Mathematical Programming (2022) 195:283-326
https://doi.org/10.1007/s10107-021-01688-1

FULL LENGTH PAPER

Series A ")

Check for
updates

Joint chance-constrained programs and the intersection of
mixing sets through a submodularity lens

Fatma Kiling-Karzan' - Simge Kiiciikyavuz? - Dabeen Lee3

Received: 3 October 2019 / Accepted: 28 June 2021 / Published online: 21 July 2021
© Springer-Verlag GmbH Germany, part of Springer Nature and Mathematical Optimization Society 2021

Abstract

A particularly important substructure in modeling joint linear chance-constrained pro-
grams with random right-hand sides and finite sample space is the intersection of
mixing sets with common binary variables (and possibly a knapsack constraint). In
this paper, we first revisit basic mixing sets by establishing a strong and previously
unrecognized connection to submodularity. In particular, we show that mixing inequal-
ities with binary variables are nothing but the polymatroid inequalities associated with
a specific submodular function. This submodularity viewpoint enables us to unify and
extend existing results on valid inequalities and convex hulls of the intersection of mul-
tiple mixing sets with common binary variables. Then, we study such intersections
under an additional linking constraint lower bounding a linear function of the continu-
ous variables. This is motivated from the desire to exploit the information encoded in
the knapsack constraint arising in joint linear CCPs via the quantile cuts. We propose
a new class of valid inequalities and characterize when this new class along with the
mixing inequalities are sufficient to describe the convex hull.
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1 Introduction

Given integers n,k > 1, a matrix W = {w; ;} € [RT", a vector £ € R and a
nonnegative number ¢ > 0, we consider the mixed-integer set defined by

v+ wijzi > wij, Vi € [n], Vj € [k, (1a)

yj z 4, Vj e [k, (1b)

Vit wzet Y L (1c)
Jelk]

y € Rk, z € {0, 1}". (1d)

We denote this set by M(W, £, e). When W € [R’erk, constraints (la) are often
called big-M constraints, and constraints (1b) impose lower bounds on the continuous
variables y. Notice that (1c) is a constraint linking all continuous variables, but it
is non-redundant only if ¢ is strictly positive. We will refer to (1c) as the linking
constraint. When k = 1, £ = 0, and ¢ = 0, the set M(W, £, ) is nothing but what
is commonly referred to as the mixing set (with binary variables) in the literature
[1,16,20,24,41]. Sets of the form M (W, 0, 0) for general k > 1 were first considered
by Atamtiirk et al. [5]; we will call the set M (W, 0, 0) a joint mixing set in order to
emphasize that k can be taken to be strictly greater than 1. We will refer to a set of the
form M(W, £, ¢) for general £, ¢ as a joint mixing set with lower bounds. Finally, we
will refer to a set of the form M (W, 0, ¢) for general ¢ as a joint mixing set with a
linking constraint.

Our motivation for studying the structure of M (W, £, &) comes from joint lin-
ear chance-constrained programs (CCPs) with right-hand side uncertainty: given a
probability space (Z, F, P), a joint linear CCP with right-hand side uncertainty is an
optimization problem of the following form:

min h'x (2a)
st. P[Ax >=b(E)]>1—¢ (2b)
xeX CR", (2¢)

where X C R™ is adomain for the decision variables x, € € (0, 1) isarisklevel, b(§) €
R¥ is the random right-hand side vector that depends on the random variable & € Z,
and A, h are matrices of appropriate dimension. For k = 1 (resp., k > 1), inequality
(2b) is referred to as an individual (resp., joint) chance constraint. Here, we seek to
find a solution x € X satisfying the chance constraint (2b), enforcing that Ax > b(&)
holds with probability at least the given confidence level 1 — €, while minimizing
the objective (2a). Joint chance constraints are used to model risk-averse decision-
making problems in various applications, such as supply chain logistics [17,18,26,38],
chemical processes [14,15], water quality management [32], and energy [33] (see [28]
for further background and an extensive list of applications).

Problems with joint chance constraints are known to be notoriously challenging
because the resulting feasible region is nonconvex even if all other constraints x € X

@ Springer



Joint chance-constrained programs and the intersection... 285

and the restrictions inside the chance constraints are convex. Moreover, the sample
space E is typically continuous in practice, and the probability distribution P quan-
tifying the uncertainty is often unavailable to the decision-maker. Consequently, the
classical solution method is to use the Sample Average Approximation (SAA). The
basic idea of SAA is to approximate Z via a set of sample scenarios &', ..., & and
reduce the problem to the case with a finite-sample distribution; we refer the interested
reader to [7,8,23] for further details of SAA for CCPs.

Inspired by this, joint linear CCPs with the finite sample space assumption have
been extensively studied in the literature [1,16,20,24,41]. That is to assume that E =
{&1, el 5"} for some integer n > 1 and that P [§ = S[] = p; fori € [n] for some
Pls -, Pn > 0 with Zie[n] pi = 1, where for any positive integer n, we define [n] to
betheset {1, ..., n}. Under this setting, Luedtke et al. [24], Ruszczyriski [30] observed

that the joint linear CCP, defined by (2), can be reformulated as a mixed-integer linear
program as follows:

min h'x (3a)
st. x e X CR", Ax =b+y, (3b)
yi 2w j(1—z), Vieln], Vjelk], (o)
> pizi < (3d)
ieln]
yeRE, ze{0, 1), (3e)
where b € R¥ is some vector satisfying b(Si) > bforalli andw; = (w; 1, ..., w,-,k)—r

denotes b(£') — b. Note that by definition of b, it follows that the data vector w; is
nonnegative for all i € [n]. Observe that Ax > b are implicit inequalities, due to the
chance constraint (2b) with 1 — € > 0. Here, z; is introduced as an indicator variable
to model the event Ax > b(’;'i). More precisely, when z; = 0, the constraints (3c)
enforce that y > w; holds and thus Ax > b(£") is satisfied. On the other hand, when
z; = 1, it follows that y > 0 and Ax > b, which is satisfied by default. Therefore,
constraints (3c) are referred to as big-M constraints. Finally, (3d) enforces that the
probability of Ax > b(&') being violated is at most €.

The size of the deterministic equivalent formulation of the joint CCP given by (3)
grows linearly with the number of scenarios. Unfortunately, such a reformulation based
on big-M constraints comes with the disadvantage that the corresponding relaxations
obtained by relaxing the binary variables into continuous are weak. Thus, in order
to achieve effectiveness in practical implementation, these reformulations must be
strengthened with additional valid inequalities.

A particularly important and widely applicable class of valid inequalities that
strengthen the big-M reformulations of CCPs rely on a critical specific substructure in
the formulation (3), called a mixing set with binary variables; see e.g., Luedtke et al.
[24] and Kiiciikyavuz [16]. Formally, given nonnegative coefficients wy j, ..., wy,;,
a mixing set with binary variables is defined as follows:

MIX; == {(yj,2) € Ry x {0, 1} : y; +wi jzi = w;,j, Vi € [n]};

@ Springer



286 F. Kiling-Karzan et al.

hence the set defined by (3c) and (3e), i.e.,
{02 e RO (0,10 2 3y w2 2wy, Vi € [nl, ¥ e [ha)

is nothing but a joint mixing set that shares common binary variables z, butindependent
continuous variables y;, j € [k]. Here, note that the set defined by (3c) and (3e) is
precisely M(W, £, e) when £ = 0 and ¢ = 0. Also, it is worthwhile to note that
the constraint (3d) is a knapsack constraint. Therefore, the formulation (3) can be
strengthened by the inclusion of valid inequalities originating from the set defined by
(3c)—(3e).

The term mixing set is originally coined by Giinliik and Pochet [13] for the sets of
the form

GMIX := {(y,z) €ERy x7Z": y+4uz; >qi, Vi € [n]},

where the parameters are u € Ry and ¢ = (q1,...,¢,) | € R". Such sets GMIX
with general integer variables have applications in lot sizing and capacitated facility
location problems; see e.g., [10,11,13,25,40] (see also [34] for a survey of the area).
For mixing sets with general integer variables such as GMIX defined above, Giinliik
and Pochet [13] introduced the so-called mixing inequalities—an exponential family
of linear inequalities that admits an efficient separation oracle—and showed that this
class of inequalities are sufficient to describe the associated convex hull of the sets
GMIX. In fact, prior to [13], in the context of lot-sizing problems, Pochet and Wolsey
[27, Theorem 18] obtained the same result, albeit without using the naming convention
of mixing sets/inequalities. Furthermore, the equivalence of MIX; and GMIX under
the additional domain restrictions z € {0, 1}’ and the assumption # > max; g; is
immediate. The appearance of mixing sets with binary variables dates back to the
work of Atamtiirk et al. [5] on vertex covering. Essentially, it was shown in [5] that
the intersection of several sets of the form MIX; with common binary variables z but
separate continuous variables y;, j € [k] can be characterized by the intersection of
the corresponding star inequalities; see [5, Theorem 3]. Furthermore, it is well-known
[24] that mixing inequalities for MIX ; are equivalent to the star inequalities introduced
in [5]. We will give a formal definition of mixing (star) inequalities for mixing sets
with binary variables in Sect. 3.

Due to the importance of their use in joint CCPs, the mixing (with knapsack)
substructure (3c)—(3e) present in the reformulations of joint CCPs has received a lot
of attention in the more recent literature.

e For general k, i.e., when the number of linear constraints inside the chance con-
straint is more than one, Atamtiirk et al. [5] proved that the convex hull of a joint
mixing set of the form (3¢c) and (3e), which is equivalent to M (W, 0, 0), can be
described by applying the mixing inequalities.

e For k = 1, Luedtke et al. [24], Kiiciikyavuz [16], and Abdi and Fukasawa [1]
suggested valid inequalities for a single mixing set subject to the knapsack con-
straint (3d).
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e For general &, Kiiciikyavuz [16] and Zhao et al. [41] proposed valid inequalities
for a joint mixing set with a knapsack constraint.

Luedtke et al. [24] showed that the problem is NP-hard for k£ > 1 even when the
restrictions inside the chance constraints are linear and each scenario has equal prob-
ability, in which case the knapsack constraint (3d) becomes a cardinality constraint.
However, Kiiciikyavuz [16] argued that the problem for k = 1 under equiprobable
scenarios is polynomial-time solvable and gave a compact and tight extended for-
mulation based on disjunctive programming. Note that while not explicitly stated in
Kiigtikyavuz [16], when k = 1 the polynomial-time solvability argument extends for
the unequal probability case.

Many of these prior works aim to convexify a (joint) mixing set with a knapsack
constraint directly. In contrast, in our paper we exploit the knapsack structure through
an indirect approach based on quantile inequalities. Given ¢ € [R’fF and § > 0, the
(1 — 8)-quantile for ¢y is defined as

Ge.s = min cTy : Z pizi <96, (y,z) satisfies (3¢), (3e) ¢ ,

ie[n]

and the inequality cly> qe.s is called a (1 — §)-quantile cut. By definition, a (1 —¢€)-
quantile cut is valid for the solutions satisfying (3c)—(3e). The quantile cuts have been
studied in [2,19,22,29,31,36], and their computational effectiveness has been observed
in practice. As opposed to mixing sets and associated mixing inequalities, the quantile
cuts link many continuous variables together; it is plausible to conjecture that this
linking of the continuous variables is the one of the main sources of their effectiveness
in practice.

The structure of a joint mixing set with lower bounds M(W, £, ¢), defined in (1), is
flexible enough to simultaneously work with quantile cuts. For j € [k], let £; denote
the (1 — €)-quantile for ¢ "y = v;. Then, for any j € [k], we have

¢; = min {mfu% {wi,j(1 —z)} : z satisfies (3d), (3e)} )
reln

Note that £; can be computed in O (n logn) time, because without loss of generality
Wwe can assume wp j > --- > Wy, ; after possible reordering of [n], and the optimum
value of the above optimization problem is precisely w;, ; where ¢ is the index such that
Yi<i—1 Pi <e€and ), p; > €. Although the (1 — €)-quantile for 3 ;) v, seems
harder to compute, at least we know that the value is greater than orequal to ) ;31 €;-
Therefore, we have quantile cuts y; > ¢; for j € [kland 3=, ¥j = &+ 2 e &)
for some ¢ > 0, and the set defined by these quantile cuts and the constraints (3c), (3e)
is precisely a set of the form M(W, £, ¢). Similarly, it is straightforward to capture
the quantile cut ¢’ y>e+>y Jelk] cjt; for general ¢ € [R]i, because we can rewrite
yj = £; for j € [k], (3c) and (3e) in terms of c1y1, ..., c;y}, and thus the resulting
system is equivalent to a joint mixing set with lower bounds.
Next, we summarize our contributions and provide an outline of the paper.
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1.1 Contributions and outline

In this paper, we study the polyhedral structure of M(W, £, ¢), i.e., joint mixing sets
with lower bounds, mainly in the context of joint linear CCPs with random right-hand
sides and a discrete probability distribution. Our approach is based on a connection
between mixing sets and submodularity that has been overlooked in the literature.
Therefore, in Sect. 2.1, we first discuss basics of submodular functions and polymatroid
inequalities as they relate to our work. In addition, we devote Sect. 2.2 to establish
new tools on a particular joint submodular structure; these new tools play a critical
role in our analysis of the joint mixing sets.
Our contributions are as follows:

(i) We first establish a strong and somewhat surprising connection between polyma-
troids and the basic mixing sets with binary variables (Sect. 3). It is well-known
that submodularity imposes favorable characteristics in terms of explicit convex
hull descriptions via known classes of inequalities and their efficient separation.
In particular, the idea of utilizing polymatroid inequalities from submodular
functions has appeared in various papers in other contexts for specific binary
integer programs [3,4,6,35,37,39]. Notably, mixing sets have been known to
be examples of simple structured sets whose convex hull descriptions possess
similar favorable characteristics. However, to the best of our knowledge, the con-
nection between submodularity and mixing sets has not been recognized before.
Establishing this connection enables us to unify and generalize various existing
results on mixing sets with binary variables.

