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Abstract

Recent research on the robust and stochastic travelling salesman problem and the vehicle routing problem
has seen many different approaches for describing the region of ambiguity, such as taking convex combinations
of observed demand vectors or imposing constraints on the moments of the spatial demand distribution. One
approach that has been used outside the transportation sector is the use of statistical metrics that describe a
distance function between two probability distributions. Motivated by a districting problem in multi-vehicle
routing, we consider a distributionally robust version of the Euclidean travelling salesman problem in which
we compute the worst-case spatial distribution of demand against all distributions whose Wasserstein distance
to an observed demand distribution is bounded from above. This constraint allows us to circumvent common
overestimation that arises when other procedures are used, such as fixing the center of mass and the covariance
matrix of the distribution. Numerical experiments confirm that our new approach is useful when used in a
decision support tool for dividing a territory into service districts for a fleet of vehicles when limited data is

available.

1 Introduction

One of the most common tools for addressing uncertainty in vehicle routing problems (VRPs) is the use of districting
strategies, in which one divides one’s service region into smaller pieces, and then assigns one (or more) vehicle(s)
to each piece. Such strategies are desirable for many practical reasons: for example, they provide a simple rule
for assigning destination points to vehicles, they decompose the original problem into independent sub-problems,

and they enable one to make high-level strategic decisions in the absence of complete information. In fact, for
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many problems, it can be shown that there exist simple districting strategies that are asymptotically optimal as
the number of demand points becomes large [38, 48].

This paper describes a districting strategy developed for an industrial affiliate, a major North American mapping
company, whose objective is to route a fleet of vehicles throughout a region to collect sensor data that is ultimately
used to assemble full 3-dimensional point clouds of buildings and other city structures. The vehicles must visit
specific locations within the region that correspond to anomalies that arise when “scrubbing” an existing city map
across many CPUs. We will go into more detail on this in Section 4.2, but for now, the salient features that comprise

this problem are as follows:

1. The service region is a compact Euclidean domain R, and distances between points are Euclidean, or close to

some “natural” metric such as the ¢! or £>° norm.

2. During each service period, a fleet of vehicles must use travelling salesman (TSP) tours to visit a collection

of destination points in R that are sampled from a probability distribution f.

3. The goal is to partition R into districts, with one district per vehicle, in a way that is “optimal” as the number

of destination points becomes large.

These problem attributes form the premises of a sizeable body of literature, with a particularly high concentration
in sensor data collection, surveillance, and information retrieval. In this context, it is often the case that points
are actually sampled over a long time horizon from a heterogeneous Poisson process whose underlying spatial
distribution is f; it turns out that, in the heavy-traffic limit, this “online” routing problem has essentially the
same characteristics as the static TSP, as can be seen in (for example) [13]. This heavy-traffic assumption is the
basis for the second attribute above. It is worth noting that [13] also establishes that the low-traffic case of the
“online” problem is more closely related to the k-median problem; this is an equally useful perspective, although it
is not relevant in our particular application described in Section 4.2. A few examples of papers that use the three
assumptions above include [37] and [15] (which use power diagrams and ham sandwich cuts respectively to design
districts) as well as [41] (which uses Voronoi partitions to design districts).

One of the drawbacks to these preceding schemes is that one must have full knowledge of the demand distribution
f in order to design districts (in particular, as will be explained in Section 2.1, the function \/m) turns out to have
particular importance). In reality, one rarely has this luxury; the purpose of this paper is to describe a districting

strategy when a fourth problem attribute is present, namely that:

4. The distribution f is unknown at the time that the districting decision is to be made, and there is only a set

of independent samples from f available to make the districting decision.



There are many ways to handle this last attribute; one could, for example, fix a parametric form for f and perform
a maximum likelihood estimation, or build an artificial density non-parametrically using kernel density estimation.
In our particular application, described in Section 4.2, the number of samples available may be too small to reliably
approximate f in such a way. In addition, distances throughout our region are usually not homogeneous due to
traffic or poor road network topology, and thus there may be certain areas in R in which travel is expensive that
are not reflected in our (small) set of samples (in other words, we may suspect that the vehicles will need to enter
these expensive areas, even if none of our samples lies in them). Therefore, in this paper, we tackle this lack of
knowledge using distributionally robust optimization, as has been done earlier for the VRP in [16].

With the above attributes in mind, the focus of this paper is the following problem: our inputs consist of an
empirical distribution consisting of some sampled demand points in the service region R, and our objective is to
divide R into sub-regions in a way that balances the anticipated workloads in each sub-region. In order to estimate
these workloads, we use distributionally robust optimization; that is, we construct probability distributions on the
sub-regions that are “close” to this empirical distribution and are as “badly behaved” as possible, in the sense that
the asymptotic length of a TSP tour of points drawn from that distribution should be as large as possible. In
order to characterize our ambiguity set of distributions (i.e. what we mean by “close”), we use a statistical metric
called the Wasserstein distance, which is also known as the earth mover’s or Kantorovich metric. On the practical
side, we give an algorithm for partitioning R that significantly out-performs other approaches when applied to the
dataset provided by our industrial affiliate. On the theoretical side, we use Lagrange duality to derive a closed-form
expression for these “badly behaved” distributions within each sub-region, and show how to compute them quickly
using cutting planes.

Conceptually speaking, the Wasserstein distance is very simple and intuitive: if we visualize two probability
distributions p; and po as being two piles of equal amounts of sand, then the Wasserstein distance between them
is simply the minimum amount of work needed to move one pile to take the shape of the other, as suggested in
Figure 1la. The Wasserstein distance can also be thought of as an infinite-dimensional generalization of a bipartite
matching, as suggested in Figures 1b-1d. A particularly attractive feature of the Wasserstein distance that is not
present in many other statistical metrics is the ability to directly compare a discrete distribution and a continuous
distribution, as illustrated in Figures le-1g. In addition, because the Wasserstein distance is a true metric, the set
of all distributions within a certain distance of a reference distribution is a convex set that turns out to admit a
simple representation.

