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Process flexibility is widely adopted as an effective strategy for responding to uncertain demand. Many
algorithms for constructing sparse flexibility designs with good theoretical guarantees have been developed
for balanced and symmetrical production systems. These systems assume that the number of plants equals
the number of products, that supplies have the same capacity, and that demands are independently and
identically distributed.

In this paper, we relax these assumptions and consider a general class of production systems. We con-
struct a simple flexibility design to fulfill (1 — €)-fraction of expected demand with high probability (w.h.p.)
where the average degree is O(In(1/¢)). To motivate our construction, we first consider a natural weighted
probabilistic construction from Chou et al. (2011) where the degree of each node is proportional to its
expected capacity. However, this strategy is shown to be sub-optimal. To obtain an optimal construction,
we develop a simple yet effective thresholding scheme. The analysis of our approach extends the classical
analysis of expander graphs by overcoming several technical difficulties. Our approach may prove useful in

other applications that require expansion properties of graphs with non-uniform degree sequences.
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1. Introduction

Process flexibility (a.k.a., capacity pooling) is a successful operational strategy in man-
ufacturing industries to hedge against demand uncertainty. The classical work of Jordan
and Graves (1995) models a manufacturing process flexibility design as a bipartite graph
G=(UUYV,E), where U denotes a set of m supply nodes (representing production plants)
and V denotes the set of n demand nodes (representing products demanded in the mar-

ket). Edge (u,v) € E appears if node u can supply node v (or plant v can produce product



Figure 1  Fulfilled demand Z¢(s,d) as the value of maximum flow from the supply side to the demand side.
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v). Node uw € U has a supply (i.e., production capability) characterized by the random
variable s(u) and node v € V' generates a random demand d(v).! The task of designing
process flexibility concerns about the construction of the edge set E in G. Given a flexi-
bility design GG, and realizations of supplies {s(u)},cr and demands {d(v)},ev, the total
fulfilled demand Z4(s,d) is the value of the maximum flow from supply to demand nodes
(see Figure 1). A production system has full flexibility if any plant can produce all of the
products (i.e., G is a complete bipartite graph). Although full flexibility can best fulfill
uncertain demand, it comes at the expense of drastically increased implementation and/or
operational costs. An ideal design strikes the right balance between these costs and ability
to meet uncertain demand. Suppliers typically prefer sparse designs, where each plant is
only capable of producing a small number of properly chosen products. In this paper, we
aim to construct the (asymptotically) sparsest design G such that the fulfilled demand can
almost match the total expected demand with high probability (w.h.p.).

Due to the importance of this problem in manufacturing, a number of papers tackle
this question by constructing sparse designs and analyzing their performances (see, e.g.,
Chou et al. (2010), Chou et al. (2011), Simchi-Levi and Wei (2012), Simchi-Levi and Wei
(2015), Deng and Shen (2013), Wang and Zhang (2015), Chen et al. (2015), Shi et al.
(2015), Tsitsiklis and Xu (2015), Bidkhori et al. (2016), Désir et al. (2016), and refer-
ences therein). Most papers study the special setting where (1) the production system? is

! Supply uncertainty is common in practice. For example, the random failure or shutdown will cause the supply to
be random.

2 We use production system to denote the set of supply and demand nodes and their associated supply and demand
random variables.
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balanced (the number of supply and demand nodes are equal, i.e., m =n) and (2) symmet-
rical (the random supplies s(u) share the same deterministic capacity or are identically
independently distributed (i.i.d.) and demands d(v) are i.i.d.. These assumptions facilitate
the construction of designs and corresponding theoretical analysis (e.g., popular chaining
designs for balanced systems) at the cost of realism. The number of products is typically
orders of magnitude larger than the number of plants. Plants typically differ in capacity
and demands for products can also differ significantly. Some recent papers tackle produc-
tion systems that are unbalanced and asymmetrical. For example, when the ratio between
each realized demand and its expectation is constant, the work by Chou et al. (2010) pro-
poses a probabilistic construction that achieves (1 — €)-optimality (w.r.t. the full flexibility)
in expectation with the average degree of O(1/¢). Chou et al. (2011) further develops
a weighted probabilistic construction (see the proof of Theorem 5) that links a supply
node with a demand node with a probability proportional to their expected capacities®.
This construction with average degree O(1/¢) achieves (1 — €)-optimality for all demand
scenarios.

Deng and Shen (2013) provided several design guidelines for unbalanced but symmetrical
systems based on extensive simulation studies. Bidkhori et al. (2016) derived a distribution-
free lower bound for a generalized chaining structure using the mean and partial expecta-
tion of the demand. Shi et al. (2015) considered a multi-period general production system
and proposed the “generalized chaining condition” to measure the effectiveness of a flex-
ibility design. However, the multi-period setting in Shi et al. (2015) assumes that the
unsatisfied demands are backlogged and is thus fundamentally different from our problem
where unsatisfied demand is lost. Tsitsiklis and Xu (2015) studied the flexibility design
problem for a multi-server queuing model and showed that, with limited flexibility, it is
possible to simultaneously achieve a large capacity region and an asymptotically vanishing

delay.

1.1. Research Goal

In this paper, we focus on the construction of an optimal flexibility design in a single-period
setting. In particular, for a general system, our goal is to construct a sparse flexibility

design G that is (1 — €)-optimal with high probability (w.h.p.).

3 For the ease of presentation, expected capacity refers to either expected supply or expected demand when the
context is clear.



More specifically, let us denote the expectation of the random demand of v € V and the
random supply u € U by d(v) and 5(u), respectively; that is, d(v) = Ed(v) and 5(u) = Es(u).
We assume the expected total supply matches the expected total demand, i.e., > ., 5(u) =

> vev A(v). As the expected total supply and demand are the same, we normalize them to

be one by dividing each 5(u) by > 5(u) and each d(v) by > d(v). That is, > .., 5(u) =
Y vev d(v) = 1. This normalization step does not result in a loss of generality. As the
maximum flow is linear in the supply and demand vectors, the normalization step does
not change the ratio between maximum flow under a sparse flexibility design and the full
flexibility design. A design G is said to be (1 — €)-optimal w.h.p. when the fulfilled demand
matches at least (1 — €)-fraction of the expected total demand w.h.p. That is,

(Br Balsd) 2 1= 2 1=, (1)
for some small € >0 and ¢ = O(n~) with some universal constant C > 0.* Here, we
define 7 = max(m,n). The randomness in (1) comes from the random supply vector s(-) =
{s(u)}yer and demand vector d(-) = {d(v) }vev .

Our research goal is for a wide class of production systems (characterized by Assumption
1 below in Section 2), and for any optimality parameter € > 0, to construct a design

G =(UUYV, FE) with an as small as possible average degree that is (1 — €)-optimal w.h.p.

1.2. Main Results — Optimal Construction and Technical Contributions

Chou et al. (2011) considered a weighted probabilistic construction (WPC) that links a
pair of nodes (u,v) with probability r(u,v) o< 5(u)d(v). Here, the symbol “oc” means that
r(u,v)/(5(u)d(v)) is a constant for any pair of (u,v). The idea behind this construction is
intuitive: a pair of nodes (u,v) with either a large expected supply §(u) or a large expected
demand d(v) (or both) should have a higher probability of being linked. In a balanced and
symmetrical system, the WPC naturally reduces to a uniform probabilistic construction.
By choosing the linkage probability so that each node has an average degree of O(In(1/¢)),
Chen et al. (2015) showed that the uniform probabilistic construction achieves (1 — €)-
optimality w.h.p. Moreover, such a construction is asymptotically optimal, which means

it has the fewest possible edges for achieving (1 — €)-optimality w.h.p. up to a constant

4We note that the term w.h.p. requires that the event considered (e.g., Z¢(s,d) > 1 — €) holds not only a with
probability tending to 1, but also at the rate of 1 — 7~ %™ (see the definition of “w.h.p.” in Definition of 1.1.2. in Tao

(2012) and Section 1.3 for the asymptotic notations O(-), Q(-), ©(-), o(+), and w(-)).
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factor. Motivated by this success story for symmetrical and balanced systems, a question
naturally arises: for a general system, can the WPC still achieve (1 — €)-optimality w.h.p.
with an average degree of O(In(1/¢))?

However, this question has a negative answer. When using the WPC, the expected degree
of a node u € U is proportional to 5(u) and that of a node v € V is proportional to d(v).
In an asymmetrical system with heterogeneous expected supplies and demands, if 5(u) or
d(v) are small, node u or v may be isolated under the WPC. If so, the supply of those
isolated u or demand at those isolated v can never be fulfilled. With this intuition in mind,
in Theorem 1 and Section 3.1, we construct an instance where the WPC with the average
degree O(In(1/¢)) leads to the isolation of many nodes with small expected capacities,
and thus fails to achieve (1 — €)-optimality w.h.p. For this, the WPC requires the average
degree to be at least Q(1/¢€) to achieve (1 — €)-optimality w.h.p.

A natural fix for the WPC would be forcing every node to have a degree of at least one.
This simple fix removes isolated nodes while the degrees are still “roughly proportional” to
the node mean capacities. However, as we argue in the final paragraph of Section 3.1 below,
in some cases, nodes with small capacities (“small nodes” for short) may need degrees
almost as high as those of nodes with large mean capacities (“large nodes”).

In sum, we realize the following important facts, which make constructing an optimal
flexibility design for a general system fundamentally different from that for a balanced and
symmetrical one:

1. In a general system, the degrees of the nodes should not be exactly proportional to
their mean capacities.

2. For “small nodes”, the ratios between their degrees and the total degree should be
higher than those between the mean and total capacities.

Based on these two insights, we provide an optimal flexibility design construction that still
benefits from the simplicity of the WPC.

Our main contribution is two-fold. First, in terms of flexibility designs, we introduce a
new thresholding scheme. We treat nodes with capacities below the threshold as if they
were just on the threshold, and then apply the WPC. We call this method the thresholded
probabilistic construction (TPC). More specifically, we define the importance factor for a
supply node u, g(u) x max {s(u),c/m}, and the importance factor for a demand node v,

p(v) ox max{c?(v),c/ n}, for some appropriately chosen constant c¢. Then, a pair of nodes
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(u,v) is linked with a probability r(u, v) < g(u)p(v). It is clear that for a symmetrical system
with §(u) = L and d(v) =1, the TPC reduces to the WPC. Most of our technical effort
is to show the optimality of the TPC for general production systems, that is, it requires
only the average degree of O(In(1/¢€)) to achieve (1 — €)-optimality w.h.p. As argued in
Section 3.1 below, the “thresholding” step in our TPC solution is essential for our optimal
construction. From a practical viewpoint, when the mean supplies for different plants (and
mean demands for different products) are close to each other, the performance of the TPC
and the WPC are similar. The more heterogeneous are the mean supplies and demands,
the better the empirical performance of the TPC as compared with the WPC. Please refer
to the simulation studies in Section 3.3 in the main text and Section EC.7 in the electronic
companion (e-companion) for more details.