(i) In Sect. 4, we propose a new class of valid inequalities, referred to as the aggre-
gated mixing inequalities, for the set M(W, €, ¢). One important feature of
the class of aggregated mixing inequalities as opposed to the standard mixing
inequalities is that it is specifically designed to simultaneously exploit the infor-
mation encoded in multiple mixing sets with common binary variables.

(iii) In Sect. 5, we establish conditions under which the convex hull of the set
M(W, £, &) can be characterized through a submodularity lens. We show that the
new class of aggregated mixing inequalities, in addition to the classical mixing
inequalities, are sufficient under appropriate conditions.

(iv) In Sect. 6, we revisit the results from a recent paper by Liu et al. [20] on modeling
two-sided CCPs. We show that mixing sets of the particular structure considered
in Liu et al. [20] is nothing but a joint mixing set with lower bound structure with
k = 2 and two additional constraints involving only the continuous variables y.
Thus, our results on aggregated mixing inequalities are immediately applicable to
two-sided CCPs. In addition, we show that, due to the simplicity of the additional
constraints on the variables y in two-sided CCPs, our general convex hull results
on M (W, £, ) can be extended easily to accommodate the additional constraints
on y and recover the convex hull results from [20].

Finally, we would like to highlight that although our results are motivated by joint

CCPs, they are broadly applicable to other settings where the intersection of mixing
sets with common binary variables is present. In addition, applicability of our results
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from Sect. 2.2 extend to other cases where epigraphs of general submodular functions
appear in a similar structure.

1.2 Notation

Given a positive integer n, we let [n] := {1, ..., n}. We let 0 denote the vector of all
zeros whose dimension varies depending on the context, and similarly, 1 denotes the
vector of all ones. &/ denotes the unit vector whose jth coordinate is 1, and its dimension
depends on the context. For V C [n], 1y € {0, 1}"* denotes the characteristic vector,
or the incidence vector, of V. For a set O, we denote its convex hull and the extreme
points of its convex hull by conv(Q) and ext(Q) respectively. For r € R, (¢), denotes
max{0, ¢}. Given a vector t € R", and a set V C [n], we define = (V) = ZiEV .
For notational purposes, when S = J, we define max;css; = 0 and ZieS s; = 0.

2 Submodular functions and polymatroid inequalities

In this section, we start with a brief review of submodular functions and polymatroid
inequalities, and then in Sect. 2.2 we establish tools on joint submodular constraints
that are useful for our analysis of M(W, £, ¢).

2.1 Preliminaries

Consider anintegern > 1andaset function f : 2" — R.Recall that f is submodular
if

fA)+ f(B) = f(AUB)+ f(ANB), VA, BC|n]

Given a submodular set function f, Edmonds [12] introduced the notion of extended
polymatroid of f, which is a polyhedron associated with f defined as follows:

EP;:={m eR": (V) < f(V), YV C [n]}. 4)

Observe that E Py is nonempty if and only if f () > 0. In general, a submodular
function f need not satisfy f () > 0. Nevertheless, it is straightforward to see that the
function f — f () is submodular whenever f is submodular, and that ( f — f(#))(?) =
0. Hence, E Py y(y) is always nonempty. Hereinafter, we use notation f to denote
f — f(©) for any set function f.

A function on {0, 1}" can be interpreted as a set function over the subsets of [n],
and thus, the definitions of submodular functions and extended polymatroids extend
to functions over {0, 1}"*. To see this, consider any integer n > 1 and any function
f {0, 1} — R. With a slight abuse of notation, define (V) := f(1y) for V C [n]
where 1y denotes the characteristic vector of V. We say that f : {0, 1}" — R is
a submodular function if the corresponding set function over [n] is submodular. We
can also define the extended polymatroid of f : {0, 1} — R as in (4). Throughout
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this paper, given a function f : {0, 1} — R, we will switch between its set function
interpretation and its original form, depending on the context.

Given a submodular function f : {0, 1} — R, its epigraph is the mixed-integer
set given by

0r={(02eRx{0,1}": y> f(2)}.

It is well-known that when f is submodular, one can characterize the convex hull of
O  through the extended polymatroid of f.

Theorem 2.1 (Lovasz [21], Atamtiirk and Narayanan [4, Proposition 1]) Let f :
{0, 1Y* — R be a submodular function. Then

conv(Q ) = i(y,z) ERX[0,11": y>n'z+4 f(¥), Vr € EPJ;}.

The inequalities y > & ' z+ f(#) form € EP 7are called the polymatroid inequal-
ities of f. Although there are infinitely many polymatroid inequalities of f, for the
description of conv(Q ), itis sufficient to consider only the ones corresponding to the
extreme points of E P ;. We refer to the polymatroid inequalities defined by the extreme
points of E P ; as the extremal polymatroid inequalities of f. Moreover, Edmonds [12]
provided the following explicit characterization of the extreme points of E P 7

Theorem 2.2 (Edmonds [12]) Let f : {0, 1}* — R be a submodular function. Then
7wt € R" is an extreme point of E P 7 if and only if there exists a permutation o of [n]
such that oy = f(V;) — f(Vi21), where Vi = {o(1),...,0(t)} for t € [n] and
Vo = 0.

The algorithmic proof of Theorem 2.2 from Edmonds [12] is of interest. Suppose
that we are given a linear objective z € R"; then max, HETn :weEP f‘} can be
solved by the following “greedy” algorithm: given z € R”, first find an 6rdering o
such that Zy(1) > -+ > Zon), and let V; :={o(1),...,0(t)} fort € [n] and V) = 0.
Then, m € R" where n5+) = f(V;) — f(V;—1) fort € [n] is an optimal solution to
maxy {ZTn tmekE Pj;.}. Note that the implementation of this algorithm basically
requires a sorting algorithm to compute the desired ordering o, and this can be done
in O (nlogn) time. Thus, the overall complexity of this algorithm is O (n logn).

Consequently, given a point (y,z) € R x R", separating a violated polymatroid
inequality amounts to solving the optimization problem max, {ZTJZ :mweEP f'}’
and thus we arrive at the following result.

Corollary 1 (Atamtiirk and Narayanan [4, Section 2]) Let f : {0,1}" — R be a

submodular function. Then the separation problem for polymatroid inequalities can
be solved in O (nlogn) time.
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2.2 Joint submodular constraints

In this section, we establish tools that will be useful throughout this paper. Recall that
when f is submodular, the convex hull of its epigraph Q  is described by the extremal
polymatroid inequalities of f. Henceforth, we use the restriction (y, z) € conv(Q r)
as a constraint to indicate the inclusion of the corresponding extremal polymatroid
inequalities of f in the constraint set.

Let f1,..., fr : {0,1}* — R be k submodular functions. Let us examine the
convex hull of the following mixed-integer set:

O = {000 R X (0 1): 31 2 i@ o3k 2 @)

When k = 1, the set Q y, is just the epigraph of the submodular function fi on {0, 1}".
For general k, O, ... f, is described by k submodular functions that share the same set
of binary variables. For (y, z) € Q.. f,constraint y; > f;(z) can be replaced with
(vj,z) € Qy for j € [k]. Therefore, the polymatroid inequalities of f; with left-hand

side y;, of the form y; > 'z + fi@) withm € EPJ;/, are valid for Q ¢, 5. In fact,
these inequalities are sufficient to describe conv(Q f, f.) as well.
Proposition 1 (Baumann et al. [6, Theorem 2]) Let the functions fi,..., fk

{0, 1} — R be submodular. Then,

By Proposition 1, when fi,..., fr are submodular, conv (Q Py fk) can be
described by the polymatroid inequalities of f; with left-hand side y; for j € [k].
The submodularity requirement on all of the functions f; in Proposition 1 is indeed
critical. We demonstrate in the next example that even when £ = 2, and only one
of the functions f; is not submodular, we can no longer describe the corresponding
convex hull using the polymatroid inequalities for f;.

Example 1 Let f1, f> : {0, 1}> — R be defined by

f10,0) = fi(1,1) =0, f1(0, 1) = f1(1,0) =1
and f2(0,0) = fo(1,1) =1, f2(0,1) = f2(1,0) = 0.
While f] is submodular, f> is not. Since f1(0,0) = fi1(1,1) = 0, we deduce that

0,1/2,1/2) € conv(Q p). Similarly, as f2(0,1) = f2(1,0) = 0, it follows that
(0,1/2,1/2) € conv(Q p,). This implies that

0,0,1/2,1/2) € {(y,z) e R?x [0,11%: (y1,2) € conv(Q,), (32,2) € conV(sz)}.

Notice that, by definition of fi, f>, we have f1(z) + f>(z) = 1 for each z € {0, 1}2,
implying in turn that y; 4+ y» > 1 is valid for conv (Q#, ,). Therefore, the point
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(0,0,1/2,1/2) cannot be in conv (Qy s,). So, it follows that conv(Qp.p) #
{(r.2) e R? x [0, 11> : (y.2) € conv(Q)). Vj € [2]}.

In Sect. 3, we will discuss how Proposition 1 can be used to provide the convex
hull description of a joint mixing set M(W, 0, 0).

We next highlight a slight generalization of Proposition 1 that is of interest for
studying M(W, £, ). Observe that Q 7, . 5 is defined by multiple submodular con-
straints with independent continuous variables y;. We can replace this independence
condition by a certain type of dependence. Consider the following mixed-integer set:

P=l00eR 0.1V aly= i@ ..apy = fu@]  ©®

whereay, ..., ay, € Iler\{O} and fi, ..., fim : {0, 1} — R are submodular functions.
Here, m can be larger than k, so ay, ..., a; need not be linearly independent. Now
consider & = }_ ;. ¢;aj for some ¢ € RY. Notice that fo > Y ;c(,, ¢j fj Where
fo : {0, 1} — R is defined as

jelm

fal(2) = min{aTy: v, 2) eP}, Vz € {0, 1}". 6)

Definition 1 We say that air Y, .. ,a; y are weakly independent with respect to
fiooos fmifforany @ =3, c;aj with ¢ € R, we have fo =3 (¢ fi-

It is straightforward to see that if ay, ..., a, are distinct unit vectors, i.e., m = k
and ajTy = y; for j € [k], then alTy, e a;y are weakly independent. It is also
easy to see thatifay, ..., a,, are linearly independent, then air NP aJn— y are weakly
independent. Based on this definition, we have the following slight extension of Propo-
sition 1.

Proposition 2 Let P be defined as in (5). If alT Y, ... ,a; y are weakly independent
with respect to fi, ..., fm, then

conv (P) = {(y,z) e R x [0, 11" : (@] y.2) € conv(Qy,). Vj € [m]}.

Proof Define R := {(y, 2) € RE % [0,1]": (@] y,2) € conv(Qy)), Vj € [m]}.Itis
clear that conv (P) € R. For the direction conv (P) 2 R, we need to show that any
inequality "y + Bz > y valid for conv (P) is also valid for R. To that end, take an
inequality &'y + Bz > y valid for conv (P). Note that every recessive direction of
conv(P) is of the form (r, 0) for some r € R¥. Moreover, (r, 0) is arecessive direction
of conv(P) if and only if r satisfies aJTr > 0forall j € [m].Sincea' y+87z>y
is valid for conv (P), a'r > 0 for every recessive direction (r, 0) of conv(P), and
therefore, & Tr > 0 holds for all r € {r e R : aJTr > 0, Vj € [m]}. Then, by
Farkas’ lemma, there exists some ¢ € ﬂ?’_f such that e = ) cja;j. Moreover,

a'y+ BTz >y is valid for

jelm]

Q=00 eR x(0.1)": Ty = fa@].
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where fy is defined asin (6). Since a}— Voouns a; y are weakly independent with respect
to f1,..., fm, it follows that fo, = Zje[m] ¢;j fj, and therefore, fy is submodular.
Then it is not difficult to see that

conv(Q) = [(y,z) e RF x [0, 17" : ('y z) e conv(Qfa)}.

