,10 Yo 6 Y1
e @100 0 0 0 1 0 1 0 0 q11,10 0
gooa1l 0O 0O 1 0 0 O 1 O G00,11
111 0 0 0O 1 0 0 0 1 qo1,11 Y — Yo
qio1| 0 0 1 0O 0 O 1 0 410,11 Yo 6 94!
lg1112/ 0 0O O 1 0 O 0O 1 | q11,11

E.2 EXAMPLE OF SUBMATRIX SELECTION

We illustrate the notation M (e, 3) on the following matrix for Definition [}
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00,0 P10,0 P01,0 P11,0 Poo,1 P10,1 Po1,1 P11,1]

400,00
q01,00
410,00
q11,00
400,01
401,01
q10,01
q11,01
400,10
qo1,10
q10,10
q11,10
qoo,11
qo1,11
q10,11
Lq11,11

SO OO OO OOOOOHRFROORH

OO OO0 OORMFHFOOFFEOO
OO OFROFROOODOODOOODOOO
HORFROHOHROOOOOOOOoOo
OO OO OO OO OHOO
QOO OHrHRrHROOOOoOOoOO OO

The dark gray entries correspond exactly to the submatrix

M(O*01UO0 =10, %% 1).

The light grey entries correspond exactly to the submatrix

E.3 VERTICES AND ATE BOUNDS

M (% xx,110 U 000).

OROFrROO0OO0OOOROHFROOOO
—HOFROO0OOO0OOrROHROOOOO

We can represent each b € {0, 1}2%2%2 € S (defined in Definition 4) as the horizontal vector ordered as

(booo, b10o, bo10, b11,05 boot, bio1, boit, bi11)-

in

(17 1707 17 17 1’ 1) 0)7
S1 =

(1,1,1,0,1,1,0,1),
(07 17 ]"O’ 17 17 17 1 7
(1,1,1,0,0,1,1,1),
(

)
)
)
0,1,1,1,1,1,1,0)
)
)
)

(1,1,1,1,0,1,1,0),
(

Sy =
{(

So =

)

0,1,1,1, 1,0,1,1),
1,0,1,1,0,1,1,1

}

}

Now based on Definition [5] we can create the vertex set V) defined in Theorem [T}

( 0,-1,-1, 1, 0,—-1, O,
( 0,-1, 0,-1, 0,—1,-1,
(-1,-1,-1,-1, 1, 0, 0,
( 0,-1,-1,-1, 0, 0, 0,
(-1,-1,-1, 0, 1, 0, O,
( 0,-1,-1, 0, 0, 0, O,
(-1, 0,-1, 0, 1,-1,-1,
(1,-1,-1, 0,—-1, 0,-1,
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So based on Theorem 2] we have

max

— P10,0 — Po1,0 + P11,0 — P10,1 — P11,1,

— P10,0 — P11,0 — P10,1 — Po1,1 + P11,1,

— P00,0 — P10,0 — Po1,0 — P11,0 + Poo,1 + P11,1,

— P10,0 — Po1,0 — P11,0 + P11,1,

— P00,0 — P10,0 — Po1,0 + P00,1,

— P10,0 — Po1,05

— P00,0 — Po1,0 + Poo,1 — P10,1 — Po1,1,

P00,0 — P10,0 — Po1,0 — Poo,1 — Po1,1

< ATE < min

which are equivalent to the bounds introduced in Balke| [[1995]].

E4 EXTREME RAYS AND TESTABLE IMPLICATIONS

+ p11,0 + Poo,0 — P10,0 + P11,1 + P10,1,

+ P11,0 + P10,0 + P11,1 + Poo,1 — P1o,1,

+ Po1,0 + P11,0 + Poo,o + P10,0 — Po1,1 — P10,15
=+ P11,0 + Poo,0 + P10,0 — P10,1,

+ Po1,0 + P11,0 + Poo,o — Po1,1,

+ P11,0 + Poo,0,

+ Po1,0 + Poo,0 — Po1,1 + P11,1 + Poo,1,

— Po1,0 + P11,0 + Poo,0 + Po1,1 + Poo,1

We now specialize Theorem [5to the case n = ¢ = 2. By Theorem [5] the IV model is valid if and only if the observed
distribution p satisfies the finite family of inequalities induced by the extreme rays of /C.

We represent each non trivial extreme ray as the horizontal vector ordered with respect to

Explicit Inequalities for n = 2.

<p00707 P10,0, Po1,0, P11,0, Poo,1, P10,1, Po1,15 pll,l)-

(0
(-1,
(0

(71771,717 07 07 07

the following system:

) 07
0

1, 0,-1,-1,-1,
,—1,—-1, 1, 0, O,
,—1,-1,-1, 0, 1, 0,
1

)

=]

)

)
),
)

o O

b

0).

Instantiating above extreme rays into p ' r < 0 (equivalently (T7) for n = 2), we obtain

—Poo,1 — P10,1 + Po1,0 — Po1,1 < 0;

—Po1,0 — P11,0 + Poo,1 — Poo,0 < 0,
—Po1,0 — P11,0 + P10,1 — P1o,0 < 0;

—P00,0 — P10,0 + Po1,1 — Po1,0 < 0;

which by using (poo,1 + P10,1 + Po1,1 + Pi1,1) = (Poo,0 + P10,0 + Po1,0 + P11,0) = 1 are equivalent to

Pot,o +p11,1 < 1,
Poo,1 + P1o,0 < 1,
P10,1 + Poo,o < 1,
po1,1 + P10 < 1.

Therefore, producing a total of 2! — 4 = 4 inequalities as follow:

po1,0 +p11,1 < 1,
P0o,1 + P1oo < 1,
P10,1 + Poo,o < 1,
Ppo1,1 +Ppi1,0 < 1.

which are equivalent to the bounds introduced in Pearl| [[1995]).
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