A second technical contribution is that our analysis provides several new techniques for
establishing generalized graph expansion properties. These may be useful for solving other
problems that require expansion properties of graphs with non-uniform degree sequences.
In particular, we first reduce the proof of the (1 — €)-optimality w.h.p. to a few general-
ized expansion properties of graphs constructed using the TPC (see Section 4.1). These
generalized expansion properties extend the notion of “probabilistic expanders” in Chen
et al. (2015). In fact, they can be viewed as a continuous generalization of the probabilistic
expansion property, which is based on the cardinality of a set of nodes. In the symmetrical
and balanced setting, to establish expansion properties from the WPC, the proof in Chen
et al. (2015) basically proceeds by two steps. First, by applying existing concentration
inequalities, it shows that the probability of an arbitrary set of nodes not expanding (i.e.,
not having many neighbors) is as small as an inverse exponential function of the number
of nodes. Second, by applying a union bound over all (exponentially many) of the sets, it
shows that the probability that a non-expanding set exists remains very small. Therefore,
the random construction via the WPC has the desired expansion property w.h.p. However,
such a proof cannot work for asymmetrical and balanced systems due to the following
technical difficulties.

When supply and demand are heterogeneous, direct applications of existing concentra-
tion inequalities (e.g., Bernstein or Chernoff inequalities) provides loose upper bounds on

the probability that an arbitrary set does not expand. To resolve this problem, we prove a



new concentration result via the exponential moment method and exploring the property
of the moment generating function (see Lemma 7).

Moreover, the probability that the neighboring set has a low total capacity (i.e., the set
fails to expand) may not be as small as an inverse exponential function of the number
of nodes. Thus, a direct union bound will fail. This happens because a set of nodes may
connect to a small number of nodes with high expected capacities rather than a great
number of nodes with small expected capacities. While the expected total capacities are
roughly the same, a connection to fewer nodes does not guarantee the desired concentration
rate. Let us look closely at this problem. When the realization of the supply or demand of
a large node u does not reach its expected capacity, many sets connected to u do not have
the desired generalized expansion property. When the union bound is applied naively, the
probability that wu fails to reach its expected capacity (i.e., the intersection of the events
that sets connected to u fail to expand) is counted exponentially many times, and we
cannot afford such double counting. To address this challenge, we carefully rearrange the
events in a hierarchical way so that they do not overlap too much, which leads to a much

tighter bound when applying the union bound (see Section 5.2 for details).

1.3. Organization and notations

The rest of this paper is organized as follows. In Section 2, we introduce our assumptions
about the general production systems considered and additional necessary background. In
Section 3, we provide an optimal design. In particular, we first show that the simple and
intuitive WPC is sub-optimal in Section 3.1. Then, in Section 3.2, we introduce the thresh-
olding idea to the WPC and propose our optimal construction: the TPC. Our analysis of
the performance of the TPC is rather technical, so we first outline the proof in Section 4.
In particular, we provide some generalized graph expansion properties that serve as suffi-
cient conditions of the desired (1 — €)-optimality of the design. We provide further proofs
of these generalized graph expansion properties in Section 5. The proofs of other results
and technical lemmas, in addition to some concentration inequalities are provided in the
e-companion.

Throughout the paper, we heavily use the asymptotic notations O(-), Q(-), ©(-), o(-),
and w(-). Roughly speaking, f(n) = O(g(n)) means that f is bounded above by g (up
to constant factor) asymptotically; f(n) = Q(g(n)) means that f is bounded below by g
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asymptotically; f(n) = ©(g(n)) means that f(n) = O(g(n)) and f(n) =Q(g(n)); f(n)=
o(g(n)) means that f is dominated by g asymptotically; and f(n) =w(g(n)) means that
f dominates g asymptotically. Please also see Chapter 3.1 in Cormen et al. (2009) or
https://en.wikipedia.org/wiki/Big_0_notation for rigorous definitions. In addition,
we use the standard notation “polylogn” to denote some polynomial in log(n); similarly,
“poly n” means some polynomial in n. In this paper, one should interpret the asymptotic
notation on multiple variables f(e,n,m)= O(g(e,n,m)) as follows: there exists a universal
constant C' so that f is bounded above by C'- g for sufficiently small ¢ and for every n
and m satisfying the assumptions (see Assumption 1 for details). Moreover, when we write
¢ =n"%Y it means there exists some absolute constant C' > 0 such that ¢ <7~ ¢ for
sufficiently small € and all n and m as required by the assumptions.

Throughout the paper, we use cgy, ¢, ¢, etc to denote absolute constants that do not
depend on any other parameters. We further provide the computed values for all of these
constants. To ease the understanding of the idea behind the proof, we suggest readers

simply ignore the values of these constants when reading the proof.

2. Assumptions and Background

In this section, we first describe our assumptions about the general production systems.
Let us recall that d:V — Rso and s: U — R>o denote the (possibly) random demand
and supply function, respectively. The total expected supply and demand are normalized
to one, i.e., Y, 5(u) =3, d(v) = 1. Throughout this paper, we consider a general
production system in which random supply and demand functions satisfy the following

conditions (note that 7 =max(m,n)).

AsSSuMPTION 1. 1. k-bounded variation with k > 1:YueUv eV, 0<s(u) <ks(u) and

0<d(v) <rd(v).

2

2. Upper bounds on expected supply and demand: Yu € U,v € V,5(u) < Hﬁiﬁﬂ(v) <=
for some constant ¢ < 1.
3. The random supply variables s(u) for u € U are negatively associated and random

demand variables d(v) for v €V are negatively associated.

We now comment on our assumptions, which allows both random supply and non-¢.7.d.

supply and demand. The first condition, which assumes that both s(u) and d(v) have a
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bounded variation of k, is a standard assumption in the literature (see, e.g., Chou et al.
(2011), Chen et al. (2015)).

The second assumption on the expected supply and demand is rather weak, which allows
highly heterogeneous supplies and demands. Take the demand side as an example. As
> oev d(v) =1 in a symmetrical system, we would have d(v) = 1 for each v € V. In contrast,
our condition on d(v) (i.e., d(v) = O (%)) is exponentially looser than the symmetric
case. Moreover, our upper bounds on 5(u) and d(v) are necessary, as otherwise even the
full flexibility system could not achieve (1 — €)-optimality w.h.p. To see this, suppose that
n=m and the demands d(v) are i.i.d. over the first o (23*) demand nodes and d(v) =0
for the rest nodes. This implies that d(v) =w (%) for the first o (12—2”) demand nodes.
Based on the standard anti-concentration results, it is easy to see that, > ., d(v) will
not concentrate to one w.h.p. (although its expectation >, d(v) =1). In this case, even
a fully flexible system can not guarantee that (1 — €) fraction of the total demand will
be satisfied w.h.p. On the other hand, from a practical perspective, if any node has an
excessively large expected mean, we can simply add all of the edges to this node, which
does not significantly increase the average degree.

The third assumption relaxes the independence condition. The negative association is a
common assumption for modeling the correlation structure of multivariate distributions,
which subsumes the independence as a special case and has a wide range of applica-
tions (see, e.g., Shaked and Shanthikumar (2007), Dubhashi and Panconesi (2009)). Let
us recall the definition of negatively associated random variables. For n random variables
Xq,...,X,, they are said to be negatively associated if for every pair of disjoint subsets A,
and Ay of {1,...,n}, Cov[f(X;,i€ A;1),9(X;,j € Ay)] <0 for all non-decreasing functions
f and g. Negatively associated multivariate distributions have many interesting properties
(Joag-Dev and Proschan 1983). For example, the conditional distribution of n independent
random variables X, ..., X,, given its sum > . X, is negatively associated (Theorem 2.8
in Joag-Dev and Proschan (1983)). This property makes negative association a kind of
realistic assumption for modeling random supplies and demands (e.g., considering the case
that each demand node receives its own demand independently but the total demand is pre-
determined). We also note that if the supply and demand variables are fully independent,
then we do not need specialized concentration inequalities for negatively associated ran-

dom variables (see Section EC.6 in the e-companion). Standard concentration inequalities

for independent variables are sufficient for our purpose.
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We deal with not only heterogeneous supplies and demands, but also unbalanced systems
where the number of supply nodes m can be significantly different from the number of
demand nodes n. In fact, item 2 of Assumption 1 implies the following relation between m

and n:
. . min{n,m} _ k3
AssumpPTION 2 (Implied by Assumption 1). ——— > —.,
Inn ce?
Here, k and c are the constants in Assumption 1. To see this implication, based on the
normalization of the expected total supply and demand, there is a supply node u € U with

$(u) > L and a demand node v € V with d(v) > L. Based on item 2 of Assumption 1,

ce?
k3 1nn

we have + <3§(u) < and 1 <d(v) < ﬁiﬁ, which further implies Assumption 2. We
also note that this assumption is not restrictive, as the gap between n and m can still be
exponentially large (e.g., n =™ for some ¢ < %;)

In addition to the assumptions about production systems, we introduce some necessary

background and notations for our theoretical development. For any subset L C U and

K CV, we define
s(L)2) s(u), d(K)2) d(v),

uel veEK
and

S(L)2Es(L)=) Es(u)=Y s(u), d(K)2Ed(K)=>Y» Ed(v)=> d().
u€elL u€elL veEK veK

From the normalization of the expected total supply and demand, we have 5(U) =d(V) = 1.
Furthermore, for each L C U, we use L¢ = U\ L to denote the complement of L with respect
to U. With a slight abuse of notation, for each K CV, K2 V\K. We have 5(L)+5(L¢) =1
and d(K) +d(K¢) =1 forany LCU and K CV.

Given an undirected graph G and a subset K of the vertices of G, let I'¢(K) denote
the neighborhood of K. When the underlying graph G is clear from the context, we omit
the subscript G in I'¢(K). Based on the classical max-flow min-cut theorem, the fulfilled

demand with the realized supplies {s(u)},cr and demands {d(v)},ey can be written as,

Zo(s,d)=minq Y s(u)+ Y d(v) = min {s(L%) +d(T(L))}. (2)

LCU

ueLe vel (L)
Based on (2), the goal of (1 — €)-optimality w.h.p. in (1) can be equivalently stated as
follow: with a probability of at least 1 — ¢ (with ¢ =a %), s(L°) +d(I'(L)) > 1 — ¢ for any
LCU.
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We further show a simple fact: under Assumption 1, the realized total supply s(U) and

demand d(V') concentrate to 1.

LEMMA 1. Under Assumption 1, with a high probability over s(-) and d(-),
1—e<s(U)<14+e¢ and 1—e<d(V)<l+e. (3)

The proof of Lemma 1 is a direct consequence of the Bernstein’s inequality. (See its proof
in Section EC.1 in the e-companion.) From now on, for simplicity, we assume that (3)
holds. More specifically, we condition our result on the event that (3) holds, which happens
w.h.p. based on Lemma 1.

Lemma 1 also suggests that the goal of (1 — €)-optimality is achievable at least by the
full flexibility design under Assumption 1. To see this, note that the maximum flow of
a complete bipartite graph is the minimum of the total supply and 1 demand, that is,
Zp(s,d) =min{s(U),d(V)} (where we let F' denote the design with full flexibility.). Then,

based on Lemma 1 and by applying the union bound, we have w.h.p.:
1—e< Zp(s,d) =min{s(U),d(V)} <1+e. (4)

We note that our optimality criterion in (1) is slightly different from the common (1 —¢)-
optimality criterion in the literature: Zg(s,d) > (1 — €)Zp(s,d). However, based on (4),
we have 1 — € < Zp(s,d) <1+ € w.h.p., and thus two optimality criteria are essentially

equivalent. We choose the optimality criterion in (1) mainly for the ease of presentation.