Therefore, to show that & " y + ﬂTz > y is valid for R, it suffices to argue that
R C conv(Q). Let (¥, z) € R. Then, by Theorem 2.1, it suffices to show that otTjJ >
7 "7 + fy(9) holds for every extreme point & of E P % To this end, take an extreme
point & of EP; . By Theorem 2.2, there exists a permutation o of [n] such that
oty = fa (Vi) — fa(Vt'_l) where V; = {0 (1), ...,cr(t)'} fort € [n] and V) = 0.
Now, for j € [m], let t/ € R” be the vector such that /1y = f; (Vi) — f;(Vi—1)
forz € [n]. Then, we have &t = Zje[m] cjmd because fy = Zje[m] cj fj. Moreover,
by Theorem 2.2, x/ is an extreme point of E P 7 Hence, due to our assumption that
(ajTS’, z) € conv(Qy;), Theorem 2.1 implies ajTj’ > @)z 4+ 7 () is valid for all
j €[m].Sincea'y > w 'z + fy(9) is obtained by adding up ajTj’ > @'z +7;(¥)
for j € [m], it follows that o 'y > "7 + f, () is valid, as required. We just have
shown that R C conv(Q), thereby completing the proof. O

In Sect. 5, we will use Proposition 2 to study the convex hull of M(W, 0, ¢), i.e.,
a joint mixing set with a linking constraint. Again, the submodularity assumption on
fi, ..., fm 1s important in Proposition 2. Recall that Example 1 demonstrates that in
Proposition 2 even when m is taken to be equal to k and the vectors a; € R]_"_ \ {0},
j € [m] = [k], are taken to be the unit vectors in R*, the statement does not hold if
one of the functions f; is not submodular.

3 Mixing inequalities and joint mixing sets

In this section, we establish that mixing sets with binary variables are indeed nothing
but the epigraphs of certain submodular functions. In addition, through this submodu-
larity lens, we prove that the well-known mixing (or star) inequalities for mixing sets
are nothing but the extremal polymatroid inequalities.

Recall that a joint mixing set with lower bounds M(W, £, &), where W € [R’j_Xk R
VS [R’fF and ¢ > 0, is defined by (1). In this section, we study the case when ¢ = 0,
and characterize the convex hull of M(W, £, 0) for any W € IR’iXk and £ € [Rk+. As
corollaries, we prove that the famous star/mixing inequalities are in fact polymatroid
inequalities, and we recover the result of Atamtiirk et al. [5, Theorem 3] on joint
mixing sets M(W, 0, 0).

Given a matrix W = {w; ;} € R and a vector £ € RX, we define the following
mixed-integer set:

PW., L ¢e)= {(y,z) e RF x {0, 1}" : (8)—(10)} ()
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where
yj = Wi jZi, Vi € [n], j€lk], ()
yj =4, Vj € [kl 9
dyizet+ Y 4 (10)
Jelk] J€lk]

Remark 1 By definition, (y, z) € M(W, £, ¢) ifand only if (y,1 —z) € P(W, L, ¢).
Thus, the convex hull of M (W, £, ) can be obtained after taking the convex hull of
P(W, £, ¢) and complementing the z variables.

For j € [k], we define
fi@) :=maX{Kj, r,gfv%{wi,jzl-}}, vz € {0, 1}". (11)
L n

Then, the set P(W, £, 0) admits a representation as the intersection of epigraphs of
the functions f;(z):

P(W,£,0) = {(y,z) eREx {0, 1)1 yj > fi(2), Vj € [k]].

We next establish that the functions f;(z), j € [k] are indeed submodular.

Lemma1 Let { € R]j_. For each j € [k], the function f; defined as in (11) satisfies
fi(¥) = £; and it is submodular.

Proof Let j € [k]. Notice that f;(¥) = f;(0) = max {Zj,O} = ¢;. In order to
establish the submodularity of f;, for ease of notation, we drop the index j and use
f to denote f;. As before, for each V C [n], let f(V) be defined as f(1y) where
1y € {0, 1}"* denotes the characteristic vector of V. Consider two sets U, V C [n]. By

definition of f, we have max{ f(U), f(V)} = f(U U V), and min{f(U), f(V)} >
f(U N V). Then we immediately get

W) + f(V) =max{f(U), f(V)} +min{f(U), f(V)} = f(UUV)+ f(UNV),
thereby proving that f; is submodular, as required. O

Corollary 2 Let £ € [le|r and f; be as defined in (11). Then,
conv(M(W, £,0)) = H(y,z) e RF x [0, 17" : (yj,1—=2z) € conv(Qy;), Vj € [k]},

i.e., the convex hull of M((W, £, 0) is given by the extremal polymatroid inequalities
of particular submodular functions.
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Proof We deduce from Proposition 1 that
conv(P(W, £,0)) = {(y, z) e REx [0, 17" : (yj.z) €conv(Qy,), Vj € [k]},

which immediately implies the desired relation via Remark 1 and Theorem 2.1 since
the constraint (y;, 1 —z) € conv(Q fj) is equivalent to the set of the corresponding
extremal polymatroid inequalities. O

Corollary 2 establishes a strong connection between the mixing sets with binary vari-
ables and the epigraphs of submodular functions, and implies that the convex hull of
joint mixing sets are given by the extremal polymatroid inequalities. To the best of our
knowledge this connection between mixing sets with binary variables and submodu-
larity has not been identified in the literature before.

An explicit characterization of the convex hull of a mixing set with binary vari-
ables in the original space has been studied extensively in the literature. Specifically,
Atamtiirk et al. [5] gave the explicit characterization of conv(M (W, 0, 0)) in terms of
the so called mixing (star) inequalities. Let us state the definition of these inequalities
here.

Definition 2 We call a sequence {j; — --- — j;} of indices in [n] a j-mixing-
sequenceif wj, ; > wj, ; >--->wj, ;j >{;.

For W = {w; ;} € IR'_z_Xk and £ € [Rl_j_, the mixing inequality derived from a j-mixing-
sequence {ji — --- — j;}is defined as the following (see [13, Section 2]):

Vit Y (Wi = Wi )2 = W) (Mixw ¢)

selr]

where w;_,, ; := £; for convention. Atamtiirk et al. [5, Proposition 3] showed that
the inequality (Mixw ¢) for any j-mixing-sequence {j; — --- — j;} is valid for
MW, £,0) when £ = 0. Luedtke [22, Theorem 2] later observed that the inequal-
ity (Mixw ¢) for any j-mixing-sequence {j; — --- — j;} is valid for M(W, ¢, 0)
for any £ € [R’fF

Given these results from the literature on the convex hull characterizations of
mixing sets and Corollary 2, it is plausible to think that there must be a strong
connection between the extremal polymatroid inequalities and the mixing (star)
inequalities (Mixw ¢). We next argue that the extremal polymatroid inequalities given
by the constraint (y;, 1 —z) € conv(Q ;) are precisely the mixing (star) inequalities.

Proposition3 Let W = {w; ;} € [Rﬁ_Xk and £ € [R]_“_. Consider any j € [k]. Then, for

every extreme point @ of E Pf._, there exists a j-mixing-sequence {ji — -+ — j}in

[n] that satisfies the following:

1) wy,; = max{wi,j 1€ [n]},

(2) the corresponding polymatroid inequality y; + Zie[n] mizi >4+ Zieln] i is
equivalent to the mixing inequality (Mixw ¢) derived from the sequence {ji —
!
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In particular, for any j € [k], the extremal polymatroid inequality is of the form

yj+ Z(sz’j —wj,,.j))zj, = max {w; j:i € [n]}, (Mixjy )
se(r]

where wj, j = max {w; j :i € [n]} and wj,,, j = {;.

Proof By Theorem 2.2, there exists a permutation o of [n] such that 7, () = f;(V;) —
fi(Vi—1) where V; = {o(1),...,0(t)} fort € [n] and Vy = @. By definition of f;
in (11), we have £; = f;(Vo) < f; (V) <--- < f;j(V,), because ¥ = Vo C V| C

- C Vy. Let {r1, ..., t;} be the collection of all indices ¢ satisfying f;(V;—1) <
fi(V;). Without loss of generality, we may assume that wy(),j > -+ > We(r,), -
Notice that wy(,),; > £;, because fj(V;,) > fj(Vi,—1) > £;. Then, after setting
Jjs = o(ts) for s € [r], it follows that {j; — --- — j;} is a j-mixing-sequence.
Moreover, we have w;, ; = f;(Vi,) = fj([n]) = max {w; j : i € [n]}. Therefore,
we deduce that m; = wj, j —wj,,, ;jifi = o(f) = jy forsome s € [t]and 7; =0
otherwise. O

As the name “mixing” inequalities is more commonly used in the literature than “star”
inequalities, we will stick to the term “mixing” hereinafter to denote the inequalities
of the form (Mixyw ¢) or (Mix’;v’l).

Proposition 1 and consequently Corollary 2 imply that, for any facet defining
inequality of the set conv(M (W, £, 0)), there is a corresponding extremal polymatroid
inequality. Proposition 3 implies that mixing inequalities are nothing but the extremal
polymatroid inequalities. Therefore, an immediate consequence of Corollary 2 and
Proposition 3 is the following result.

Theorem 3.1 Given W = {w; ;} € [R'ix’{ and any £ € [ler, the convex hull of
M(W, £,0) is described by the mixing inequalities of the form (Mix?v,e)for j € [k]
and the bounds 0 < z < 1.

A few remarks are in order.

Remark 2 First, note that Luedtke et al. [24, Theorem 2] showed the validity of inequal-
ity (Mix*“,‘,’ o) and its facet condition for a particular choice of £ € [R’fir in the case of
k = 1. Also, recall that M (W, 0, 0) is called a joint mixing set, and Atamtiirk et al.
[5, Theorem 3] proved that conv(M (W, 0, 0)) is described by the mixing inequali-
ties and the bound constraints y > 0 and z € [0, 1]*. Since Theorem 3.1 applies to
M(W, £, 0) for arbitrary £, it immediately extends [5, Theorem 3] and further extends
the validity inequality component of Luedtke et al. [24, Theorem 2].

Remark 3 Our final remark is that, since the mixing inequalities (Mix"“v’ o) for j € [k]
are polymatroid inequalities, they can be separated in O (k nlogn) time by a simple
greedy algorithm, thanks to Corollary 1. This also matches the best known separation
complexity of mixing inequalities [13].
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4 Aggregated mixing inequalities

As discussed in Sect. 1, in order to make use of the knapsack constraint in the MIP
formulation of joint CCPs via quantile cuts, we need to study the set M (W, £, ¢) for
general ¢ > 0. Unfortunately, in contrast to our results in Sect. 3 for the convex hull of
M(W, £,0), the convex hull of M(W, £, ¢) for general ¢ > 0 may be complicated,;
we will soon see this in Example 2. In this section, we introduce a new class of
valid inequalities for M(W, £, &) for arbitrary ¢ > 0. In Sects. 5.2 and 5.3, we
identify conditions under which these new inequalities along with the original mixing
inequalities are sufficient to give the complete convex hull characterization.

For general ¢ > 0, M(W, ¢, ¢), given by (1), is a subset of M (W, £, 0), which
means that any inequality valid for M(W, £, 0) is also valid for M(W, £, ¢). In
particular, Theorem 3.1 implies that the mixing inequalities of the form (Mixw ¢) are
valid for M(W, £, ¢). However, unlike the ¢ = 0 case, we will see that the mixing
inequalities are not sufficient to describe the convex hull of M(W, £, ¢) if ¢ > 0.

We first present a simplification of M (W, £, ). Although it is possible that w; ; <
£; for some i, j when W, £ are arbitrary, we can reduce M(W, £, ¢) to a set of the

form M(W¥, 0, &) for some W¢ = {wf’j} € Rg’_Xk.

Lemma2 Let £ € RE. Then M(W., L&) = {(».2) eREXR": (y—4£,2)
e M(W¢0, 8)}, where Wt = {wf’j IS [R:'_Xk is the matrix whose entries are given
by

wf ;= (wij— L)y Vielnl jelkl

Proof By definition, (y — £, z) € M(W¥,0, ¢) if and only if

i+ wij—¥€))vzi > L; + (wij — )4, Vieln], jelk], (12)
and (y,z) satisfies (1b)—(1d). Consider any j € [k]. If £; > w; ;, then the
constraint (12) becomes y; > £; and the inequality y; + w; jz; > w; j is a con-
sequence of y; > £;. On the other hand, if £; < wj; j, then (12) is equivalent to

yj + (w; j —€;)z; > w; j, and therefore we have y; > w; ; when z; = 0 and have
yj > £; when z; = 1. Then, in both cases, it is clear that

{(yj,zl-) eERx{0,1}: y; >4, yj+(wij —€)4z; = €; + (w;j _zj)—&-}
is equal to
{(yj,zi) eERx{0,1}: y; >4, yj+w;jzi > wi,j},

because £; > 0. Hence, we have (y — £,z) € M(We, 0, ¢) if and only if (y, z) €
M(W, £, ¢), as required. O

We deduce from Lemma 2 that

conv(M(W, L, ¢e)) = {(y,z) eRF xR : (y —4,z2) € conv (M(Wl,(), 8))},
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and thus the convex hull description of M(W, £, ¢) can be obtained by taking the
convex hull of M(W¥, 0, &). Moreover, any inequality ' y + 8"z > y is valid for
MW*,0,¢)ifand only if " (y — £) + BTz > y is valid for M(W, £, ¢).

So, from now on, we assume that £ = 0, and we work over M(W, 0, ¢) with
We [R’_“‘_Xk and ¢ > 0. Recall that M (W, 0, €), which we call a joint mixing set with
a linking constraint, is the mixed-integer set defined by

v+ wi iz > wij, Vi € [n], j € [k], (13a)
y; >0, Vj e [k], (13b)
i+ +y>e, (130)
y e R¥, z e {0, 1} (13d)

Let us begin with an example.

Example 2 Consider the following mixing set with a linking constraint, i.e., M(W, 0, &)
withe =7 > 0.

y1+8z1 =28, y»+3z1 >3,
y1+6z22>6, y»+4z >4,
(12 €RI x{0,1F: yi+13233> 13, ;»+2:3 22, yi+yn=T7g. (14)
y1+z4 > 1, v2+2z4 > 2,
yi+4zs >4, y+2z5>1,

Using PORTA [9], we derive the convex hull description of this set, which is given by

the mixing inequalities (Mixw ¢),
yi+y2+z1+z22+38z3 =17,
Y1+ y2 4+ 220 4+ 823 > 17,

i+ 4320+ 723 > 17,
y1+y2+2z1+ 320+ 523 > 17,
i+ +4un+22+53=17

(y.2) € R} x [0, 17 :

In this example, the inequalities y; +2z1+222+5z3+z24+325 > 13and yo+2z0+z4+
75 > 4 are examples of mixing inequalities from (Mixwy ¢) that are facet-defining. Note
that the five inequalities with y; 4 y» are not of the form (Mixw ¢). Moreover, these
non-mixing inequalities cannot be obtained by simply adding one mixing inequality
involving y; and another mixing inequality involving y,. The developments we present
next on a new class of inequalities will demonstrate this point, and we will revisit this
example again in Example 3.

The five inequalities with y; 4+ y» in Example 2 admit a common interpretation.
To explain them, take an integer 0 € [n] and a sequence ® of 6 indices in [n] given
by {it — i — --- — ig}. Given two indices in the sequence i, iy, we say that i,
precedes i, in © if p < q. Our description is based on the following definition.
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Definition 3 Given a sequence ®, a j-mixing-subsequence of ® is the subsequence
{/1 = -+ = Jz;} of © that satisfies the following property:

{jl, oy Jz } is the collection of all indices i * € © satisfying wix
> max {wi,j : i* precedes i in @} ,

where we define max {w,-y j i ig precedesi in @} = 0 for convention (ig is the last
element, so it precedes no element in ©).

Based on Definition 3, we deduce that the j-mixing-subsequence of ® is unique for
each j € [k] and admits a few nice structural properties as identified below.

Lemma3 If{ji — --- — ji,} is the j-mixing-subsequence of ©, then jy; is always
the last element ig of ® and wj, ; > --- > wj, ; > 0.

Proof When p < ¢, because j, precedes j, in ®, it follows that wj ; > ---
We,.j > 0. The last element iy always satisfies wj,,;

IV IV

max{w,-, j o ig precedes i in @} = 0. Therefore, iy is part of the j-mixing-
subsequence as its last element. O

Given ©® = {iy — i — --- — ip}, forany j € [n], we denote by ®; = {j; —
-++ = Jr;} the j-mixing-subsequence of ®. By Definition 2 and Lemma 3, we deduce
that{j; — --- — Jj;}isa j-mixing-sequence. Recall that for any j-mixing-sequence
{/i = -+ — Jz;}, the corresponding mixing inequality (Mixy ¢) is of the following
form:

Vit D0 (Wi = Wi i)z 2 Wi, (Mix)
s€lt)]
where Wirg1.j = 0, and it is valid for M(W, 0, ¢). In particular, when w;, ; =

max{w; j : i € [n]}, (Mix) is

yi+ Z (wj,j —wj,, j)zj, =max{w; ; : i € [n]}. (Mix*)

s€lt)]
Also, for ¢ € [0],
(wi,,j — max {wj,; : i; precedes i in @})Jr
Jw T Wiy ifi; = j; for some s € [z;],

= o (15)
0 if iy isnoton ©;.

Then (Mix) can be rewritten as

i+ Y (wi.j —max {wj; : i precedes i in ©}), z;, = wj, ;.
=)
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In order to introduce our new class of inequalities, we define a constant Lw ¢ that
depends on W and ® as follows:

Lw.e = min i Z (wir.,j — (wj,,j —max {w; j : ir precedes i in @})+) i te [9]]
JElk]

:min{ Z min {wj, j, max {w; ;: i precedesiin®}}: 1 € [9]} (16)
Jelk]

Now we are ready to introduce our new class of inequalities.

Definition 4 Given a sequence ® = {i; — ip — --- — g}, let Ly @ be defined
as in (16). Then, the aggregated mixing inequality derived from ® is defined as the
following:

Do it D iy —wi )z | —minfe, Lo}z, (A-Mix)
JElk] s€lr;]
> Zmax{wi,j : ie@}.
jelk]

Remark 4 Since min {&, Lw o} = 0, the aggregated mixing inequality (A-Mix) dom-
inates what is obtained after adding up the mixing inequalities (Mix) for j € [k].

Before proving validity of (A-Mix), we present an example illustrating how the
aggregated mixing inequalities are obtained.

Example 3 We revisit the mixed-integer set in Example 2. Now take a sequence © =
{2 - 1 — 3}. Then {3} and {2 — 1 — 3} are the 1-mixing-subsequence and
2-mixing-subsequence of ®, respectively. Moreover,

Lwe=min{(6—(6-13)1)+@—-(4-3)4), B—8-13)4p)
+B3—-0B-2)1), 1342} =min{6+3,8+2,13+2}=09.
In (14), we have ¢ = 7. Since ¢ < Lw @, the corresponding (A-Mix) is
1 +13z3) + (2 + (4 =3z + B —2)z1 +223) — 723 > 13 + 4,

that is y; + y2 + z1 + z2 + 8z3 > 17. In Example 2, the other four inequalities
with y; + y» are also of the form (A-Mix), and they are derived from the sequences
{2—> 3}, {3 —>2},{3 > 1— 2},and {3 — 2 — 1}. So, in this example, the convex
hull of (14) is obtained after applying the mixing inequalities (Mix) and the aggregated

mixing inequalities (A-Mix).
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We will next present the proof of validity of (A-Mix). To this end, the following
lemma is useful. As the proof of this lemma is technical, we defer its proof to the
appendix. Lemma 4 will be used again when proving Theorem 5.1.

Lemma4 Let (y,z) € U?]_‘F x [0, 11" be a point satisfying (13a)—-(13c). If (¥, Z)
satisfies (A-Mix) for all sequences contained in {i € [n] : z; < 1}, then (y, ) sat-
isfies (A-Mix) for all the other sequences as well.

Now we are ready to prove the following theorem:

Theorem 4.1 The aggregated mixing inequalities defined as in (A-Mix) are valid for
M(W,0, &) where W € R

Proof We will argue that every pointin M (W, 0, &) with W € [R'fk satisfies (A-Mix)
for all sequences in [n]. To this end, take a point (y,z) € M(W,0,¢). Then, z €
{0, 1}" holds by definition of M(W, 0, ¢). If z = 1, then (y, z) satisfies (A-Mix) if
and only if 3~y ¥; = min {e. Lwo}. Since Y jein i = & it follows that (¥, Z)
satisfies (A-Mix). Thus, we may assume that {i € [n]: z; < 1} ={i € [n]: z; =0}
is nonempty. By Lemma 4, it is sufficient to show that (y, z) satisfies (A-Mix) for
every sequence contained in the nonempty set {i € [n]: z; < 1}. Take a nonempty
sequence ® = {i; — --- —> ig}in {i € [n] : z; = 0}. By our choice of ®, we have
Ziy, = 0,50 (¥, z) satisfies (A-Mix) if and only if

Do D g —wi DE | 2 Y wi
jelk]

jelk] s€lr;]

This inequality is precisely what is obtained by adding up the mixing inequalities (Mix)
for j € [k], and therefore, (y, Z) satisfies it, as required. O

In Example 3, ¢ = 7 and Lw (.13} = 9. It can also be readily checked that
Lw -3y = Lw,3-2y = 8 and Lw 351-2) = Lw,3-2-1) = 9, which means
min {8, LW’@} = ¢ for the sequences corresponding to the five aggregated mixing
inequalities in the convex hull description of (14). In general, the following holds:

Proposition4 Ifs < Lw_ e, then the aggregated mixing inequality (A-Mix) obtained
from ® dominates the linking constraint y1 + - -- + y, > &.

Proof The inequality (A-Mix) is equivalent to
Yovizezig+ o | wi— D Wi — w7
JElk] JElk] selr;]
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Since Zse[rj](sz,j_sz+1,j) = wj,, j, we deduce by by Lemma 3 that forall j € [k],

= > (wjoj —wj,. ) (1 —25,)

where the inequality follows from the facts that wj, ; — wj,,, ; > Oforall j; € [t}]
and thus each summand is nonnegative, and the last equation follows from j; ;= ip
and by our convention that w e = 0. Therefore, the following inequality is a
consequence of (A-Mix): '

Z Vi = Z Wig,j + | €~ Z Wig, j | Zig-
jelk] jelkl

JElk]

Since 0 < gz, < 1, its right-hand side is always greater than or equal to
min {Zje[k] Wig, j» s}. Since max {w;,j : ig precedes i in ©} = 0, it follows from
the definition of Lw @ in (16) that Zje[k] Wiy, = Lw g. Then, by our assumption that
Lw e > ¢,wehave min {Zje[k] Wiy, j» 8} = ¢g,implyinginturnthat y;+- - -+yx > ¢
is implied by (A-Mix), as required. O

We next demonstrate that when ¢ is large, applying the aggregated mixing inequal-
ities is not always enough to describe the convex hull of M (W, 0, €) via an example.

Example 4 The following set is the same as (14) in Examples 2 and 3 except thate = 9.

yi+8z1>8, y2+3z1 >3,
y1+6z2>6, y»+4z >4,
(3,2 €REx {0, 1P yi+ 1323213, ;2 +223>2, yy+y,>9¢. (17)
yitza>1, y2+2z4 > 2,
yi+d4zs >4, y+z5>1,

Recall that Lw 23} = 8, s0 ¢ > Lw [2-3) in this case. As before, we obtain the
convex hull description of (17) via PORTA [9]:
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the mixing inequalities (Mix)

Ty1 + 6y2 + 1220 +49z3 > 115,

6y1 + 5y2 + 1022 + 4223 + z4 > 98,

3y1 +2y2 +4z2 + 2123 + 24 + 325 = 47,

(y,2) € R2 x [0, 11° = 3y; + 2y + 42 + 2123 + 425 > 47,

2y1 4+ 3y2 4 622 + 14z3 > 38,
yi+2y2+4z0 +Tz3 + 25 > 21,
i+ y2+z1+z220+6z3 > 17,
i+ »+2z+z22+53 =17

In this convex hull description, there are still two inequalities with y; + y», and it
turns out that these are aggregated mixing inequalities. To illustrate, take a sequence
® = {2 - 1 — 3}. We observed in Example 3 that {3} and {2 — 1 — 3} are the
I-mixing subsequence and the 2-mixing subsequence of ® and that Lw @ = 9. So, the
corresponding aggregated mixing inequality (A-Mix) is y; +y2 +z1 + 22+ 623 > 17.
Similarly, we obtain y; +y>+2z1+z2+5z3 > 17from {3 — 2 — 1}. However, unlike
the system (14) in Example 2, there are facet-defining inequalities for the convex hull
of this set other than the aggregated mixing inequalities, i.e., the first 6 inequalities in
the above description of the convex hull have different coefficient structures on the y
variables.

So, a natural question is: When are the mixing inequalities and the aggregated mix-
ing inequalities sufficient to describe the convex hull of M(W, 0, £)? Examples 2—4
suggest that whether or not the mixing and the aggregated mixing inequalities are suf-
ficient depends on the value of €. In the next section, we find a necessary and sufficient
condition for the sufficiency of the mixing and the aggregated mixing inequalities.

5 Joint mixing sets with a linking constraint

In this section, we study the convex hull of M(W, 0, ¢), where W = {w; ;} € IR'Jer
and ¢ € Ry. More specifically, we focus on the question of when the convex hull of
this set is obtained after applying the mixing inequalities and the aggregated mixing
inequalities. By Remark 1, we have (y, z) € M(W, 0, ¢) if and only if (y,1 —z) €
P(W,0, ¢).InSect. 3, we identified that P(W, £, 0) defined as in (7) has an underlying
submodularity structure (due to Lemma 1 and Proposition 1). In this section, we will
first establish that P(W, 0, ¢) has a similar submodularity structure for particular
values of ¢. In fact, for those favorable values of ¢, we show that the mixing and the
aggregated mixing inequalities are sufficient to describe the convex hull of M(W, 0, )
if and only if P(W, 0, ¢) has the desired submodularity structure; this is the main result
of this section.
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5.1 Submodularity in joint mixing sets with a linking constraint

In order to make a connection with submodularity, we first define the following func-
tions fi,..., fx, g : {0, 1} — R: for z € {0, 1}",

fi@) = I_n?)i{wi,jzi} for j € [k] and g(z) := max { ¢, Z fi@yp. (18)
Len ]G[kl

Then, we immediately arrive at the following representation of P(W, 0, ¢).