3. Construction

The high-level framework of our thresholding probabilistic construction (TPC) is presented
as follows. We associate a non-negative value g(u) with each supply node u € U and a non-
negative value p(v) with each demand node v € V', which represents their importance. The
importance of the pair (u,v) is defined as g(u)p(v). We connect (u,v) with a probability
proportional to the importance, that is, with a probability r(u,v) = min{yng(u)p(v),1}.
The normalization factor vn is chosen to ensure that the resulting random graph achieves
(1 —€) optimality w.h.p. Under this framework, the key challenge is determining how to
choose proper importance functions ¢(u) and p(v). We first provide a concrete example to

show that a natural choice of importance functions in the WPC, that is, ¢(u) = 5(u) and

p(v) =d(v), would fail.
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3.1. Sub-optimality of the weighted probabilistic construction

In this subsection, we study the weighted probabilistic construction (WPC), where g(u) =

5(u) and p(v) = d(v). We prove the following theorem, which shows that the WPC is a
sub-optimal flexibility design.

THEOREM 1. For any € € (0,1) and any o € (46, m>, there is a family of balanced
systems (n=m and n is an even number for simplicity) such that for each system in the

family, the WPC method needs Q(n/a) edges to achieve (1 — €)-optimality w.h.p.

Proof. We first construct the system for every even integer n. The supplies are deter-
ministic, i.e., s(u) = §(u) is a constant for each u € U. The supply nodes are not uniform,
and can be split into two equal-sized subsets U; and Uy, each with § nodes. We set 5(u) =
22 for each u € U; and set §(u) =2 for each u € U,. The demands are i.i.d. following a
two-point distribution:

0 with probability 1/2

d(’U) = )
2d(v) with probability 1/2

with d(v) = for every v € V. It is clear Assumption 1 holds for this instance.

The probability of connecting u and v by an edge in the WPC is

yns(u)d(v) = 12 —a)n " ifue U

vyan~t ifueU, ,

and the expected number of edges of the construction is

Z yns(w)d(v) = yns(U)d(V) = yn.

ueUveV

We now argue that we need v = () to achieve (1—¢)-optimality, making the total number

1

ic, the expected number

of edges Q(n/a). To see this, let us suppose the contrary. If v <
of edges incident to U, is yan™' - n?/2 < n/8. Therefore, by Markov inequality, with a
probability of at least % there will be fewer than n/4 edges incident to Us, leaving more
than n/4 nodes in U, disconnected from every demand node. All the disconnected supply
nodes in U, cannot be consumed. Therefore, more than (n/4) - 5(u) e, = (n/4)an™ > ¢

supply cannot be consumed, and thus (1 — €)-optimality cannot be achieved. |

® Note that one can make small modifications to this construction so that the factor 2 before d(v) becomes an arbitrary
constant that is strictly greater than 1.
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However, if we connect every u € U; UU, to 1001n(1/€) random nodes in V', a straightfor-
ward adaptation of the analysis in Chen et al. (2015) shows that the constructed flexibility
design achieves (1 —e€)-optimality w.h.p. This design uses only O(nln(1/¢)) edges, rendering

the WPC with the importance functions g(u) = 5(u) and p(v) = d(v) sub-optimal.

REMARK 1. Aslong asa=o (ﬁ), Theorem 1 states that the WPC needs w(nln(1/e))
edges to achieve (1 — €)-optimality w.h.p. For example, when o = /¢, the WPC requires
Q(n/+/€) edges to achieve (1 — e)-optimality w.h.p. It is worthwhile to note that the condi-
tion on « for the failure of the WPC does not require some supplies to be extremely small,
which implies that the failure scenario is not unrealistic. For example, when ¢ =0.01 (i.e.,
the goal is to achieve 99% of the maximum flow of the full flexibility) and oo = /e =0.1,
the two levels of (normalized) supplies are 1.9/n and 0.1/n, respectively, according to the
proof of Theorem 1. In this failure scenario, small supplies are not negligible as compared

with large supplies. Our experimental result shows that the TPC improves significantly

over the WPC in this case (see Figure 2(a)).

Furthermore, although the nodes in U; have much less capacity than the nodes in Uy,
their degrees should be as high as Q(In(1/€)). For exemplary purposes, let us fix a = /e,
and show that at least half of the nodes in U, should have a degree greater than In(1/¢€)/8.
Suppose for contradiction that more than half of the nodes in U, have at most In(1/¢)/8

neighbors in V. For each of such nodes in Us, with a probability 2~ "(1/9/8 > /4 none of its

neighbor has positive demand. Therefore, in expectation, there are at least e'/4- % = Elf%

nodes in U, with no positive-demand neighbor, and their supply cannot be consumed.

Therefore, we lose 61/% ce = 634/4 supply in expectation, and thus cannot achieve (1 — ¢)-

optimality w.h.p. (for small €).

3.2. Thresholded probabilistic construction

In this section, we present the proposed optimal construction, the TPC, based on a novel
choice of the importance functions.

The example discussed in Section 3.1 suggests that the importance of a node should be
significantly higher than its mean capacity when its mean capacity is very small. Inspired

by this implication, we raise the importance of a node if its mean capacity is less than a



14

threshold of O(:-) (for a supply node) or O(+) (for a demand node). Formally, for each

1
supply node u € U and each demand node v € V', we define the importance functions

q(u):imax{g(u)75im} and p(v):imax{d(v),i}, (5)

Nq
where n, and n, are normalization factors, so we have ) . q(u)=1and ) ., p(v)=1,
that is, ng =,y max {5(u), =~} and n, =Y ., max{d(v), =} .

For notational convenience, we also extend the definition of p(-) and ¢(-) to the domain

of all subsets:

¢(L)£> q(u), VLCU and p(K):=>» p(v), VKCV.

u€elL veK

It is worth noting that p(-) and ¢(-) are deterministic functions on subsets of U and V,
respectively, which are lower-bounded by 3(-) and d(-) up to a constant factor, respectively.
Moreover, p(V') and ¢(U) are normalized at 1. We summarize the properties of p and ¢ in

the following proposition:

PROPOSITION 1. Let us define the constant cg =5/6. We have n, < -

— ¢r

and ng < L so0
cc

p(v) >ce-dv) and q(u)>co-5(v) YueUwelV.

Moreover, p(V)=q(U) = 1.

Proof. Based on the definition of n,, we have n, <> _, d(v)+n--—=1+L <8
The upper bound for n, can be established in a similar way. That p(V) = ¢(U) =1 follows
straightforwardly from the normalization. |

We formally describe our design as follows. We use the following random process to
generate a bipartite graph G(U UV, E), which serves as the process flexibility design. We
further denote the corresponding distribution of G' by §.

Design from TPC: For any pair of nodes (u,v) € U x V, we include (u,v) into the
edge set E of G with the probability

r(u,v) = min{yng(u)p(v), 1} (6)

4Kk

with v = cor®In(ex) In(2), where ¢y is an absolute constant.
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Theoretically, the constant ¢q (in 7) can be set to 4376 according to our proof. However,
constants independent of i and € are not our main focus. The number of edges used in the
TPC is small in expectation and concentrates to its expectation. In fact, as shown in the

next proposition, the constructed design has an average degree of O(In(1/e¢)).

PROPOSITION 2. For a design G=(UUV,E)~G from the TPC,
E|E| =0, (nln(1/¢)),

where  Og(+) hides a factor that depends only on the constant k. Furthermore, we have

|E| <2E|E| w.h.p.

Proof of Proposition 2. According to the TPC and the choice of 7, the expected number
of edges is bounded from the preceding by

E|E| =Y > r(u,v) <yn=0,(nln(1/e)). (7)
uelU veV
Furthermore, based on the standard Chernoff bound, Pr[|E| < 2E|E|] > 1 —exp <—@> =

1—pw®, O

REMARK 2. Our TPC can be viewed as a combination of the WPC and uniform probabilis-
tic construction (UPC) as introduced in Chen et al. (2015) for balanced and symmetrical
systems. More precisely, for properly chosen edge densities, we apply both the WPC and

UPC. The union of two constructions receives a guarantee similar to that of our TPC.

3.3. Simulation study for the effectiveness of the TPC

Before we theoretically prove that the TPC is an optimal construction in the next section,
let us provide some simulation studies to illustrate its effectiveness as compared with the
classical WPC. Let us first consider the setting in the proof of Theorem 1, where the
(normalized) deterministic supplies take the value 2= for the first half of the nodes and
the value = for the remaining half. The demands are ¢.i.d. with a two-point distribution
and a mean of % We choose different values of o € {0.1,0.2,0.3,0.4}. For each ~ (i.e.,
the average degree), we construct 100 random designs using the TPC and 100 random
designs using the WPC. We also generate 1,000 demand realizations. For each design

G and realization of the demand d, we compute the ratio between the maximum flow
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of G and that of the full flexibility F %. In the TPC, we use a slightly different

threshold from (5) for better empirical performance, that is, g(u) o max {5(u), <} and

p(v) o max {d(v), ¢} with ¢=0.5. We note that the constant in the threshold does not

affect our theoretical analysis, and we use the constant c¢:= i in (5) only for ease of
calculation in some concentration inequalities. In practice, when using a large constant
¢, the number of edges also increases by a constant factor. However, a smaller ¢ carries
the risk of missing some random supplies/demands with small mean capacities. Thus, the
threshold parameter ¢ controls the robustness vs. the scarcity. In practical scenarios, if
some prior knowledge of supply /demand distributions exists, then the threshold parameter
¢ can be tuned by offline simulations.

We set n =m = 100 in the experiment and present the averaged ratios in Figure 2.
In Figure 2, the TPC clearly achieves improved performance over the WPC, especially
when « is small (i.e., the supplies are more heterogeneous). With the averaged degree ~
of about 10, the TPC achieves more than 99% of the maximum flow of the full flexibility.
This simulation result matches the intuition in the proof of Theorem 1, which shows that
the nodes with small mean capacities need more edges. To see that, we plot two random
designs using the WPC and TPC. Due to the thresholding scheme in the TPC, the number
of edges connected to small supply nodes (i.e., the second half of the supply nodes) in the
TPC is much larger than that in the WPC. In particular, in the TPC design in Figure 3(b),
about 20% of the edges are connected to small supply nodes; while in the WPC design in
Figure 3(a), only about 10% of the edges are connected to small supply nodes.

For a wide range of heterogeneous supply and demand models, one can easily observe the
improvement of the TPC over the WPC. In Section EC.7 in the e-companion, we present
other simulation studies when the mean capacities are drawn from a uniform distribution
or power laws. In all of these settings, our experiments show that the TPC outperforms
the WPC consistently and that the superiority becomes more noticeable when the mean
capacities are more heterogeneous. For mean supplies/demands with a higher degree of

heterogeneity, the thresholding scheme in the TPC is more effective, making more edges

connected to small capacity nodes.
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The comparison between the WPC and TPC. The z-axis is the average degree «, which varies from 5

to 30. The y-axis is the averaged ratios between the maximum flow of the design G and that of the full

flexibility F (the larger the better). Each ratio plotted in the graph is averaged over 100 random graphs

for a given v and 1,000 demand realizations.

4. Main Theoretical Result — Optimality of the TPC

In this section, we first introduce our main theorem (Theorem 2) on the optimality of the

TPC construction introduced in Section 3.2, and reduce the proof of the optimality to a

few generalized graph expansion properties of the obtained random design.