Lemma5 Let f1,..., fi, g : {0, 1}* — R be as defined in (18). Then,

PW.0.e) = {(r.2) € R x (0. 1)" : v = f(2). Vj € K],
i+ 4+ =gk} (19)

Proof We deduce the equivalence of the relations y; > f;(z) for j € [k] to the first set
of constraints in P(W, 0, ¢) from the corresponding definition of this set in (7). Also,

we immediately have } ;) y; > max {s, > e fi (z)]. The result then follows
from the definition of the function g. O

We would like to understand the convex hull of P(W,0, ¢) for W e [R:’_Xk and
¢ € Ry using Lemma 5. Observe that fi, ..., fi defined in (18) coincide with the
functions f1, ..., fi defined in (11) for the £ = 0 case. So, the following is a direct
corollary of Lemma 1.

Corollary 3 For any j € [k, the function f; defined as in (18) is submodular and
satisfies f;(¥) > 0.

In contrast to the functions fi, ..., fx, the function g is not always submodular.
However, we can characterize exactly when g is submodular in terms of ¢. For this
characterization, we need to define several parameters based on W and ¢. For a given
e, let I(¢) be the following subset of [n]:

I(e):=4ielnl: > wij=<eg. (20)

JElk]

Here, I (¢) is the collection of indices i with g({i}) = ¢.In Examples 2 and 4, we have
I(g) = {4,5}.
Definition 5 We say that I (¢) is e-negligible if either

o I(e)=Wor

o I(e) # (0 and I (¢) satisfies both of the following two conditions:

max {wi,j} < w;, jforeveryi € [n]\ I(g) and j € [k], (C1)
iel(e)
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max {w,',j} =<e. (C2)

femiel®

Example 5 In Example 2, it can be readily checked that I (¢) satisfies (C1) and (C2), so
I(¢) is e-negligible. The matrix W of Example 4 is the same as that of Example 2, while
the value of ¢ is higher in Example 4. Hence, /(¢) in Example 4 is also e-negligible.

In Definition 5, (C2) imposes that g(I(g)) = g,and (C1) requires that f; ({i}U I(e)) =
fi{{i}) forany i € [n]\ I(e). In fact, we can argue that if I (g) is e-negligible, I ()
does not affect the value of g; this is why we call this property e-“negligibility." The
following lemma formalizes this observation.

Lemma 6 Let g be as defined in (18). If I (¢) is e-negligible, then g(U) = g(U \ I (¢))
forevery U C [n].

Proof Suppose I(¢) is nonempty and satisfies conditions (C1) and (C2). Take a subset
Uof [n]. If U € I(e), then g(U) < g(I(¢)) because g is a monotone function.
Since Y jequy MaX; ¢f) {wi.j} < &, we obtain g(/(¢)) = & by definition of g in (18).
So, g(U) = g(@) = ¢ in this case. If U \ I(g) # @, then Zje[k] wp,; > ¢ for
some p € U, implying in turn that Zje[k] max;cy {w,-,j} > ¢. Moreover, as I(g)
satisfies (C1), }_ ¢y maxieu {wij} = 2 jek] MAX; e 7o) {wi ;}, and therefore,
g(U) =g(U\ I(g)), as required. O

Next we show that e-negligibility is necessary for g to be submodular.
Lemma 7 If the function g defined as in (18) is submodular, then I (g) is e-negligible.

Proof Assume that g is submodular. Suppose for a contradiction that I (g) is not -
negligible. Then I(e)is nonempty, and (C1) or (C2) is violated. Assume that I(¢) does
not satisfy (C1). Then w,, ; > w) ; forsome j € [k], p € [n]1\I(¢)and g € I_(e).By
our choice of g, we have g({g}) = &. Moreover, wy, ; > w), ;j implies that g({p, g}) =
2 jepmax{wp j, wg i} > YWy, = &({p}). Since g(¥) = e, it follows that
gd{ph +glg}) < g +g({p, q}), acontradiction to the submodularity of g. Thus,
we may assume that I(¢) does not satisfy (C2). Then Zje[k] max; ¢ {wi,j} > &g,
SO g(I_(s)) = Zje[k] max; ;) {w,;j}. Now take a minimal subset / of I_(e) with
g(I) > &.Since I C I(¢g) and g(I) > &, we know that |/| > 2. That means that one
can find two nonempty subsets U, V of [ partitioning /. By our minimal choice of 7,
we have g(U) = g(V) = ¢, but this indicates that g(U) + g(V) < g(@) + g(I) =
g(UNV)+ g UYV),acontradiction to the submodularity of g. Therefore, I(¢) is
e-negligible. O

On the other hand, it turns out that e-negligibility alone does not always guarantee
that g is submodular. If I (¢) = [n], I (¢) being e-negligible means that g(U) = g(¥) =
¢ for every U C [n] and thus g is clearly submodular. However, when I(¢) is a strict
subset of [1], g may not necessarily be submodular even though I (¢) is -negligible.
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Example 6 In Example 4, we have observed that I(e) = {4,5}and I (¢) is e-negligible.
By definition, we have g(#f) = ¢ = 9. Since 2,3 ¢ I(g), we have that g({2}) =
wa,1 + w22 = 10, g({3}) = w31 + w32 = 15, and g({2, 3}) = max{wz,1, w3,1} +
max{wy 2+w3 2} = 17. Then g({2}) +g({3}) = 25isless than g({2, 3}) +g(¥) = 26,
S0 g is not submodular.

In order to understand when the function g is submodular, let us take a closer look at
Example 6. In this example, g({2}) + g({3}) — g({2, 3}) is equal to min{w> 1, w3 1} +
min{wy 2 + w32}, and this value is less than ¢ = g(¥), implying that g is not sub-
modular. In general, for any distinct indices p, ¢ € [n] \ I(¢),

g{ph +8dq}) —g(p.q}) = Z min {w, j, wy,;}. (21)
Jelk]

and this quantity needs to be greater than or equal to ¢ = g(¥) for g to be submodular.
To formalize this, we define another parameter Ly (¢) € Ry as follows:

min min{w, ;, wy ;). if I(e) # [n],
Lw(e) := | p.geln\i(e) jez[k] ter.i» was) (22)

+o0, if 1(¢) = [n].

Example 7 In Exelmple 2, we have I(¢) = {4,5}) and Lw(e) = w1 + wip =
8. Moreover, as I(¢) = {4,5} in Example 4 as well, we still have Ly (¢) = 8 in
Example 4.

Lemma 8 [f the function g defined as in (18) is submodular, then ¢ < Ly (¢).

Proof Suppose for a contradiction that & > Lw(¢). Then, Lw(g) # oo, implying
I(¢) # [nland & > 3~ ymin {w, j, wy ;} for some p, g € [n]\ I(¢). Moreover,
because both Y ;¢ wp,j and Y () Wg,; are greater than ¢, we deduce that p and
q are distinct. Then,

g({ph +gUgh = Z wp,j+ Z Wq, j

JElk] JElk]

= Z max {wp j, wg j}+ Z min {w, j, wg;}

jelk] JElk]

=g({p.qbh + Z min {w, ;, wy ;} <gUp.q}) +¢®),
Jjelk]

where the strict inequality follows from g(/) = e. This is a contradiction to the
assumption that g is submodular. Hence, ¢ < Lw (¢), as required. O

By Lemmas 7 and 8, both of the conditions that I(e)is e-negligibleand ¢ < Lw (¢) are
necessary for the submodularity of g. In fact, we will next see that these two conditions
are also sufficient to guarantee that g is submodular. So, whether the function g is
submodular or not is determined entirely by I(¢) and Ly (¢).

@ Springer



Joint chance-constrained programs and the intersection... 307

Lemma9 The function g defined as in (18) is submodular if and only if I(g) is &-
negligible and ¢ < Lw ().

Proof (=): This direction is settled by Lemmas 7 and 8.

(<): Assume that 7 (g) is e-negligible and ¢ < Ly (¢). We will show that g(U) +
g(V)=gUUV)+g(UNYV) forevery two sets U, V C [n]. If I(¢) = [n], then
we have g(U) = ¢ for every subset U of [n] due to (C2). Thus, we may assume
that I_(s) # [n]. By Lemma 6, for every two subsets U, V C [n], g(U) + g(V) >
g(UUV)+g(UNV)holdsifandonlyif g (U')+g (V') > g (U'UV')+g (U ' NV’),
where U’ := U \ I(¢) and V' := V \ I(¢), holds. This means that it is sufficient to
consider subsets of [n]\ I (¢). Consider twosets U, V C [n]\I(e).IfU = Jor V = ¢,
the inequality trivially holds due to the monotonicity of g. So, we may assume that
U,V # (. First, suppose that U NV # (. Because U, V C [n]\ f(e), we deduce that
g(X) = Zje[k] fi(X) forany X € {U, V,UUV,UNV} Then, Corollary 3 implies
that g(U) 4+ g(V) > g(U U V) 4+ g(U N V). Now, consider the case of U NV = .
Note that for each j € [k], the definition of f;(V) = max;cy {w; ;} implies that

fi@)+ f;(V) = f;(UUV)
= max{f;(U), f;(V)} +min{f;(U), f;(V)} = f;(UUV)
= min{f;(U), f;(V)}.

Hence, we have

gU)+g(V)—gUUV)= > (fiU)+ f;(V)— f;UUV))

JElk]

= > min{£;(U), f;(V)}.

JElk]

So, it suffices to argue that Zje[k] min{f;(U), fj(V)} > g(@) =¢&.Since U,V # 0
and U NV = ¢, there exist distinct p, g € [n]\ I(¢) such that p € U and g € V.
Then f;(U) = fj({p}) = wp,j and f;(V) = fi({g})) = wy, ;, implying in turn that

> min{£;(U), f;(V)} = > minfw ;. wy ;} = Lw(e),

jelk] jelk]

where the last inequality follows from the definition of Lw (e) in (22). Finally, our
assumption that ¢ < Lw (¢) implies that Zje[k] min{ f;(U), fj(V)} > ¢ as desired.
O

Therefore, Lemma 9, along with Corollary 3, establish that fi, ..., fr and g are
submodular when 7 (¢) is e-negligible and ¢ < L (¢). Note that I (g) can be found in
O (kn) time and that Lw (&) can be computed in O(knz) time, so testing whether g is
submodular can be done in polynomial time.

In Sect. 4, we introduced the parameter Lw_ @ that depends on W and a sequence
® of indices in [n] to define the aggregated mixing inequality (A-Mix) derived from
©. The following lemma illustrates a relationship between Lw (¢) and Lw o:
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Lemma 10 Ifl_(s) # [n], then Lw (¢) = ming {Lw,@ . ©is a nonempty sequence in

1\ 1(e)}.

Proof Take anonempty sequence ® in [(n1\1(¢). When ® = {r}forsomer € [n]\1(¢),
Lwe = Zje[k] Wy j, 80 Lw(e) < Lw e in this case. When © = {i{ — --- — ip}
with 6 > 2, for any s € [#] we have

min {wj,, j, max {w; ;: is precedes i in ©}} = min {w;, j, wi, ;}

where w;,_, ; is set to 0 for convention. Then it follows from the definition of Lw ¢
in (16) that Lw,e > min {Zje[k] min {w;, ;, wi,,;}: s€ [0]]. Consequently,
from the definition of Lw(e), we deduce that Lw(¢) < Lw o. In both cases, we
get Lw(e) < Lw.e-

Now it remains to show Lw(g) > min {Lw,(.) : O is a nonempty sequence in
[n]\ I_(s)}. Since 1(¢) # [n], either there exist distinct p, ¢ € [n]\ I(¢) such that
Lw(e) = Zje[k] min {w[,,j, wq,j} = Lw,{pq) Or there exists r € [n]\ I(¢) such
that Ly (¢) = Zje[k] wy,j = Lw ¢}, implying in turn that Lw (¢) > Lw e for some
nonempty sequence ® in [n] \ I(g), as required. O

We have shown in Sect. 3 that the polymatroid inequalities corresponding to the
functions f1, ..., fr are mixing inequalities. Although g is not always submodular, we
now have a complete characterization of when g is submodular. In the next subsection,
we show that when g is indeed submodular, the corresponding polymatroid inequalities
are aggregated mixing inequalities.