THEOREM 2 (Main). Assume that € < 1/3. With a high probability over the choice of

G=(UUV,E)~G, we have

1. The number of edges in E is O.(nln(1/e€)), where n =max{m,n}, and O.(-) hides

a factor that depends only on the constant k;
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(a) WPC design (b) TPC design
Figure 3  The designs using the WPC and TPC when v=5 and a =0.2

2. G achieves (1 — 2¢) optimality w.h.p.

We note that the (1 —2¢) optimality (instead of (1 —¢) optimality) of G merely facilitates
presentation of the proof and one can always introduce ¢ = 2¢. According to the lower
bound in Chen et al. (2015), the proposed TPC leads to an optimal design (i.e., the most
sparse design up to a constant factor) to achieve (1 — €) optimality w.h.p. In particular,
Corollary 2 in Chen et al. (2015) shows that in a balanced and symmetrical system, the
number of edges must be at least Q(7n1n(1/¢€)) to achieve (1 — €) optimality w.h.p. As we
consider a more general system that subsumes a balanced and symmetrical system as a
special case, the lower bound in Chen et al. (2015) automatically serves as a lower bound
on the requirement of the number of edges to achieve (1 —€) optimality w.h.p.

The first statement of Theorem 2 follows directly from Proposition 2 and the constant
depending on « that hides in O,(-) is from (7). The key is to prove the second statement
on the optimality, that is, w.h.p. over the choice of G ~ G, G achieves (1 — 2¢) optimality
w.h.p. over the randomness of s(-) and d(-). This claim can be mathematically stated as

GPNrg S(Eg(.) (Za(s,d)>1—-2¢)>1—-(| >1—, (8)

for some ¢ =n~%0,

Using a cut condition from the max-flow min-cut theorem (see Lemma 2), we are able
to reduce the second goal of Theorem 2 to a pair of generalized expansion properties;

see Theorem 3, Lemma 3, and Lemma 4 in Section 4.1. We then show that the obtained
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random graph G using the TPC will satisfy these generalized expansion properties w.h.p.
This high-level idea is similar to the approaches in Chou et al. (2010, 2011) and Chen et al.
(2015). However, the novel part of the proof is to show that the generalized expansion
properties are satisfied w.h.p. As mentioned in the introduction, due to the heterogeneous
supplies and demands, existing concentration inequalities will lead to loose upper bounds
and a direct use of union bound will fail. We overcome these difficulties by developing new

technical tools in Section 5.

4.1. From (1 —¢) optimality to generalized graph expansion properties
In this section, we reduce the proof of Theorem 2 to a set of generalized expansion prop-

erties. To this end, we first state the following lemma, which is a direct application of the

max-flow min-cut theorem in (2).

LEMMA 2. Given a realization of the supply vector s(-) and demand vector d(-), the fulfilled

demand (i.e., the mazimum flow) is at least (1 — 2¢) if and only if for any L CU,
d(I'(L)) + s(L°) > 1 — 2e. 9)

Based on Lemma 2, the second statement of Theorem 2 reduces to prove that (9) holds
w.h.p. over the choice of G and the realizations of s(-) and d(-).

l+eand 1 —e<d(V) <1+e¢), which happens w.h.p. based on Lemma 1. For a fixed L C U,
to establish (9), it suffices to show that

Now let us place a condition on the event that the equation (3) holds (i.e., 1 —e < s(U) <

d(T(L)) > s(L) —e, (10)

To see this, we note that (10) implies d(I'(L)) +s(L¢) > s(L)+s(L°) —e=s(U) —e > 1 —2¢,
which gives (9).
Meanwhile, let K =V \T'(L). To establish (9), it also suffices to show that

s(D(K)) 2 d(K) —e, (11)
s((K)) >d(K) —e=s(I'(V\I'(L))) >d(V) —d(I'(L)) —e (based on the definition of K)
S d(T(L)) + (1) > d(V) — ¢ (as I DT(V\T(L))
=d(I'(L)) +s(LF) > 1 — 2e. (based on (3))
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In summary, to establish (9), we can choose to prove either of (10) and (11), whichever
is easier. In other words, to prove the second statement of Theorem 2, it suffices to prove

the following theorem.

THEOREM 3. With high probability over the choice of graph G and supply and demand
functions, for any subset L C U, either (10) or (11) holds.

The formal proof of the reduction from Theorem 2 to Theorem 3 is provided in Section
EC.2 in the e-companion. We now explain that (10) and (11) are generalizations of classical
graph expansion properties (see, e.g., Hoory et al. (2006) and the reference therein) and the
probabilistic expansion property proposed in Chen et al. (2015). For ease of illustration,
we temporarily drop the normalization assumption about s(-) and d(-) in the following
discussion. Recall that given a bipartite graph G = (U UV, E), the expansion property from
U to V says that for any not-too-large set L C U, the size of its neighbor will be at least
A|L| for some constant A, that is, [I'¢(L)| > A|L|. One can similarly define the expansion
property from V to U. In (10) and (11), we obtain similar expansion criteria when s(-) and
d(-) are constant functions. For example, if s(-) is set to a constant—1 function and d(-) is set
to a constant—3 function, then (10) is equivalent to [I'(L)| > 2|L| — 2¢, which corresponds to
A =2 in the expansion property if we ignore the —2¢ term. When d(-) is set to the constant—
1 function and each s(u) is an independent Bernoulli random variable such that s(u) =0
with a probability of % and s(u) =2 with a probability of %, we define the random set

T ={ueU:s(u)=2}. We observe that (10) is equivalent to VL C U, |I'(L)| > 2|LNT| —e.

This condition is further equivalent to
VL' CT,|T(L")| >2|L'| —e, (12)

noting that |I'(L)| > |[I'(LNT)| for all L C U. The property that (12) holds for a random
set T w.h.p. is essentially the probabilistic expansion property introduced in Chen et al.
(2015). A similar comparison can be made for (11). As s(-) and d(-) considered in this
paper are general continuous random functions, the properties (10) and (11) can be viewed
as generalizations of the probabilistic expansion property in Chen et al. (2015).

To prove Theorem 3, we further reduce the expansion properties in (10) and (11) to the
expansion properties involving the sampling probabilities p(-) and ¢(-) defined in (5). In

particular, we prove Theorem 3 by introducing the following two lemmas.
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LEMMA 3. With high probability over the choice of G and the supply and demand functions
s(+) and d(-), for any L CU with cce/k <q(L), we have

d(T'(L)) > min {1 — 5, iq(L)} . (13)
Ce
where § = %, cc =5/6 are two constants, and k is defined in Assumption 1.

Note that the constant ¢, in Lemma 3 comes from Proposition 1.

LEMMA 4. Assume that e <1/3. With high probability over the choice of G, for any L CU
with q(L) > T, we have
p(I(L)) 21—, (14)

where T = 2i
K

Both lemmas show expansion-like properties of a random graph G. In contrast to normal
expansion properties using the set cardinality to measure a set, we use p(-), ¢(+), and d(-)
to define the measure of a set L and the associated I'(L). The proof of Theorem 3 using

Lemma 3 and Lemma 4 is provided in Section EC.3 in the e-companion.

5. Proof of the Generalized Expansion Properties (Lemma 3 and Lemma 4)

We now need to prove Lemma 3 and Lemma 4 to complete the proof of our main theorem
(Theorem 2). Let us first build up some basics for proving Lemma 3. Lemma 4 will become
much easier to prove once Lemma 3 is established.

We first develop a useful functional form for d(I'(L)) for a given L CU. Let IL(v) be
the shorthand for the indicator variable for the event v € I'(L), that is, I,(v) =1 when
veT (L), and I (v) =0 otherwise. We omit the subscript L in I, (v) when it is clear from
the context. Our key quantity d(I'(L)) can then be written as the sum of n negatively

associated random variables:

d(L(L)) =) _d(v)Lserm) =) _d(v)IL(v). (15)

veV veV

Note that {d(v)},ev and {I;(v)},ev are two independent sets of random variables. Based
on Proposition EC.4 in the e-companion, {d(v)I(v)},cv are negatively associated. We
analyze our construction of the flexibility design to unveil the property of the indicator

random variable I7,(v) and to prove the concentration of d(I'(L)) using (15).
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According to our TPC of the flexibility design (see (6)), we have

PrI;(v) =1]=1-Pro¢T(L)]=1-[[Prl(w,v) ¢ E]=1-[[(1 = r(u,v))  (16)

>1— [ ] exp (—vq(u)p(v)n) =1 - exp (—vp(v) : (Z q(U)) : n)

=1—exp (—yp(v)q(L)n),

where the inequality results because for any z, max(1—z,0) <e * (here x =~vyng(u)p(v)).

For notational convenience, let (L) be ¢(L) multiplied by a fixed scalar:
(L) :=~nq(L). (17)

We use ¢(L) as a measure for the relative size of L. Using this new notation, equation (16)

can be written as
Prl € T(L)] = Prll4(v) = 1] 2 1 — exp (~p(u)¢(L)) . (18)

This matches our intuition: when a node v € V' is more important with a larger p(v) or the

subset L C U is larger, the chance of v being a neighbor of L increases.

5.1. Warmup analysis: the balanced and symmetrical case

To better illustrate the idea behind the proof of Lemma 3, we first prove a weaker version of
Lemma 3 under the balanced and symmetrical setting. In this special case, we assume that
m=n, §(u) =d(v) =2 forallu € U and v € V, and {d(v) : v € V'} are independent. For ease
of illustration, we only prove the result of Lemma 3 for subsets L C U with (L) =¢€. The
proof of this special case demonstrates the high-level idea of the actual proof of Lemma 3.
However, to extend it to the general unbalanced and asymmetrical case, we need several

important ingredients to overcome a few technical difficulties (see Section 5.2).

LEMMA 5 (Special case of Lemma 3). Let us assume m=n =1, 5(u) =d(v) =1 for
alueU andveV, and {d(v):v €V} are independent. For any L CU with q(L) =€, we
have d(I'(L)) > rq(L).

We replace ;~q(L) on the RHS of (13) in Lemma 3 based on £g(L) in Lemma 5. This

replacement does not change the proof idea, but makes the exposition cleaner. Under the
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assumption of Lemma 5, p(-) and ¢(-) reduce to constant functions, and ¢(L) and ¢(L)

become proportional to the size of the subset L, that is,

1

p0)= 1w =1 a(D)=" and (L) =ma(L) <AL

We fix an L C U with ¢(L) = € and omit the subscript L in I, (v) for notational simplic-
ity. By definition, we have ¢(L) = ynq(L) = ven = O, (In(1/€)en) < n for small enough e.
Therefore, we have p(v)¢(L) = L4(L) < 1. Using (18), we can approximate that Pr[/(v) =1]
by

PrI(v) =1] =1 —exp(=p(v){(L)) = p(v)E(L)/2, (19)

where the last inequality results because 1 —exp(—x) > x/2 for any x € [0, 1].
To prove Lemma 5, for each L with ¢(L) =€, we prove that d(I'(L)) is larger than q(L)

w.h.p. (as shown in the next lemma), and then take the union bound over L C U.

LEMMA 6. Under the assumption of Lemma 5, we have

Prld(I(L)) < kq(L)] < exp (—1c- ). (20)

Proof of Lemma 6. Recall equation (15), where we write d(I'(L)) as a sum of indepen-
dent random variables d(I'(L)) =>_ _,,d(v)I(v). We use the Chernoff bound (see Corol-

lary EC.3 in the e-companion) to prove that d(I'(L)) is large w.h.p. We first estimate the
mean of d(I'(L)) based on

veV

pEEAT(L)] =) Ed@)I(v)] =) d@)p(o)i(L)/2= %, (21)

veV veV
where the inequality results because d(v) and I(v) are independent, and (19). The last
equality results because d(v) =p(v) = 1. Consider that kq(L) = &|L|/n < v|L|/(4n) = /2
and that for each v € V, d(v)I(v) € [0, xd(v)] is an independent random variable. Based on

the Chernoff bound in Corollary EC.3, we have

Prld(T(L)) < rq(L)] < Prld(T(L)) < /2] < exp (— (21%/ 32@3‘) ] G G

We now combine (21) and (22), and obtain

Pr[d(T'(L)) < kq(L)] <exp (—%) = exp (—%) = exp (—%) . O
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Given Lemma 6, we can take the union bound over all L such that ¢(L) =€ (i.e., |L| = en),

and obtain

Pr[VL with |L| = en,d(I'(L)) > kq(L)] >1— > Pr[d(I(L)) < rq(L)]

L:|L|=en
yeny n ’yen) —w(1)
>1—- - =1- ——— | >1-
21 Z P ( 16,%) ! (en) P ( 16/ — L=n ’

where the last step is based on v = cor®In(ek) ln(%”) > 16k 1n (f) This gives the proof of

Lemma 5.

5.2. Extensions to the unbalanced and asymmetrical case: analysis overview

We now discuss the technical difficulties of generalizing the analysis in the previous sub-
section to the unbalanced and asymmetrical case, and show how we manage to address
these difficulties.

To apply the union bound over all possible sets L in Lemma 3, we must prove that for
each fixed set, the bad event d(I'(L)) < kq(L) happens with tiny probability. That is, we
must generalize (20) in the warmup analysis, where we apply a Chernoff bound. However,
in the warmup analysis, we can directly apply the Chernoff bound because d(I'(L)) can
be written as the sum of independent random variables with the same mean. In contrast,
in the general heterogeneous demand case, the corresponding random variables may have
significantly different means and variances.

To illustrate this difficulty, let us consider the following direct approach of generaliz-
ing the proof of Lemma 6. We again obtain a lower bound on g similar to (21) using

Proposition 1 and (19) as follows:

2n
(23)

where the last inequality uses Jensen’s inequality. Based on the definition of ¢(L) in (17),

w2 E[d(T(L))] > UL > d(v)p(v) > cct(L) S ) > cct(L) (Z J@)) _ CLE(L),

it is easy to check that the lower bound in (23) is greater than the RHS of (13) by a
multiplicative ©(In(1/¢)) factor. However, as each random variable d(v)I(v) € [0, kd(v)],
where d(v) can be as large as 1/ polylogn (see item 2 in Assumption 1), a direct application
of the Chernoff bound would result exp(— polylogn) in the probability bound, which is far
from the desired exp(—£2(n)) bound.
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It is worth noting that d(v)I(v) have different variances (for different v € V). Instead
of the Chernoff bound, one possible attempt is to investigate the variances and apply
Bernstein’s inequality. (See the statement in Theorem EC.2 in the e-companion.) To apply

Bernstein’s inequality, we compute the sum of the variance of d(v)I(v) as follows:

o* £ 3 VIAIW) < S VIAWIET )] <3 (sdw)?) (p)A).

veV veV veV

Here, V[-] denotes the variance of a random variable. Note that E[I(v)] =Pr(I(v)=1) <
Y wer T(w,v) <p(v)l(L). As p(v) and d(v) can be as large as 1/polylogn, the estimated

2 can be as large as x¢(L)/ polylogn. Thus, unfortunately, Bernstein’s

upper bound on o
inequality still results exp(— polylogn) in the probability bound at best, making the next
step union bound over L fail.

The reasons for the two failed attempts stem from the looseness of the Chernoff bound
or Bernstein’s inequality for such a particular type of random variable d(v)I(v). At a high
level, the special property of d(v)I(v) can be summarized as follows: although d(v)I(v) has
a large variance, the probability that d(v)I(v) becomes the largest possible value is small.
However, known concentration inequalities such as Chernoff and Bernstein only charac-
terize random variables via their maximum possible values and variances, and therefore
cannot make use of this special property. Using the special property of our random vari-
ables, we are able to prove a new probability bound (see Lemma 7 below) that serves as a
generalization of (20).

We now give a more detailed introduction of how to generalize (20). First, we set up a few
more notations. Recall that in fixing an L C U, we have Pr[I;(v) =1] > 1 —exp(—p(v)¢(L))
from (19). Ideally, we want to simplify this via the approximation 1 — exp(—z) ~ z. How-
ever, this approximation is only true when z is small. To handle the case when p(v)¢(L) is

large, we partition the set of demand nodes V' into two sets:
Vi={veV:ipw)l(L)>c;} and Vi={veV:pw)l(L)<c}, (24)

for some constant ¢; = 41n(ek). By setting the threshold ¢y, V7, is the set of “large” nodes v,
where Pr[I;(v) =1] is very close to 1. That is, a node v € V, is quite important in putting
v in the neighborhood of L with a large probability. The complement of V7, denoted by

V[, is the set of those “small” nodes v where Pr[I;(v) =1] is bounded away from 1. For
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example, when m < n, for a typical node with d(v) ~ % and for a small L with ¢(L) ~,
<

as the importance value p(v) ~ L, ¢(L) =~yng(L)

should belong to V.

n = n, according to (24), the node v

Given the partition of V' in place, we rewrite d(I'(L)) as

dT(L)=>_dw)I(v)+ Y dw)I(v). (25)

veEVE veVE,
\ N

J/

-~

o Wi
The main rationale behind the partition is that the terms (), and W} are bounded from
below in different situations. When d(Vy) is large (i.e., d(VF) = (1)), there are many small
nodes in V. Therefore, ), should concentrate to its expectation, and this concentration
is the analog of (20). We can also estimate the expectation E[Q] = Zvevg d(v)E[I(v)] =
Zvevg Q(d(v)p(v)l(L)). As p(v) is at least Q(1/n) according to our thresholded con-
struction (see (5)), we further have E[Q.] = Zver Q(d(v)(L)/n) = Qd(VE)L(L)/n) =
Q(¢(L)/n). Together with the concentration property of Q)1,, we should be able to prove that
Qyr is Q(L(L)/n) with very high probability. The following lemma, proved in Section EC.4.1,
quantitatively characterizes this intuition. As discussed before, this concentration inequal-

ity is novel, as Bernstein/Chernoff is not tight enough for our purpose.

LEMMA 7. If d(VF)>6/3, then
Pr {QL > M} >1—exp (— es!(L) ) , (26)

KN kln(ek)

where the absolute constant 6 =1/3, co =0.0008330, and c3 =0.00160.

However, when d(V7) is larger than 1—6/3 (i.e., d(VF) =1—d(V3) < 6/3), we claim that
W, is at least (1 —¢) w.h.p. As defined in (25), when v € V, I(v) is 1 with a probability
d(v) =d(Vy).
As it is assumed that d(V}) is large, there should be enough terms in the summation
> vev, A(v) =d(Vy), and d(Vz) (and therefore W) should concentrate around its mean

> e, d(v) =d(Vy). Therefore, the term W, will be at least 1 —¢& w.h.p.

very close to 1; therefore, one should expect W, to be very close to ZUGVL

Although the preceding argument on lower bounding the term W, seems reasonable,
the analysis presents a significant difficulty. Even when d(V) is large, the probability

of Wy, failing to concentrate to d(Vy) (and therefore being greater than 1 — §) is not
as exponentially small as exp(—$(¢(L)) in Lemma 7, but only as small as 1/poly(n).
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This prevents us from taking the union bound over exponentially many possible Ls. This
problem mainly results because Wys (for different Ls) share a common pattern of failure:
d(Vy) fails to be greater than (1 — §). To solve this problem, we break the cause of the
event of Wy, failing to be greater than (1 —§) into the following two events:

1. d(Vy) fails to be greater than (1 —2§/3);

2. Wy, fails to be greater than (d(Vz)—4/3).

For each event separately. we will show that the event does not hold for any L with
d(Vy)>1-4/3 w.h.p.

For the second event, we follow the classical approach to show that the probability of W,
failing to be greater than (d(V7) —§/3) is exponentially small, and apply the union bound
over exponentially many Ls. For the first event, we make the following crucial observation:
although there are exponentially many Ls, the number of different sets for V7, is only on the
order of O(n). To see this, let V= {v € V : p(v) > 0}. We then have V;, =V, for § =¢; /¢(L).
We call the set {Vy} the level sets of V. It is clear that there are only (n+1) different level
sets, as |V| =n. Therefore, there are at most (n+ 1) different sets for V. This important
observation allows us to bound the probability of the first event by showing that for each
fixed V7, the probability that d(V}) fails to be greater than (1 —2§/3) is polynomially small

) rather than exponentially small) and then applying the union bound over O(n)

(i.e., n~
possible Vis.
We now formally describe our approach. We first define I(v) =1 — I(v) and split W,

into Wr,; and Wy, 5 as follows.

WL d)I(v)=>Y dv)- Y dv)I(v). (27)

veVr, veVy, veVr
—_—— ————
Wi Wi 2

As discussed previously, Wy ; = d(V},) takes only (n+ 1) different values for all Ls and does
not depend on the choice of G at all. Therefore, we can simply bound the probability that
they are larger than 1 —2§/3 for all Ls via a simple concentration inequality and by taking

the union bound over (n+ 1) events. In particular, we prove the following lemma for W7, ;.
LEMMA 8. With high probability (1 —n~3) over the randomness of d(-), for every L CU
such that d(Vy) =1—d(VF) >1—6/3, we have W1 >1— 2.

The term Wy 5 depends on the graph G due to the term I(v). For each fixed L CU, the

following lemma shows that W 5 is small with a probability exponentially close to 1.
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LEMMA 9. For any fized L C U,

Pr{IVy, <6/3] > 1—exp (—"4“)) , (28)

12
where § = % and ¢4 = 0.00550.

With Lemma 9, we are able to apply the union bound to show that W, <4/3 for all
possible Ls w.h.p. Then, together with Lemma 8, we are able to show that W, >1—¢
for all possible Ls w.h.p. The detailed proofs of Lemma 8 and Lemma 9 are relegated to

Section EC.4.2 in the e-companion.

5.3. The formal proof of Lemma 3 and Lemma 4

We now have the tools to prove Lemma 3 (in addition to Lemma 4), which gives our main
Theorem 2 as shown in Section 4.1. To prove Lemma 3, we take the union bound over
every L such that q(L) > cce/k (recall that ¢, =5/6 is an absolute constant defined in
Lemma 3), where the failure probability is controlled by Lemma 7 and Lemma 9 according
to whether d(Vy) < 4/3. To make the proof flow more smoothly, we extract the union

bound calculation in the following lemma, which is used in the proof of Lemma 3 and

Lemma 4. (See its proof in Section EC.5 in the e-companion.)