5.2 Polymatroid inequalities and aggregated mixing inequalities

Consider P(W, 0, ¢) with W € IRiXk and ¢ € R4. Then, from Lemma 5 we deduce
that

conv(P(W,0,¢)) € [(y,z) e REx [0,11": (y).2)
e conv(Qy,), Vj € [kl, (yi+-- 4y 2) € conv(Qg)},

where f}, g are as defined in (18). In this section we will prove that in fact equality
holds in the above relation when g is submodular, i.e., by Lemma 9, when I (e) is e-
negligible and ¢ < Lw (¢). Then, consequently, if I(g)is e-negligibleand ¢ < Ly (¢),
then the separation problem over conv(P (W, 0, €)) (equivalently, conv(M (W, 0, ¢)))
can be solved in O (knlogn) time by a simple greedy algorithm. To this end, we
first characterize the V-polyhedral, or inner, description of conv(P(W, 0, ¢)). For
notational purposes, we define a specific set of binary solutions as follows:

S):=3z€{0,1}": max {w; izit >¢€¢. 23
(e) {0, 1} g};}iem{ .72 ) (23)
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Lemma 11 The extreme rays of conv(P(W, 0, ¢)) are (ei, 0) for j € [k], and the
extreme points are precisely the following:

o AG) = (%.2) forz € S(e) where yi = maxicp) {wi.jz ) for j € k],
e B(z,d) = (yz’d, z) forz € {0, 1}"'\ S(¢) and d € [k] where

max {w; ;z;}, ifj#d,

2.d i€[n]

Yit = o
ma funze) + (5 = Sy max o)) o J =

Proof 1t is clear that (&, 0) for j € [k] are the extreme rays of conv(P(W, 0, ¢)).
Let (y,z) be an extreme point of conv(P(W, 0, ¢)). Then z € {0, 1}", and con-
straints (8) become y; > max;e[n {U)[,J’Zj} for j € [k]. If z € S(e), then
> jefk) MaXie(n] {wijzi} > &, s0 (¥,z) automatically satisfies (9)-(10). As (¥,2)
is an extreme point, it follows that y; = max;e[,) {w;,jZi | for j € [k], and therefore,
(¥,2) = A@). If 7 ¢ S(¢), then Zje[k] max; e[| lwi,jz,-’ < ¢. Since (y, 7) satisfies
Y1 +---+ yr > ¢ and (y, Z) cannot be expressed as a convex combination of two dis-
tinct points, it follows that y; +- - - 4 yx > & and constraints y; > max;e(u) {wi,jZi} .
J € [k]\ {d} are tight at (y, z) for some d € [k], so (¥,Z) = B(z,d). O

Based on the definition of S(¢) and (18), we have

g(z) =maxie, Y f(2)

JElk]

Y jem fi®@), ifz € S(e)
e ifz ¢ S(e).

Remember the definition of 7 (¢) in (20) and the conditions for I (¢) to be e-negligible.
Recall the definition of Lw (¢) in (22) as well. Based on these definitions and Proposi-
tion 2, we are now ready to give the explicit inequality characterization of the convex
hull of M(W, 0, ¢).

Proposition 5 Let W = {w; j} € [R'fk and ¢ € Ry. If I(g) is e-negligible and
& < Lw/(e), then the convex hull of M(W, 0, &) is given by

[0 eR <01 (.1 2)
econv(Qy,), Vjelkl, (i+--+ . 1—2) €conv(Qy)}.

Proof We will showthatyi, ..., yrand ) jelk) ¥j are weakly independent with respect

to submodular functions f1, ..., fr and g (recall Definition 1). Consider & € U?'i \ {0},
and let apyip denote the smallest co_ordinate valueof . Thenaw and e | y can be written as
o= aminl‘f‘zj-e[k] (o —min)€¢ and aTy = Qmin Zje[k] Yj +Zje[k] (@j —Qmin)y;j-
Let fy be defined as fy(z) := min{a"y: (y,2) € P(W,0,¢8)} for z € {0, 1}".
Then, it is sufficient to show that fy = aming + >_ je[k](oz j = Omin) £
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Let z € {0, 1}". For any y with (y,z) € P(W,0,¢), we have y; > f;(z) for
j € [k]and Zje[k] yj > g(z) by Lemma 5, implying in turn that

fu@ =min{aTy: (5.2 € PW,0.0)] = cming@ + Y (@ — ctmin) /).
Jelk]
(24)
Recall the definition of S(¢) in (23). If z € S(¢), then g(z) = Zje[k] fi(z), and
therefore, A(Z) = (y%, 7) defined in Lemma 11 satisfies (24) at equality. If z ¢ S(e),
then g(z) = €. Let d € [k] be the index satisfying oy = omin. Then B(z,d) =
( yz’d, Z) defined in Lemma 11 satisfies (24) at equality. Therefore, we deduce that
Ja = Aming + Zje[k](aj - Ofmin)fj-
From Proposition 2 applied to (19), we obtain that conv(P (W, 0, ¢)) is equal to

{20 € R x 10,1171 (37,2) € conv(Qy,), Vi € [KI,
(1 + -+ . 2) € conv(Qy)} .

After complementing the z variables, we obtain the desired description of
conv(M(W, 0, ¢)). This finishes the proof. O

Proposition 5 indicates that if I(¢)is e-negligible and ¢ < Lw (¢), then the convex
hull of M(W, 0, ¢) is described by the polymatroid inequalities of f; with left-hand
side y; for j € [k] and the polymatroid inequalities of g with left-hand side ) etk Vi
We have seen in Sect. 3 that the polymatroid inequalities of f; with left-hand side
y; for j € [k] are nothing but the mixing inequalities. In fact, it turns out that an
extremal polymatroid inequality of g with left-hand side ) jeqky Yj 1s either the linking
constraint y; +- - -4+ yx > ¢ or an aggregated mixing inequality, depending on whether
or not [ (¢) = [n]. We consider the I (¢) = [n] case first.

Proposition 6 Assume that 1(¢) = [n] and I (¢) is e-negligible. Then for every extreme
point T of E P, the corresponding polymatroid inequality Zje[k] yj+ Zie[n] Tizi >
e+ c[n] Wi IS equivalent to the linking constraint.

Proof By Theorem 2.2, there exists a permutation o of [n] such that o) = 8(V1) —
g(Vi—1) where V; = {o(1),...,0(t)} fort € [n] and Vy = @. Since I(¢) = [n] and
I(¢) is e-negligible, it follows that g(U) = ¢ for every U C [n], so m,() = 0 for

all 1. Therefore, 3~ ;e ¥j + Xiepn) Wizi = €+ X i) i €quals 3 ;e yj = €, as
required. O

The 7 (¢) # [n] case is more interesting; the following proposition is similar to
Proposition 3:

Proposition 7 Assume that 1(¢) # [n] is e-negligible and ¢ < Lw (¢). Then for every

extreme point T of E P;, there exists a sequence ® = {ij — --- — ig} contained in

[n]\ I(e) that satisfies the following:

(1) the j-mixing-subsequence {jy — -+ — jr;} of © satisfies wj ;j =
max {w; j : i € [n]} foreach j € [k],
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(2) the corresponding polymatroidinequality Y ;cixy ¥+ i) TiZi = €+ () i
is equivalent to the aggregated mixing inequality (A-Mix) derived from ©.

In particular, the polymatroid inequality is of the form

Z yj+ Z Wi — Wii)Zi | — €zip > Zmax{wi,j ti€nl}.
JElk] selr;] JElk]
(A-Mix*)

Proof By Theorem 2.2, there exists a permutation o of [n] such that 7, ;) = g(V;) —
g(Vi—1) where V; = {o (1), ..., 0 (1)} for 7 € [n] and Vy = ). By Lemma 6, g(V;) —
g(Vi_) = g(V,\I(¢)) — g(V, 1 \I(s)) SO 74 (1) is nonzero only if o () ¢ I(¢). This

in turn implies that at most |n \ I(¢)| coordinates of & are nonzero. Let {t1,..., 19}
be the collection of #’s such that 75,y # 0. Then 1 <0 < |n \ I(¢)|. Without 10ss of
generality, we may assume that#; > --- > fyp. Leti] = o(t1),ip = o(t2),...,ip =

o(tg), and © denote the sequence {i; — --- — ip}. We will show that © satisfies
conditions (1) and (2) of the proposition.

(1:For j € [k],let®; = {j1 — = jr/.} denote the j-mixing-subsequence of
©. By definition of the j-mixing-subsequence of ®, we have w;, ; = max{w; ; : i €
®}. By our choice of {rq, ..., tp} and assumption that r; > --- > 1y, it follows that
g(Vy)) = g([n]), which means that f;(V;,) = f;([n]) foreach j € [k]. Therefore, we
deduce that max{w; ; : i € ®} = max{w; ; : i € [n]}, as required.

(2): By convention, we have wj,,, ; = =W g1,j = = 0 for j € [k]. In addition, due
to our choice of {t1, ..., s}, we have g(V;,) > g(V,,—1) = = g(V4,,,) holds for
s < 0. Then, we obtam

iy = 7o) = 8(Viy) — 8(Visr)

= > Vi) = > fi(Vi)
Jjelk]

jelk]
= > fillio.io—1, .. is}) = D fi(tig io—1, ... is1}).
JElk] JElk]
We observed before that g(V;) > g(Vi,—1) = --- = g(V;,), so it follows that
fitVi) = fi(Vi—1) =--- = f;j(V,,), implying in turn that

fillia,ig—1, ..., i) — fillie, ig—1, ..., is11})
= (wj,,j — max {wj ; : is precedes i in @})Jr

This means that for s < 0,

i, = Z (wi,.j — max {w; j : is precedes i in ©}) . (25)
J€lk]
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Note that

iy =Tty = 8(Vi) —g(Vo) = Y fi(Viy) —e = Y filio) —e.
JElk]

JELK]

Since fj({ig}) = wj,,; and max {wi,j . ip precedes i in G)} was set to Wi g1 = 0,
it follows that '

T, = Z (wie,j — max {w,-,.,' : g precedes i in @})+ —&. (26)
Jelk]

Therefore, by (25) and (26), it follows that the polymatroid inequality jem Vi +
Zie[n] mizi > €+ Zie[n] 7r; is precisely (A-Mix*). Since ¢ < Lw(e) by our
assumption and Lw(¢) < Lw e by Lemma 10, min{e, Lw e} = &, and thus the
inequality (A-Mix*) is identical to the aggregated mixing inequality (A-Mix) derived
from ®, as required. O

5.3 Necessary conditions for obtaining the convex hull by the mixing and the
aggregated mixing inequalities

Let us get back to our original question as to when the convex hull of a joint mixing
set with a linking constraint can be completely described by the mixing inequalities
and the aggregated mixing inequalities.

By Propositions 5, 6, and 7, if I_(s) is e-negligible and ¢ < Lw(¢e), then the
convex hull of M(W, 0, ¢) can be described by the mixing and the aggregated mixing
inequalities together with the linking constraint y; 4 - -- 4+ yx > ¢ and the bounds
0 < z < 1. Another implication of these is that if 7 (¢) is e-negligible and ¢ < Ly (¢),
then the aggregated mixing inequalities other than the ones of the form (A-Mix*) are
not necessary.

It turns out that /(¢) being e-negligible and ¢ < Ly (¢) are necessary conditions
for the mixing and the aggregated mixing inequalities to describe completely the
convex hull of M(W, 0, ). Before establishing this result, let us consider examples
where either one of these two condition is violated: either (g) is not -negligible or
e > Lw(e).

Example 8 Let us consider Example 2 with a slight modification. The following set is
the same as (14) except that w4 2 is now 3.

y1+8z1>8, y2+3z1 >3,
yi+622>6, y2+4z >4,
(3.2 eRL x{0.1F: y+133>13, 422322, yi+»n=7t. 27
yi+za>1, y2+3z4 = 3,
yi+4zs >4, ym+zs>1,
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In this example, I(¢) is still {4, 5}. But, I(¢) is no longer e-negligible because
3 ¢ I(e) yet ws o > w3 2 implying that condition (C1) is violated. The following set
is the same as (14) except that ws | is now 6.

y1+8z1>8, y»+3z1 >3,
y1+622>6, y2+4z >4,
(3,2 €RL X {0, 1P yi+ 1323213, 32 +223>2, yi+y»>7¢. (28)
yi+z4>1, v2+2z4 > 2,
y+6z5>6, y»+2z5>1,

Again, I(e)is {4, 5}. However, I (¢) is not e-negligible because Zje[k] max; . j {w,-’j } =
6 + 2 > ¢ implying that condition (C2) is violated. Using PORTA [9], one can check
that there are facet-defining inequalities other than the mixing and the aggregated mix-
ing inequalities in both of these examples. For instance, 2y; +3y,+3z0+ 1823 +3z4 >

38 is facet-defining for the convex hull of (27) and 2y +y>+2z1+22+1423+24+625 >

30 is facet-defining for the convex hull of (28).

Example 9 In Example 4, I(g) is e-negligible but ¢ > Lw (¢) (see Examples 5 and 7).
Recall that the convex hull of (17) has a facet-defining inequality, e.g., 7y; + 6y2 +
1275 + 49z3 > 115, that is neither a mixing inequality nor an aggregated mixing
inequality.

These examples already demonstrate that the mixing and the aggregated mixing
inequalities are not sufficient whenever the e-negligibility condition or the condition
& < Lw (¢) does not hold. This is formalized by the following theorem.

Theorem 5.1 Let W = {w; j} € [RiXk and ¢ > 0. Let 1(¢) and Ly (¢) be defined as

in (20) and (22), respectively. Then the following statements are equivalent:

() I(g) is e-negligible and ¢ < Ly (¢),

(ii) the convex hull of M(W, 0, ¢) can be described by the mixing inequalities (Mix)
and the aggregated mixing inequalities (A-Mix) together with the linking con-
straint y1 + - - - + yr > € and the bounds 0 < z < 1, and

(iii) the convex hull of M(W, 0, &) can be described by the mixing inequalities of the
Sform (Mix*) and the aggregated mixing inequalities of the form (A-Mix*) together
with the linking constraint y| + - - - + yx > € and the bounds 0 < z < 1.