LEMMA 10. For a>7nIn(2/¢) with ¢ > 5- and sufficiently large m with "= > g, we have

> ep(-ag(L) < (29)

L:q(L)=¢
Proof of Lemma 3. We first classify L according to whether Lemma 7 or Lemma 8 and

Lemma 9 should be used. Let

Li={L:d(V;)>1-6/3y={L:d(Vf)<§/3} and Ly={L:d(Vf)>?3/3}. (30)
It is easy to see that £; and £, form a partition of the power set of U (denoted by 2V), that
is, LN Ly =0 and £, ULy =2Y. In other words, each L C U belongs to either £; or L.
We also note that £; and £, are two deterministic sets and that p(V7) is a deterministic
function that depends only on L.
For L € £y, let £, be the event that W, > §/3, and for L € Lo, with a slight abuse of
notation, let £, be the event that () < %ﬁf), where ¢ =0.0008330 is defined in Lemma 7.
Let F be the event where there exists L € £, such that W, ; <1—2§/3.
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Note that if none of £, happens for all Ls with ce/k < q(L), and F does not happen

either, then we can conclude that the following event happens:

VLCU st cee/k<q(L), d(T(L))>min {1 — 4, CQféglL) } : (31)

This is achieved in the following case study:
1. If L € £y, given that £, does not happen (i.e., W2 < 6/3) and that F does not
happen (i.e., VL € Ly, W1 >1—2§/3), we have

d(T(L)) > Wy —Wia>1-26/3—6/3>1—04.

c2l(L)
KN

2. If L € Ly, then given that £, does not happen (i.e., Q>

), we have

CQE(L)

A1) 2 Q=2

Next, we bound the probability that none of the events £, and F happens. Based on

the union bound, we have

Pr U & |Ur|<eeir+ D Priel (32)

Licce/r<q(L) Licge/r<q(L)

Based on Lemma 7, we have the following: for L € Ly, Pr[€;] < exp (—%),
where c¢3 = 0.00160. Based on Lemma 9, we have the following: when L € £, Pr[&;] <
exp (—%@), where ¢4 = 0.00550. Therefore, for any L with cre/k < q(L), we have
Pr[€;] <exp (—%@) , for some absolute constant ¢ = min{cs, c,} = 0.00160. Moreover,

based on Lemma 8, we know that Pr[F] <7n~3. Therefore,

RHS of (32) <n™®+  » exp (—C“”K(L)) ; (33)

/‘€2
Licge/r<q(L)

thus, it suffices to prove that

> . exp (—%@) <n s (34)

Li:cre/k<q

Note that ¢(L) = yng(L), and v > cor*In(*£) with ¢y = 4376. Then, C5ﬁ(2L) is at least
aq(L) with
4
a = csconln (—K) >Tnln(2/(), (35)
€
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for ( =cre/k > i We can then invoke Lemma 10 and obtain

Y exp (—C5i(2L )> <73, (36)

Licpe/k<q(L)

as desired.

Therefore, the event (31) happens with a probability of at least (1 —2n72). Note that
((L) =~ng(L), and v > cor*In (%) with ¢y = 4376. We have %Sf) > cocoIn (%) kg(L) >
2q(L). Therefore, with probability at least 1 — 2n73, d(T'(L)) > min {1 -4, %q(L)} , which
completes the proof. O

We now proceed to prove Lemma 4. Similar to d(I'(L)), we decompose with p(I'(L))

while simply ignoring the counterpart for @y,

p(D(L) = Y pw)I(v) =Y p(v) =Y pv)I(v). (37)

veVr veVL veVr,
—_— Y
Wi Wia W 2

Now we prove Lemma 4 by lower bounding W7 , and upper bounding W7 ,.
Proof of Lemma 4. We fix an L CU with ¢(L) > 7= i Based on Proposition 1, (5),
(17), and noting v > cor? In(£) with ¢y = 4376, for any v € V, we have

val) o v
6 ~ 12k

1
= -yfq(L) > > 41n(ek).

| ot

p(v)e(L) =

As p(v)¢(L) > 41ln(ex) for every v € V, based on the definition of V7, in (24), we have

Vi, = V. Therefore, we have W} | = 1. We can bound the term W7, from below based on

CGE(L)
Pr [ng > 5} <exp (— e ,
where cg = 0.00826. We separate this lower bound into Lemma EC.2 in Section EC.4.3
in the e-companion and provide its proof. Taking the union bound over all Ls we are

interested in, we have

0L
PrALCU st q(L) =7, W, >0 < 3 e (_06 ( )). (38)
’ K
L:q(L)>T

Let oo = “9I" 50 that %l — ag(L) based on (17). We have

K2

i cecor?ln ()
o= G0 _ cocor’In (5) > 7a1n(2/¢), (39)

K2 K2
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with ( = cre/k. As € <1/3 (according to the assumption in the theorem statement), we

also have ¢ < i = 7. We use Lemma 10 and obtain

> exp (_cﬁi(ZL)) < Y exp (_%(QL)) <a . (40)

Lig(L)>r Lig(L)>¢

In sum, with a probability of at least 1 —n 3, for any L C U with ¢(L) > 7, we have
sz < 0. It follows that under this event, which happens with a probability of at least
1—n3,

p(D(L) > WP, — WP, > 13,
which completes the proof. O

6. Conclusions and Future Directions

In this paper, we investigate the problem of designing process flexibility to fulfill uncertain
demand for a wide class of unbalanced and asymmetrical production systems with hetero-
geneous random supplies and demands. The proposed design is based on a new thresholding
probabilistic construction and is asymptotically optimal. The main idea behind the proof is
to reduce the (1 — €) optimality to generalized expansion properties of the random design.
To establish the generalized expansion properties of our construction, we develop new
concentration results and an economical way to apply the union bound.

The thresholding idea can be a useful guideline for process flexibility design. Indeed,
one key message is that the expected demand of a product is not the only criterion when
deciding how many plants should have the corresponding production line. To hedge against
the demand uncertainty, even if a product’s expected demand is not high, it is still better
to give a few different plants the capability to produce this product. This principle can
be combined with useful design guidelines. For example, Chou et al. (2011) proposed a
greedy heuristic for adding new links to an existing design based on the so-called node
expansion ratio. It is interesting to explore the benefit of applying a thresholding scheme to
the node expansion ratio. In addition, this paper extends the classical analysis framework
for establishing expansion property from a random construction to deal with the hetero-
geneity of supply and demand. We would like to explore the applications of the generalized
expansion property developed in this paper. Finally, one interesting future direction is to

consider cost-sensitive production systems, where different edges have different weights,
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with the goal of finding a sparse graph with minimum total weight while still fulfilling
most of the demand. This is a challenging problem that may require the development of

new optimization techniques and spectral graph theory.
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Online Appendix to “Optimal Design of Process Flexibility
for General Production Systems”

EC.1. Proof of Lemma 1
LEMMA 1(RESTATED). With high probability over s(-) and d(-),
1—e<s(U)<1l+4e¢ and 1—-e<d(V)<l+e

Proof. According to Assumption 1, we have

o? £ " V[s(u)] <Y rs(u)* <k <Z §(u)> (rgggE(u)) =k-1- 53(1;27)—@ =0 (F;;ﬁ) ,

uelU uelU uelU

where V[-] denotes the variance of a random variable. Moreover, for each u € U,

Is(u) — 5(u)| < #3(u) 2 M =0 ( ¢ ) :

kZ2lnn

By the Bernstein inequality for negative associated random variables (Theorem EC.2 and

Corollary EC.4), we have

Pr [Z s(u) < Z 5(u) —e

uelU ucelU

€2
< -
_exp< 202—|—§Me>

62

:‘”‘p<‘o< ) +0 (i)

KkZlnn Kk21lnn

) <exp (—Q(k’Inn)) = 7 M. (BEC.1)

Therefore, we have s(U) > 5(U) — € = 1 — € with probability 1 — n~%1), By symmetry,
we have s(U) < 5(U) 4+ € = 1 + € with probability 1 — 2 %", By the union bound, with
probability 1 — 2 %M we have 1 — e < s(U) < 1+ e. Similarly, we can also obtain that
1—e<d(V)<1l4e w.hp. O

EC.2. Proof of the second statement of Theorem 2 via Theorem 3

Let us condition on the event that (3) holds, i.e., 1 —e<s(U)<14+eand 1 —e<d(V) <
1+ €. We have seen that for any fixed L CU and K = V\I'(L), either (10) or (11) implies
(9). For notational simplicity, let (3) denote the event in (3). Further, let (9), (10) and (11)
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denote the event in (9), (10) and (11) holds for any L C U, respectively. Using the basic

properties of conditional probabilities, we have,

Pr((9)] > Pr[(9) | (3)]- Pr[(3)] = Pr[ (10) or (11) | (3)]- Pr[(3)]
=Pr[ (10) or (11) ]—Pr[ (10) or (11) | not (3)]-Pr[not (3)] > Pr[ (10) or (11) |—Pr[not (3)],

where all the probabilities above are over the choice of GG and supply and demand functions.

By Lemma 1 we have Pr[not (3)] =7"*Y); and by Theorem 3 we have Pr[ (10) or (11) | =

1 — 2~ %W, Therefore, together with Lemma 2, we have

Pr  [Zq(s,d)>1—2¢]> Pr 9)] >1— (3, EC.2
ng,s<.),d(.>[ a(s,d) > ]—ng,sw(‘)[( )] =1-¢ (EC.2)

for some ¢ =n"%1). Let us rewrite

Pr Za(s,d) >1—2¢| =EgegX,
ngﬁ(.)’d(_)[ c(s,d) | =Egeg

where X £ Pry(y4)[Zc(s,d) > 1—2¢] € [0,1] is a random variable. From (EC.2), we have
Eceg(1 — X) < (2. Combining it with the Markov’s inequality, we have

~ Egwg(1-X)
¢

which completes the proof of (8) and thus the second statement of Theorem 2. In other

PriX>1-(J=Pr[l-X<(=1-Prl-X>(>1 >1-¢,

G~G

words, with high probability, the random graph G ~ G achieves (1 — 2¢)-optimality w.h.p.

EC.3. Proof of Theorem 3

THEOREM 3 (RESTATED). With high probability over the choice of graph G and supply and
demand functions, for any subset L C U, either (10) or (11) holds.
To prove Theorem 3 using Lemma 3 and Lemma 4, we first introduce the following

corollaries of Lemma 3 and Lemma 4.
COROLLARY EC.1. Assume that € <1/3. With high probability over the choice of G and
the supply and demand functions s(-) and d(-), for any L CU such that cpe/k < q(L) <T,
K
d(T'(L)) = EQ(L), (EC.3)

1

where T = 5~ and ¢, =5/6 are two constants.
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Proof of Corollary EC.1. Let us condition on the event in Lemma 3. We will prove that
the desired event in Corollary EC.1 happens. When cze/k < q(L) < 7= 5- (noting that
cre<2-3<3),wehave that 1—6=2> t > 2q(L). Therefore by Lemma 3, we conclude
that

ar@y zminfi-5 g0} > L), (EC.4)
which is (EC.3). O
Since demand and supply are symmetric, Corollary EC.1 directly implies the following

corollary.

COROLLARY EC.2. Assume that e <1/3. With high probability over the choice of G and
the choice of the supply and demand functions s(-) and d(-), for any K CV such that
cee/k <p(K) <,

s(I(K)) = —p(K), (EC.5)

1

where T = 5~ and ¢, =5/6 are two constants.

Proof of Theorem 3. Let us condition on that the events in Lemma 4, Corollary EC.1,
and Corollary EC.2 happens (which will happen w.h.p. by the union bound).

Now fixing a subset L C U, we consider the following three cases according to ¢(L).

1. If g(L) < ¢ce/k, by Assumption 1 and Proposition 1, we have

s(L) < w3(L) < Zq(L) <e.
cc

Therefore, (10) always holds since the right hand side (RHS) of (10) is less than or equal
to 0.

2. If cce/k < q(L) <7, where 7 = 5, then by (EC.3) of Corollary EC.1, Proposition 1
and Assumption 1

d(T(L)) > ~q(L) > K5(L) > s(L).
Ce

Therefore, we have that (10) holds.

3. If ¢(L) > 7, where 7 = 5-, then by (14) of Lemma 4, we have that p(I'(L)) > 1 — 7.
Let K =V \T'(L). It follows that p(K) < 7. Now we discuss the following two subcases

according to the value of p(K).

(a) If p(K) <cre/k, by Proposition 1, we have

and thus (11) holds since the RHS of (11) is less than or equal to 0.
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(b) if ece/k < p(K) < 7, then by (EC.5) of Corollary EC.2, Proposition 1 and
Assumption 1
Zp(K) 2 rd(K) 2 d(K),

s(I(K)) >
Cc

and thus (11) holds.
By the above case study, we have proved that either (10) or (11) is true, which completes
the proof of Theorem 3. O

EC.4. Proofs of Lemma 7, Lemma 8, and Lemma 9
EC.4.1. Lower bounding Q)

In this subsection, we prove Lemma 7. Similar to the standard proof of Chernoff bound, we
use the exponential moment method. However, the choice of parameters (e.g. the param-
eter t) in the proof is different from that of Chernoff bound. We first restate the lemma

statement.

LEMMA 7 (RESTATED). If d(VF) >§/3, then
Pr |:QL > CQE(L):| >1 — exp (_ Cgf(L) ) ’
RN

kln(ek)

where absolute constant 6 =1/3 and co =0.0008330 and c3 =0.00160.

Proof of Lemma 7. Recall the definition V= {v:pw)l(L) < ¢} in (24) and a(v) =
Pr[I(v) = 1] > 1 — exp(—p(v)¢(L)) in (18). By invoking Proposition EC.1 with x =
—p(v)¢(L), we have that for any v € Vf,

l—e™@
>

a(v) =Pr[I(v)=1] > 1—exp(—p(v){(L)) > o p(v)e(L) = n(ern) (EC.6)
where ¢; = (1—%1)111(%) > 0.25.
Therefore, for each v €V,
Eld(0)1(v)] = d(v)a(v) > TIIPIAL), (BC.7)

In(ek)

Now we begin proving the inequality in the lemma statement by

CQE(L)

K

6255113) =Pr|n Z d(v)I(v) <

veVf

K

Pr |:QL <

} _py anL - CQE(L)}

=Pr |exp | tn Z d(v)I(v) | >exp <t~ CZE(L)) , (EC.8)

K
veVf
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where ¢ <0 is an constant that will be decided later. By Markov’s inequality, we have

(EC.8) <Eexp | tn Z d(v)I(v) | exp (—t- CQK(L)>

KR
veVf

CQE(L)

< HEexp(tnd(v)I(v)) exp(—t‘

veVf

> , (EC.9)

where the second inequality is because d(v)I(v) are negative associated (Proposition EC.4)

and Proposition EC.5.

Now we state the following claim and defer its proof to the end of proof of Lemma 7.
Cramm EC.1. Eexp(tnd(v)I(v)) <1+ a(v) (exp(tnrd(v)) —1).
K

By Claim EC.1, we have

(EC.9) < exp (—t~ 02“)) I1 (1 4+ ) (exp(tnrd(v)) — 1))

K

< exp (—t- C{EL)) IT e (@ (exp(tnrd(v)) — 1))

veVf

=exp (—t. @) exp Z @ (exp(tnrd(v)) —1) |, (EC.10)

veVE

where the second inequality is by 1+ z < e*. Now we apply (EC.6) (with ¢ <0 in mind)
and get

(EC.10) <exp (—t- %(LU exp p0)AL) (exp(tnkrd(v)) — 1)

i 4k In(ek)

<exp (—t : %}i@) exp | ) 5d()(L) (exp(tnkd(v)) —1) | . (EC.11)

= 24k In(ek)

where the last inequality is by Proposition 1 and ¢ < 0.
Now we apply Proposition EC.2 to the second exponential form in (EC.11), and get

(Ec.u)gexp( 025 ) (24,@1]@ ™ -d(VE) (exp (%) —1>)

<exp( £ ‘325 ) exp (%n(?%) d(VE) (exp (mJ(vg))-Q)
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<exp (—t- %(L)) exp (% L (exp (trd(ve)) 1))

< exp (—t- CQKFEL)) exp (m%f()%) (exp (£4/9) — 1)> . (BC.12)

NN

where the second inequality used |Vf| < |V|=mn, and both the third and the fourth inequal-
ities used the assumption d(Vf) >6/3=1/9.

Now we pick t =— and summarize all deductions from (EC.8) to (EC.12), and get

_1
In(ek)

Prle< 22 sev (e ) o0 (s (0 (“amiem) 1))
<o (i) 2 (@it (70 () 1)) =0 (i) 209

(eﬂ) > 1 when k> 1, and we choose

where the second inequality is because ;-

¢3 =0.00160 < — <c2 + % (exp(—1/9) — 1)) . O

It remains to prove Claim EC.1.
Proof of Claim EC.1. Let us assume that the random variable X = d(v)I(v) belongs

to a discrete probability space (€2, x,p). In general cases, similar argument can be made.

Observe that EX =Y _qz(w)p(w) = E[d(v)I(v)] = d(v)a(v), X € [0,xd(v)], and our

goal is to prove that

X
Eexp(tnX) <1+ E

() (exp(tnkd(v)) —1).

We begin with
Eexp(tnX) Zp w)exp(tnz(w)). (EC.14)
weN

Now since exp(tnz) is a convex function of z, for each w € 2, we have

z(w)

rd(v) -exp(tnrd(v)) =1+

exp(tnz(w)) < (1 - )exp(tn-0)+

We continue with

(EC.14) < 3 p(w) (1 + ”“"C;Z”)) (exp(tnrd(v)) — 1)) — 14 X (exp(tnrd(v)) ~1). O

= kd(v kd(v)

(exp(tnrd(v)) —

1).
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EC.4.2. Bounds for W ; and W,

We first prove Lemma 8, restated as follows.

LEMMA 8 (RESTATED). With high probability (1 —n~>) over the randomness of d(-), for
every L CU such that d(Vy) =1—d(VFf) >1-4/3, we have

Wyi>1—26/3.

To prove Lemma 8, it suffices to prove the following lemma.

LeMMA EC.1. For any real value z >0, let V, = {v:p(v) > z}. With probability at least

(1 —n"3) over the randomness of d(-), we h ave that for any z >0,

)= _d( —§/3. (EC.15)

UEVZ

Note that for each L C U, we have V; = {v: p(v)¢(L) > ¢} as defined in (24), and
therefore Vi, is V, with z =¢;/¢(L) in the definition in Lemma EC.1. As a consequence of

Lemma EC.1, with high probability at least (1 —7~2) over the randomness d(-), for any
L C U such that d(VF) <6/3 (i.e., d(Vy)=1—d(VF) >1-4/3),

Wii=Y_dv —6/3>1-2§/3, (EC.16)

VeV,

and this proves Lemma 8.

Now we prove Lemma EC.1.

Proof of Lemma EC.1. We prove Lemma EC.1 by applying Bernstein Inequality. First
observe that d(V.) =), .. d(v) is the sum of negative associated random variables with

the mean E(d(V,)) =d(V,) and the sum of the variances

o? =Y VId)] <) E[(dv)*] <> E[ad(v)dv)] = kd(v)’

veV, veV, veV, veV,
<k | maxd(v E d(v) < kmaxd(v) =M,
veV, veV
UGVZ

where

- c
M2 <
maxd(v) < o

(EC.17)
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by Assumption 1. Also note |d(v) —d(v)| < kd(v) < kKM (again by Assumption 1). Applying

Bernstein inequality, we have that

_ 2
> —t>1— — . EC.1
Pr[d(V.)>d(V.) —t] >1—exp ( Py 2/{Mt/3) (EC.18)
Taking t =0/3 and 0 = 5=, we deduce from (EC.18) that
Pr[d(V.)>d(V.)—6/3] >1—exp(—4Inn)=1—-n"" (EC.19)

Although there are infinitely many possible values of z, there are only at most n different
V.’s. This is because of the monotonicity property of V., i.e., for z; < 29, V,, D V,,. In other
words, if we sort p(v) for v € V' in an increasing order, V, can only consist of consecutive
elements from one with the smallest value p(v) to the one with the largest value. This

property allows us to take the union bound over all possible values of z,
Pr[Vz>0,d(V.) >d(V.)—6/3] >1—n-n"*>n"?,

which completes the proof. O

Now we prove Lemma 9, which simply follows the sub-Gaussian property of W7, o.

LEMMA 9 (RESTATED). For any fired LC U,

Pr{Wyo <6/3] > 1—exp <_C4£<L>> |

where § = % and ¢4 = 0.00550.
Proof of Lemma 9. To prove Lemma 9, we invoke Proposition EC.4 and Proposi-
tion EC.3 to show that d(v)I(v) for all v € V;, are negative associated sub-Gaussian ran-

dom variables and then apply sub-Gaussian concentration to obtain (28). Recall Vi, = {v:

p(v)¢(L) >c1} in (24). By (18), for any v € V,, we have
Pr[I(v) = 1] = Pr[I(v) = 0] < exp(—p(v){(L)) < exp(—c;) < e 2, (EC.20)

where the last inequality is because ¢; =41n(ek).
By Proposition EC.3, we know that d(v)I(v) are sub-Gaussian random variables with
the variance proxy

62 ()2<216/12p(v),
T —— IR




e-companion to Chen, Ma, Zhang and Zhou: Optimal Design of Process Flexibility for General Production Systems ec9

where the inequality is due to the fact that p(v) > 2 -d(v) (Proposition 1). Also, by
Proposition EC.4, we know that d(v)I(v) are negative associated. Therefore, Wy, =

> e, d(v)I(v) is a sub-Gaussian random variable with variance proxy

2 2 2 2
Z 216k°p(v) 216k Z () 216k < 9k

250(L)  250(L) = 950(0) S L)

veV], veVy,

Applying the sub-Gaussian tail bound, we obtain that,

Z d(v)I(v) <exp (_tQE(L)) : (EC.21)

+t
2
o 18k

Pr [Z d(v)I(v) >E

VeV,

We also note that

E

Z d(v)](v)] < Z exp (—p(v)¢(L))d(v) < e Z d(v) <e . (EC.22)

veVy, veV veVL

Let t=1—e*<i_e . By (EC.22) and (EC.21), we have that
9 3

Pr [Z d()I(v) > 5/3] <Pr|> dw)Iw)>E | dw)I(v)|+t
veVE, veVr, veVE,
L
<exp (—046(2 )) , (EC.23)
K
where the absolute constant ¢; = 0.00550 < % = (5_%4). O

EC.4.3. A lower bound for W7,

We prove a counterpart of Lemma 9 for the term vaz, which is needed for proving

Lemma 4.