The proof of this theorem is given in Appendix B. Direction (i)=>(iii) is already proved
by Propositions 5, 6 and 7, and (iii)=>(ii) is trivial. Hence, the main effort in this proof
is to establish that (ii)=>(i) holds.

6 Two-sided chance-constrained programs

A two-sided chance-constrained program has the following form:

min h'x (29a)
xeX
st P [ ‘aTx - b(g)‘ <¢Tx— d(E)] >1—e, (29b)
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where X C R™ is a domain for the decision variables x, € € (0, 1)isarisklevel, a, ¢ €
R™ are deterministic coefficient vectors, and b(€), d(§) € R are random parameters
that depend on the random variable § € E; see Liu et al. [20] for further details on two-
sided CCPs. Note that (29) is indeed a special case of joint CCPs with random right-
hand vector because the nonlinear constraint in (29b) is equivalent to the following
system of two linear inequalities:

(c+a)'x >dE) +bE), (28b")

(c—a)'x =dE) —b&). (28b”)

Hence, just like other joint CCPs we have studied in this paper, the two-sided CCP can

be reformulated as a mixed-integer linear program. Note also that in the resulting MILP
formulation, each inequality (28b”) and (28b”) individually will lead to a mixing set,
and consequently the resulting MILP reformulation will have a substructure containing
the intersection of two mixing sets where the continuous variables of these mixing
sets are correlated. Recall that the convex hull of the intersection of two mixing sets,
as long as they do not share continuous variables, can be completely described by the
mixing inequalities. However, as we observed in Sect. 4 the mixing inequalities are
not sufficient when additional constraints linking the continuous variables are present.
We have thus far considered constraints on the continuous variables that correspond to
quantile cuts. On the other hand, Liu et al. [20] focus on additional bound constraints
on the continuous variables that can be easily justified when for example the original
decision variables x are bounded. In particular, they use bounds on ¢ ' x and a " x. To
simplify our discussion,! let us assume that

¢'x>0, ug>a'x>0, VxedlX. (30)

In order to point out the intersection of two mixing sets connection and also to explain
how to use (30) to strengthen this intersection, we follow the setup in Liu et al. [20]
and define two continuous variables y. and y, for ¢ " x and a " x, respectively.” Given
7 scenarios §1, ..., &" definew; = d(E)+bE) and v; := d(E)—b(E") fori € [n].
Liu et al. [20] focus on the setting where the following condition holds:

Ug > max{w; : i €n]}, w;>v; >0, Vieln] 31D

In particular, as the parameters w;, v; are nonnegative for all i € [k], the MIP refor-
mulation, given by (3), of (29) gives rise to the following mixed-integer set:

Ye + Ya +wizi > w;, Vi € [n], (32a)

Ye = Ya + (Vi +ua)zi = v, Vi € [n], (32b)

1 Arbitrary bounds on ¢"x and a " x can be also dealt with by taking appropriate linear transformations
(see Section 1.1 of Liu et al. [20]).

2 This is equivalent to taking continuous variables y¢+q = (¢ + a)Tx and ye—q = (¢ — a)Tx as in (3).
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Ug > Vg > 0, (32¢)
Ye =0, (324d)
z € {0, 1}". (32e)

Note that the coefficient of z; in (32b) differs from the right-hand side, but (32b) indeed
corresponds to the mixing set for (28b”) since u, can be added to the both sides of (32b)
and y, — yq +u4 > 0holds. In addition, (32a) corresponds to the mixing set for (28b”)
since y¢ + yq > 0 by (32¢) and (32d). Liu et al. [20] characterize the convex hull
description of the mixed-integer set given by (32) under the condition (31). It turns
out that this result can be driven as a simple consequence of Theorem 5.1. We will
elaborate on this in the remainder of this section.

After setting y1 = y¢ + yq and yp = ye — ya + Ugq, the set (32) is equivalent to the
following system:

v+ wizi > w;, Vi € [n], (33a)
v2 + (i +ua)zi = (Vi +uq), Vi € [n], (33b)
Ug = Y1 — Y2 = —lUq, (330)
Vit+y2=ua, y1=0,y2>0 (33d)
z € {0, 1}*. (33e)

Note that the set defined by (33a), (33b), (33d), and (33e) is nothing but a joint mixing
set with a linking constraint of the form M(W, 0, u,) with k = 2. Moreover, it follows
from w;, v; > 0 fori € [N] that

w; + (v; +uq) > uq forall i € [n] and min{w; : i € [n]} + min{v; +uq : i € [n]} > uq.
Then I (ug), where 1 is defined as in (20), is given by

i(ua):{i en]l: wi=vi=0={ien]: w=0, vy +ugs =ug}.
If I(ug) # ¥, then

max {w;} =0 and max {v; + uy} = ug,
iel(uq) iel(uq)

i{l which case conditions (C1) and (C2) are clearly satisfied. Therefore, by Definition 5,
I(uq) is ug-negligible. Furthermore, we can next argue that Lw (uq) > ug. By the
definition of Lw (u4) given in (22), when [ (ug) # [n],

Lw(ug) > min {w;} + min {v; + ug} > ug,
i€[n] i€[n]

and we have Ly (1g) = +00 > ugq if I_(ua) = [n]. Hence, by Theorem 5.1, the convex
hull of the joint mixing set with a linking constraint can be obtained after applying the
mixing and the aggregated mixing inequalities.
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In particular, given a sequence {ij - -- — ip} of indices in [r], the corresponding
aggregated mixing inequality (A-Mix) is of the following form:

yi+y+ Z (wrs - erl)ZrS + Z (vgs - vgﬁl)zgs —UqZiy = W + (vg1 +uq),

seltr] s€ltgl
(34)
where {ri — -+ — r¢,} and {g1 — -+ — g} are the 1-mixing-subsequence and
the 2-mixing-subsequence of ©, respectively, and w,, ., := 0, Vgro41 “= —Ua- By

Lemma 3, we know that z,, . = ziy, 80 (Vg, . — Vg 11)2gr, — UaZip = Vgr, Zgq, - SINCE
Y1 4+ y2 = 2y + ugq, (34) is equivalent to the following inequality:

25p + D (= Wiz + ) (Vg = Vg)Zg, Z Wry U, (39)

s€[tgr] s€lrg]

where wy ,, := 0 as before but vg, ., is now set to 0.

In Liu et al. [20], the inequality (35) is called the generalized mixing inequality from
0, so the aggregated mixing inequalities generalize the generalized mixing inequalities
to arbitrary k. Furthermore, Theorem 5.1 can be extended slightly to recover the
following main result of Liu et al. [20]:

Theorem 6.1 ([20], Theorem 3.1) Let P be the mixed-integer set defined by (33a)—
(33e). Then the convex hull of P can be described by the mixing inequalities for yi, ya2,
the aggregated mixing inequalities of the form (34) together with (33c) and the bounds
0 < z < 1 under the condition (31).

Proof Let R be the mixed-integer set defined by (33a), (33b), (33d), and (33¢). Then
P € R and, by Theorem 5.1, conv(R) is described by the mixing inequalities for y;, y»
and the generalized mixing inequalities of the form (34) together with 0 <z < 1. We
will argue that adding constraint (33c), thatis u, > y; — y2 > —ug, to the description
of conv(R) does not affect integrality of the resulting system.

By Lemma 11, the extreme rays of conv(R) are (ei , 0) for j € [2], and the extreme
points are

e A(2) = (y1, 2, 2) for z € {0, 1}"* \ {1} where

yi=max{w;(l —z)} and y» =max{(v; +ua)(l —z)},
i€[n] i€[n]

e B(1) = (uq4,0,1) and B(2) = (0, uq, 1).

It follows from (31) that all extreme points of conv(R) satisfy u, > y; — y2 > —u,.
Observe that two hyperplanes {(y, z) : ug = y1 — y2} and {(y, 2) : y1 — y2 = —ugq}
are parallel. So, each of the new extreme points created after adding u, > y; — y» >
—1uq is obtained as the intersection of one of the two hyperplanes and a ray emanating
from an extreme point of conv(R). Since every extreme ray of conv(R) has 0 in its
z component and every extreme point of conv(R) has integral z component, the z
component of every new extreme point is also integral, as required.
Therefore, the convex hull of Pisequalto {(y, z) € conv(R) : (y, z) satisfies (33¢)},

implying in turn that conv(P) can be described by the mixing inequalities for yq, y2,
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the aggregated mixing inequalities of the form (34) together with (33c) and the bounds
0 <z <1, as required. O

7 Conclusions

In this paper, we show that mixing inequalities with binary variables may be viewed
as polymatroid inequalities applied to a specific submodular function. With this obser-
vation, we unify and generalize extant valid inequalities and convex hull descriptions
of the mixing sets with common binary variables and their intersection under addi-
tional constraints on a linear function of the continuous variables. Such substructures
have attracted interest as they appear in joint CCPs. However, our results are broadly
applicable to other settings that involve similar substructures, including epigraphs of
submodular functions other than those considered in this paper.
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A Proof of Lemma 4

Let (y,2) € [R’j_ x [0, 1]" be a point satisfying (13a)—(13c), and assume that (y, z)
satisfies (A-Mix) for all sequences contained in {i € [n] : z; < 1}. Then we need to
prove that (y, z) satisfies (A-Mix) for all the other sequences as well.

For a sequence ®, we denote by N(®) the set {i € ® : z; = 1}. We argue by
induction on |N (®)] that (y, z) satisfies (A-Mix) for ®. If |[N(®)| = 0, then (y, 2)
satisfies (A-Mix) by the assumption. For the induction step, we assume that (y, Z)
satisfies (A-Mix) for every sequence ® with |[N(®)| < N for some N > 1. Now
we take a sequence ® = {i; — --- — iy} with [N(®)] = N. Notice that (y, z)
satisfies (A-Mix) if and only if (y, z) satisfies

Z yj+ Z (wi,,j — max {wj j : i; precedes i in ®})+Zi,
jelk] tel6]
— min {8, Lw,@}im > Z max{w,-,j S @} . (36)
JElk]

Hence, it is sufficient to show that (y, z) satisfies (36). We consider two cases z;, = 1
and z;, # 1 separately.

First, consider the case when z;, # 1. Since [N(®)] > 1, we have z;, = 1 for
some p € [0 — 1]. Let ®' denote the subsequence of ® obtained by removing i,. Then
IN(®")| = |N(®)| — 1, so it follows from the induction hypothesis that (A-Mix) for
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@' is valid for (3, 7):

Z yj+ Z (w,vhj — max {w,;j . i; precedes i in ®/})+Z,’,
jelkl te[01\{p}

—min {¢, Ly e z,H_Zmax wij:i€®}. 37
Jelk]

Since @' is a subsequence of @, it follows that for any ¢ # p.

(wj,, j —max {w; ; : i, precedes i in @’})+ > (wj,,j —max {w; j : i, precedes i in @})+

(38)
Since —z;, > —1 is valid for each ¢, we deduce the following inequality from (37):

Z ()7]- + Z (wi,,j —max{wiyj . i; precedes i in @})Jrzi,) —min{e, LW,@’}zig

Jjelk] reld\{p}
> Z max {w; j: i € O — Z (w,-p,j —max {w; j : ip precedes i in @}) ,
jelk] J€lk] "
(39)
because

Z (wi,,; —max {wj j : i; precedes i in @’})Jr = Z max {w; j : i € ©'}
tel01\{p} Jelk]

and

Z (wi;,j — max{wi,j : 1y precedes i in @})+ = Z max{wi,j i€ @}. (40)
telf] Jelk]

Moreover, notice that Ly ¢ > Lw,e due to (38). So, it follows that (39) implies (36)
since z;, = 1. This in turn implies that (y, z) satisfies (A-Mix) for ©, as required.
Next we consider the z;, = 1 case. In this case, (36) is equivalent to

Z yj + Z (wi“j — max {w,-,j . i; precedes i in @})Jr Zi,
jelk] re[0—1]

>m1n8LWO Zw,9/+2max w,j‘zeG)} 41
JElk] JElk]
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Take the subsequence O’ of ® obtained by removing ig. As before, we have [N (Q)| =
|N(®)|—1, and the induction hypothesis implies that (A-Mix) for ' is valid for (¥, z):

Z i+ Z (wi,.j —max {w; j : i, precedes i in ©'}),
jelk] te[6-2]

+ Z wi,_,,j —min{e, Lweo} | Zipo, = Z max {w; j: i € O'}.
jelk] Jjelk]
(42)

We will deduce from (42) that (41) is valid for (¥,z). As @' is a subsequence of

©, (38) holds for ¢ € [0 — 2]. So, as (y, z) satisfies —z;, > —1 fort € [0 — 2], we
obtain the following from (42):

Z yj+ Z (wi,,; — max {wj j : i; precedes i in (H)})+Zi,
JElk] te[0-2]

+ Z Wig_y,j — min {8’ LW,G)/} Zig,|

JElk]
> Z min{wigfl,j, wig,j} — Z Wi, j + Z max{wi’j i€ @}, 43)
JElk] Jelk] J€lk]
because (40) holds,

Z (wi,,j — max {wj ; : i; precedes i in ®/})+ = Z max {w; j: i € O},

re[0—1] JELK]

and

Z Wip_1.j — Z (wie—l-j fmax{wi,j : ip—1 precedes i in @)}) = Z min {wig,l,js w,'gyj}.
h h + h

Jjelk] jelk] Jjelk]

(44)
Now let us compare the coefficient of z;, , in (43) and that of z;, , in (41). If the
coefficient in (43) is less than the coefficient in (41), then (43) implies that (41) is
valid, because we can add an appropriate scalar multiple of z;,_1 > 0 to (43) in order
to achieve the coefficient in (41) and the term Zje[k] min {w,-e_l,j s Wiy, j } in the right-
hand side of (43)is atleast Lw o. If not, then by adding an appropriate scalar multiple
of —z;, , = —1 to (43), we deduce the following inequality:

Z ¥+ Z (wi,.; —max {w; j : i, precedes i in ©}) Z;
JE[k] te[6—1]
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>II11118 Lwo' Zw,9/+2max w,,:ze@} 45)
Jelk] Jelk]

because (44) holds. Since ® is a subsequence of ®, we have Ly o > Lw. e, SO
it follows that the term min {¢, Ly ¢} in the right-hand side of (45) is at least
min {s, Lw,@}. Therefore, (45) implies that (41) is valid for (y, z). In summary,
when z;, = 1, (¥, ) satisfies (41), thereby proving that (y, z) satisfies (A-Mix). This
finishes the proof of Lemma 4.