LEmMmA EC.2. For any fited L C U,

Pr[W?, > 5] <exp (— CGE(L)) : (EC.24)

2
where 6 =1/3 and the absolute constant cg =0.00826.

Proof of Lemma EC.2. We use the same technique for proving Lemma 9 to prove
Lemma EC.2. By Proposition EC.3 (treating p(v) as a constant random variable), we know

that p(v)I(v) are independent sub-Gaussian random variables with the variance proxy
6p(v)? _ 6p(v)
1 (L)
1 (W) ()
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Therefore, W[, =3y, p(v)I(v) is a sub-Gaussian random variable with variance proxy

6p(v) 6
L) = ULy

veV],

Applying the sub-Gaussian tail bound, we obtain that,

Pr [Z p()I(w)2E Y po < exp <—t2£(L)) . (EC.25)

12
veVr, veVy

We also note that

E[WE.]=E|) p)I(v ] < Y exp(=p)E(L)pv) <e™ Yy pv) <e ', (EC.26)
veVr, veVE, veVE,
where we used p(v){(L) > ¢; = 41In(ex) by the definition of V7 in (24). Let t = £ — & <

6 —e =31 —exp(—4In(ex)). By (EC.25) and (EC.26), we have that

Pr [Z p(v)I_(v) > Z p(v)I_(U) <exp (_C6i(2L)) :
(EC.27)

(-3
314 . O

<Pr +1

> p)I(v) > E

veVy

where absolute constant cg = 0.00826 < % =

EC.5. Proof of Lemma 10

LEMMA 10 (RESTATED). For a > Tnln(2/¢) with ( > 5- and sufficiently large m with
> 8 we have

Inn = ¢’
> exp(—ag(L) <a
L:q(L)=¢
Proof of Lemma 10. To prove this, we argue that it suffices to prove a stronger inequal-
ity
Z exp(q )-exp(—aq(L)) <n*-exp ((n) (EC.28)

To see why (EC.28) 1mphes the result in the lemma statement,

LHS of (EC.28) > Z exp(q(L)n) -exp(—aq(L)) > exp({n) exp(—aq(L)),
Lig(L)>¢ Lig(L)>¢
and it follows from (EC.28) that
> exp(—agq(L)) <n .

L:q(L)>¢
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as desired.
Now we prove (EC.28). Using the binomial expansion theorem and the fact that ¢(L) =
> uer @(u) we can decompose the LHS of (EC.28) as follows,

> " exp(g(L)n) -exp(—agq(L)) = > [ exp(q(u)n) - exp(—aq(u))

LCU LCUuel

= [ (1 +exp(g(w)n) - exp(—aq(u))). (BEC.29)

uelU

Therefore, since a > TnIn(4k/€) > 6nln(4x/€) +n and ¢ > 5-, we have that

1+ exp(q(w)n) - exp(—aq(u)) < 1+ exp(—671n(2/¢)q(u)
<1+ exp(~In(2/¢)) =1+ (/2 < exp(¢/2).

. . . 1 1 1
where the second inequality is by the fact that g(u) > e Bm > o > L since Proposition 1

CTJ

n
and 1 > m.

Since m is sufficiently large ("= g) we have that

31nn

¢/2<(—

and therefore, we altogether we have

RHS of (EC.29) < H exp (g) < H exp (( _ 327’&) =n"%-exp(Cm) <n?-exp(Cn).

uelU uelU

We have proved (EC.28) and therefore the whole lemma. a
EC.6. Some Analysis and Probability Tools
ProrosiTioN EC.1. For any real t<x <0, e* <1+ etT’l T

Proof of Proposition EC.1. Consider function f(z) =e*—1— etT’l -z, we have that f(x)
is convex. Therefore the maximum value is achieved at the boundary. Therefore we have

that f(z) <max{f(0), f(t)} =0 for all z € [t,0]. O

ProrositioNn EC.2. Suppose x1,2o,...,x, > 0. For every a <0, we have

ixi exp(az;) < (i L) exp (% iwz>
i=1 i=1 i=1

Proof of Proposition EC.2. This proposition can be proved by a straightforward appli-

cation of Jensen’s inequality. |



ecl2 e-companion to Chen, Ma, Zhang and Zhou: Optimal Design of Process Flexibility for General Production Systems

THEOREM EC.1 (Chernoff Bound). Suppose Xi,Xs,..., X, are independent random
variables taking values in {0,1}. Let X denote their sum and let n =E[X] denote the sum’s
expected value. Then for any § € (0,1),

2

0’ 52 u
Pr[X > (14 9)p] <exp — 3 and Pr[X <(1-9)u] <exp - |
A simple corollary of Theorem EC.1 is as follows.

CoROLLARY EC.3. Suppose X1, Xos,..., X, are independent random variables taking val-
ues in [0, M]. Let X denote their sum and let p=E[X]| denote the sum’s expected value.
Then for any é € (0,1),
Pr[X > (14 9)u] <exp (—62—M> and Pr[X <(1-9)u] <exp (—(SQ—M) .
3M 2M

THEOREM EC.2 (Bernstein’s inequality (Bennett 1962)). Letxy,...,x, be indepen-
dent variables with finite variance o = V|x;] and bounded by M so that |x; — Elz;]| < M.
Let 0 =%",07. Then we have

pr[ 3

Zflfi —E
=1

-

i=1

t2
>t] = 2o (—m) |
3

ProrosiTioN EC.3. Suppose random variable X =1-D, where I and D are independent
random variables such that I € {0,1}, b=Pr[l =1] <e 2, and D has the property that
0< D <kKED with Kk >1. Let d=ED. Then X is sub-Guassian with the variance proxy

6K2d?
1 .
In T

Proof of Proposition EC.3. We prove that X satisfies the ),-condition, i.e. that
Elexp (a2(X —EX)?)] <2 for a2 = 2% Let EX = y. We have that p=b-d <d, and thus

T 2k2d?°

|D — pu| < KED = kd. For b < e~2, we have

(1—b)exp(a’y?) + bE[exp(a’(D — p)*))]
(1 —b) exp(a®b*d®) + bexp(a’k*d?)

<(1-b)exp (%b2 In (%)) +bexp (%ln (%))

2.

Elexp (a*(X — p)?)]

IN

IN

Therefore, X is a sub-Gaussian random variable with the variance proxy

3 6r*d?

a2

-
lnb
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The following property of negative associated random variables can be found in e.g.

Joag-Dev and Proschan (1983).

ProrositioNn EC.4. Let X1, X,,..., X, and Y1,Ys,...,Y, be two independent sets of neg-

ative associated random variables. Then XY, XoYs, ..., XY, are negative associated.

ProrosiTioN EC.5. Let X4, Xo,..., X, be negative associated. Then for every real number
A,
Eexp)\ZXi < HEexp)\Xi.

i=1 i=1
Proof of Proposition EC.5. When A\ >0, since exp A(X;+ Xo+---+ X,,_1) and exp A X,
are non-decreasing functions, we have

n—1

Eexp)\ZXi < <Eexp)\ZXi> (EexpAX,,).
i=1 i=1

By induction on we know that

n—1 n—1

Eexp)\ZXi < HIEeXp AX;.
i=1

=1

Therefore

n n—1 n
EexpA ) X; < (H Eexp )\Xi> (Eexp AX,) = [ [Eexp AX;.

i=1 i=1 i=1
When A < 0, by Proposition EC.4 we know that —X;,—X,,...,— X, are also negative

associated. Therefore

n

EexpAY X;=Eexp(-A)) (—X;) <[[EexpAX;.
=1 =1 =1
O

As a corollary of Proposition EC.5, many concentration inequalities for sum of indepen-

dent random variables also hold for negative associated random variables.

COROLLARY EC.4. Chernoff Bound (Theorem EC.1, Corollary EC.3) and Bernstein’s

inequality (Theorem EC.2) hold for negative associated random variables.

Proof sketch. In the standard proofs of these inequalities (e.g. Alon and Spencer (2004),
Bennett (1962)), the only place that used the independence of random variables is the
equality . .

Eexp)\ZXi = HEexp)\Xi,
i=1

=1
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for every real number A. One can replace the inequality by the inequality shown in Propo-
sition EC.5 and the proofs still go through. O

Similarly, we have the following corollary.

CorROLLARY EC.5. Let X1, Xs,..., X, be negative associated sub-Gaussian random vari-
ables with variance prozies o?,03,...,02. Then X; + Xo + -+ + X,, is a sub-Gaussian

n

random variable with variance proxy o? + o3+ -+ o>.

EC.7. Additional Experiments

In this section, we provide more experiments to compare the effectiveness of the TPC and
the WPC. Instead of using the two level supplies as in Section 3.3 in the main paper, we
study the cases where mean supplies and demands change more smoothly. In particular,
we consider the following two setups:

1. The mean supplies ({5(u)}ucr) and mean demands ({d(v)}.er’) are generated from
a power law. In particular, we generate the mean supplies and demands from a Pareto
distribution with the scale parameter 1 and shape parameter € {0.5,1,1.5} (Newman
2004) (see Figure 1(a)). We further truncate excessively large mean supplies and demands
to 50, which makes the setting more realistic. In fact, the TPC leads to even more significant
improvement over the WPC when there is no truncation (since the mean supplies and
mean demands will become more heterogeneous).

2. The mean supplies ({5(u)}uer) and mean demands ({d(v)},ey) are generated from
the uniform distribution on [0, 1].

Given the mean supplies ({5(u)}uer) (and mean demands ({d(v)},ey), we normalize
them so that the sum of the mean supplies (and the mean demands) is 1. We adopt the
same experimental setup as in Section 3.3 in the main text. In particular, the m = 100
supplies are deterministic which take the values of mean supplies, and the n = 100 demands
follow 1i.7.d. two-point distributions.

As one can see from Figure EC.1, the TPC outperforms the WPC when the mean
supplies and demands follow a Pareto distribution. When the shape parameter S becomes
smaller, the corresponding Pareto distribution is more heavy-tailed, which leads to more
heterogeneous supplies and demands. In such a case, the improvement of the TPC over the
WPC is more significant. The maximum flow of the TPC achieves more than 99% of the

maximum flow of the full flexibility when the average degree v is around 10. The Figure
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Figure EC.1  In (a), we plot the densities of Pareto distributions with different shape parameters 8. In (b)-(d),
we present the comparison between the WPC and the TPC when the mean supplies and demands
follow the Pareto distribution with different shape parameters (with a truncation at the value 50).
The z-axis is the average degree v, which varies from 5 to 30. The y-axis the averaged ratios between
the maximum flow of the design G and that of the full flexibility F' (the larger the better). Each

ratio plotted in the graph is averaged over 100 random graphs for a given « and 1,000 demand
realizations.

EC.2 illustrates the performance comparison between the TPC over the WPC when the

mean supplies and demands are drawn from the uniform distribution.
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Figure EC.2
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We present the comparison between the WPC and the TPC when the mean supplies and demands
follow the uniform distribution on [0, 1]. The z-axis is the average degree v, which varies from 5 to
30. The y-axis the averaged ratios between the maximum flow of the design G and that of the full
flexibility F' (the larger the better). Each ratio plotted in the graph is averaged over 100 random

graphs for a given v and 1,000 demand realizations.
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