B Proof of Theorem 5.1

Propositions 5, 6 and 7 already prove that (i)=>(iii), and the direction (iii)=>(ii) is
trivial. Thus, what remains is to show (ii)=(i). We will prove the contrapositive of
this direction. It is sufficient to exhibit a point (y, Z) with Zje[k] yj>eand0 <z <1
that satisfies the mixing and the aggregated mixing inequalities but is not contained in
the convex hull of M(W, 0, &).

Assume first that 7(¢) is not e-negligible. Then I(e) is nonempty and either (C1)
or (C2) is violated. First, consider the case when (C2) is violated. Take a minimal
subset U of f(e) satisfying Zje[k] max;cy{w; j} > &. Note that by definition of

I(¢g), we have for everyi € I (¢) that Zje[k] w;, j < &. Then by the assumption that
Z./ kg Maxiey{wi, j} > &, we deduce that |U| > 2. Moreover, by our minimal choice
of U, we have Zje[k] max;ey{w; j} < e forany V C U such that |V| < |U| — 1.
Moreover, for each j € [k], the largest element of {w,',.,' el } is contained in
|U| — 1 subsets of {w,-,j (i€ U} of size |U| — 1, while the second largest element of
U is the largest in another subset of size |U| — 1. From these observations, we deduce
that

qui-=1 Z rirée}}({wi,j} + Z second-max{w; ;j : i € U}

jelk) JElk]
= 2 | 2 maxiwi) =wle (46)
veu  \jek) 'S
[VI=IUI-1

where second-max{w; ; : i € U} denotes the second largest value in {w; ; : i € U}
for j € [k]. Let us consider (y, z) where

1 . .

T fieU
7 =10l %l and

1 ifi ¢ U

Sl max {wij}, ifjelk—1]
Vi = wit U|-1 o

T ' - 5= fj=k

o max {wii} + (& = 5 /EZUC]I};@‘{%J} if j
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Then, we always have > jelkl v; = &. This, together with (46), implies that

_ Ul —1
Zyjzgz T Z?éa}}({wi’j} |U| Zsecondmax{w,]' i eU).
j JeElk] Jelk]
47

Then, from W ¢ [R"Xk we deduce Zje[k] second-max{w; ; : i € U} > 0, and

hence y; > H‘jlljl ! max; ey {w,',k}. Let us argue that (y, z) satisfies the mixing and the

aggregated mixing inequalities. Take a j-mixing-sequence {j; — --- — jg;}. Since
Zse[z,](wjx,j —Wwj,,.j) =wj j» (¥, 2) satisfies (Mix) if and only if

_ |U| —1
yjz |U| Z( Wiy, j w]AJrlJ)

Js€U

As Y ey (W) j — wjy,.j) < maxiey{w; ), it follows that (J, Z) satisfies (Mix).
Now we argue that (y, 7) satisfies every aggregated mixing inequality. By Lemma 4,
it is sufficient to argue this for only the sequences ® = {ij — --- — ig} that are
contained in U. By (15), (¥, z) satisfies (A-Mix) for ® if and only if

Z yj+ Z (wi,,j —max {w; j : i, precedes i in @})+ Zi,

JElk] 1€[0]
—mm{e LW() Zig > Zmax w; le®} (48)
JElk]
Since ® C U,wehavez;, =--- =2zj, = % Then, (48) is exactly
Uul—1 1
Zyj | | Zmax w,/'te®}+ﬁmln{8 LWO} 49)
Jelk]

Recall that Zje[k] y;j = &. If |®] = 1, then because |[U| > 2 we deduce ® # U.

Moreover, because |®| = 1 and ® is a proper subset of I(€), we deduce from the
definition of I(¢) that > jejx) Max {wi,j: i € ®} < e. Hence, when |®| = 1, we
also have min {8, LW’@} < ¢, and thus (49) clearly holds. So, we may assume that
|®] > 2. By definition of Lw @ in (16), we have Lw o < Zje[k] second-max{w; ; :
i € O} where second-max{w; ; : i € O} denotes the second largest element in
{wi,j : i € ©}. Since max;jee {wi,j} < max;ey {w; ;} and second-max{w; ; : i €
®} < second-max{w; ; : i € U} hold because ® C U, we deduce from (47)
that (49) holds. Consequently, Lemma 4 implies that (y, z) satisfies the aggregated
mixing inequalities (A-Mix) for all sequences as well. Let us now show that (y, z) isnot
contained in conv(M (W, 0, ¢)). Observe that (y, z) satisfies the constraints z; < 1 for
i ¢ U atequality. For j € [k —1],let{j; — --- — jjy|} be an ordering of the indices
inU such thatwj, ; > --- > Wiy, j Then {ji}, {j1 = 2}, .... {71 = - = Jju
are all j-mixing-sequences, and notice that (y, z) satisfies the mixing inequalities
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corresponding to all these j-mixing-sequences at equality. In particular, it follows
that (y, z) satisfies zj, = zj, = -+ = zj,, at equality. There are only two points
in {0, 1}" that satisfy both of the constraints z; < 1 fori ¢ U and z;, = zj, =
-++ = zj,, at equality; these points are 1 and 1j,\y. Let y1, y* € R¥ be such that
L1, (»2, 1\v) € M(W, 0, ¢). Then we have

Sozemt ¥is Y pyin)

jelk] jelk]

As Zje[k] max;ecy{w; j} > & by our assumption and Zje[k] y;j =&, (¥, z) cannot
be a convex combination of ( yl, 1) and ( yz, 1;)\v), implying in turn that (y, z) does
not belong to conv(M (W, 0, ¢)).

Now consider the case when (C1) is violated. Then there exist p € [n] \ I(¢) and
g € I(e) such that Wgy,j > Wwp,; for some j € [k]. In particular, Zje[k] Wp,j <
> jeprymax{w,,j, wg, ;}. Let us consider the point (¥, Z) where

1

> ifi € {p,
=12 . {pq},and
L ifi¢{p.q)
Fmax{w, ;. wy ;). if j e [k—1]
y .
/ % ax {wp k. wg )+ % <8+ 2 wpi— X max {wp, ;. wq,j}>, if j =k
Jelk] Jjelk]

By definition of y, we always have ;) ¥, = 3 (e + ek wp,j) > ¢, where

the inequality follows from p ¢ I(€). Moreover, as p € [n]\ I(g) and g € I(g), we
have Z:/'E[k] Wpj>&€2 Z/e[k] Wgy, j» and hence

€+ Z Wp,j — Z max {wp,j, wy,;}

Jelk] Jelk]

z Z Wq,j + Z Wp,j — Z max {wp, j, wy,;}
jElk] JElk] Jelk]

= Z min wp,j, wq,j} >0,
JElk]

where the last inequality follows from the fact that w; ; > Oforalli € [n]and j € [k].
So, it follows that

Yk = Emax{wp’k’ wq,k} .

As before, we can argue that (y, z) satisfies the mixing inequalities. Now we argue
that (y, z) satisfies every aggregated mixing inequality. By Lemma 4, it is sufficient to
consider only the sequences ® = {i; — --- — ig} that are contained in {p, ¢g}. Since
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® C {p,q}), weknowthatz; =.-- =2z, = % Then, the following inequality (50)
implies (48).

- 1 L. 1 .
ZijE S—{—pr’j zimm{s, LW,@}+§Zmax{wi,j:ze®}.
jelk] jElk] J€lk]

(50)
When ® contains both p and q, we have Lweo = Zje[k] min{w, ;, wg,j} <
Zje[k] wy,j < & (since g € I(¢)) and Zje[k] max{w,;j tie ®} = Zje[k]

max {w, j, wy, j }. Then the right-hand side of (50) is

1 : . 1 1
3 me{w,,,j,wq,j}—i— Zmln{w,,,j,wq’j} =3 Z w”’j+5 Z Wy, j
J€lk] JElk] JElk] JElk]

so inequality (50) holds in this case since ¢ € I(€).If ® = {p} or ® = {g}, inequality
(50) clearly holds. Consequently, Lemma 4 implies that (y, z) satisfies the aggregated
mixing inequalities (A-Mix) for all sequences as well. Suppose for a contradiction that
(¥, z) is a convex combination of two points (y', z1) and (32, z%) in M(W, 0, ¢). As
the previous case, we can argue that z! and z? satisfy z p=2gandz; < 1lfori ¢ {p, q}
at equality, and therefore, Zl=1and 7% = 1(:\(p,q}- Then we have

1 1
Yovize Yo yiz= Y max{wpj wg ;) and (5,2 = E(yl,zl) + E(yz,zz),
JElk] JElk] JElk]

which implies that

1 1
Z ()7} +y/2') > 58 + E Z max{wp,j, wq,j}.

jelk] Jelk]

N =

1 _
slet 2w | =2 3i=
J€lk] J€lk]

This is a contradiction, because we assumed Y ;i) Wp,j < 2_ ek Max{wy, j, wq,j}.
Therefore, (y, z) is not contained in conv(M (W, 0, ¢)), as required.

In order to finish the proof we considef thecaseof ¢ > Lw (e).Based onthe previous
parts of the proof, we may assume that /(¢) is e-negligible. Then, L (¢) is finite, and
thus there exist distinct p, ¢ € [n] \ I(¢) such that ¢ > Zje[k] min {w,,,j, wq,j} =
Lw (e). Let us consider the point (y, z) where

l . .
Zi=1? lfl <lp.ab and
1 ifi ¢ {p,q}
G- smax {wp, j, wy, ;] if j e[k —1]
T Emax {wpk, wor) +Lwee) ifj=k
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Then

_ 1 1 .
Z yj = Z zmax{w,,,j, wq,j}-l-z Z mln{wp,j’ wq,/'}

Jelk] J€lk] JElk]

1 1
:Ezwp’i+52wq»f>8’
jelk] jelk]

where the first equation follows from the properties of Ly (¢) in this case, and the
inequality follows from our assumption that p, ¢ € [n]\ I(¢). Similar to the previous
cases, we can argue that (y, z) satisfies the mixing inequalities. Now we argue that
(¥, 2) satisfies every aggregated mixing inequality. By Lemma 4, it is sufficient to
consider only the sequences ® = {i; — --- — ig} contained in {p, ¢}. Since ® C
{p.q}, we know that z;; = --- = z;, = % Then the following inequality (51)
implies (48).

- 1 1 1 . 1 .
Z yj=5 Z wp,j+§ Z Wy, j zimm{s, LW’®}+§ Z max{wi,j: 16@}.
] ]

J€lk] Jjelk Jjelk Jelk]
(51
When © contains both p and g, we have
Lwe = Z min{wp’j, wq,./}
Jelk]
and Y maxf{w;;:ie0f=) max{w,; wy,}.
Jelk] JElk]

Therefore, (51) holds in this case. (51) clearly holds if ® = {p} or ® = {gq}, because
e is smaller than Y ywp.j and "y wg.; (this follows from p,gq ¢ I(e)).
Consequently, Lemma 4 implies that (y, z) satisfies the aggregated mixing inequal-
ities (A-Mix) for all sequences as well. Suppose for a contradiction that (y, z) is a
convex combination of two points (y', zY and (y2, z2) in M(W, 0, ¢). As in the pre-
vious cases, we can argue that z! and z? satisfy the constraints z; < 1 fori ¢ {p, ¢}

and z,, = z, at equality. Therefore, z! = 1 and z% = 1[,}\(p.4)- Then we have
2 vz D iz ) maxlwp g )
JElk] Jelk] Jjelk]
oo 1 1
and (¥,2) = E(yl, Z) + E(yz, 22),

which implies that

1 1 .
Z Emax{wp,j, wq,j} + 3 Z mm{wp,j, wq,j}
jelkl Jelk]
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_ 1 1 1
1

Jjelk JElK] JELK]

This is a contradiction to our assumption that & > Y jeqk) min {w P Wq,j } There-
fore, (y,z) is not contained in conv(M(W,O0, ¢)). This completes the proof of
Theorem 5.1.
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