This paper is structured as follows: Section 2 describes the structure of the worst-case spatial distribution

for the TSP under a Wasserstein distance constraint and gives a primal-dual algorithm that finds this worst-case



Figure 1: Figure la shows a Wasserstein distance problem between two univariate distributions p; and pe. Figures
1b-1d show how a Wasserstein mapping can be thought of as an infinite-dimensional generalization of a bipartite
matching. Figures le-1g show a Wasserstein distance problem when p; is a smooth density and po is atomic. The
two distributions are shown in le, and 1f shows the solution to an assignment problem between a large number of
samples from p; and the atomic distribution po. Figure 1g shows the optimal mapping between the two distributions:
each cell (indicated by the dashed lines) contains 1/n of the mass of the density, which is to be transported to the
point contained within it.

distribution efficiently. After going over some practical details in Section 3, this algorithm is then implemented in

two computational experiments involving both the single-vehicle and multi-vehicle TSP in Section 4.

1.1 Overview of the proposed scheme

This section is a “roadmap” of the scheme that we propose in this paper for partitioning a service region in a
distributionally robust fashion. For a distribution f defined on a region R, we let ®(f) be a functional that
characterizes the expected length of a TSP tour of a collection of independent samples of f. Obviously, the
functional ® depends on the number N of samples drawn, but we will suppress that in the interest of brevity and
to emphasize the dependency on the distribution itself. The most obvious form for ® for a given value of N would

be to use ®(f) = E; TSP(X4,...,Xn), where E; denotes the usual expectation operator with respect to f and



TSP(X1,...,XxN) denotes the length of a TSP tour of the points X;. In fact, as we will see in Section 2.2, it turns
out that there exists a sensible ® that does not depend on N (since the scaling of the TSP tour can be described
explicitly as N becomes large) and does not require an expectation operator (since we can actually establish almost
sure convergence of the length of the TSP tour, rather than mere convergence in expectation).

The focus of this paper is on partitioning R into m districts, Dq,...,D,,, in such a way as to minimize the

maximum tour length in each of the districts. In other words, we seek to minimize

(flp.
e fhax (fIp.),

where f|p, denotes the restriction of f to district D;. Thus, when f is given, the districting problem is written as

minimize  max @ ; s.t. 1
D1;~-7DmZCRie{1,_4i(m} (f|D1) ( )

m
Uoi = ®r
i=1
DiNnD; = 0 Vi#j
where the two constraints require D1,..., D,, to be a partition of R. It is natural to impose a “shape condition”

on the districts as well, such as convexity or contiguity. Problem (1) has been addressed previously in numerous
studies, such as [37] and [15], both of which add an additional constraint that the D;’s must be convex (provided
that R is convex to start with).

In this paper, we assume that f is not given, but is merely known to lie in an ambiguity set P. Thus, our

problem now takes the form

minimize max sup ®(f|p. s.t.
Dl,...,DmC’Rie{l,...,m}feylg (flp:)

i=1

This problem was addressed in [16] for the case where P is characterized by first and second moment inequalities.
In this paper, we address the problem above for the case where P is defined by the Wasserstein distance to a set

of given samples (which we will define in Section 2.1): if we let D(f, f) denote this distance, where f denotes an



empirical distribution on samples z1,...,z,, then our problem takes the form

minimize ~ max sup  ®(f|p,) s.t.
Dl,‘..,DmCR’L‘G{l}H‘,m} fD(f,f)St

Uop: = ®r

i=1

DiND; = 0 Vij

where t is a fixed distance threshold.
We are initially concerned with the “inner” problem of the above, that is, determining the worst-case distributions
f* that result in large values of ®. After describing the structure of these distributions in Section 2, we then turn

to the matter of determining districts that minimize the worst-case workloads effectively.

1.2 Related work

This paper describes a continuous approximation model that uses robust optimization to describe the worst-case
demand distribution for the travelling salesman problem; this model is then applied to solve a districting problem
that assigns vehicles to pre-specified zones in a region. As such, there are essentially three bodies of literature from

which it stems.

1.2.1 Continuous approximation models

This paper is concerned with a continuous approximation model for a transportation problem. The basic premise of
the continuous approximation paradigm is that one replaces combinatorial quantities that are difficult to compute
with simpler mathematical formulas, which (under certain conditions) provide accurate estimations of the desired
quantity [19]. Such approximations exist for many combinatorial problems, such as the travelling salesman problem
[7], facility location [30, 36|, and any subadditive Euclidean functional such as a minimum spanning tree, Steiner
tree, or matching [42]. In our computational districting experiment, an approximation of this kind is used as the
first level of an optimization problem in which we design service zones that are associated with different vehicles.
In a nutshell, we apply the famous square-root law from [7] to estimate the length of a TSP tour of some points in

a region.

1.2.2 Districting problems in vehicle routing

The primary application of the theory derived in this paper is in the design of districts for allocating a fleet of

vehicles to visit a collection of customers when demand is uncertain. The problem of designing such districts is a



foundational one in the continuous approximation literature, as can be seen in Chapter 4 of the seminal book [19],
for example. Our problem is motivated by an industrial affiliate, a major North American mapping company, that
uses a districting strategy to assign vehicles to scan metropolitan regions. This kind of geographic localization —
as opposed to explicitly computing turn-by-turn directions for vehicles — is a common strategy that is also used by

Google Street View, for example [28]:

[Google spokesman Larry] Yu initially stated drivers were given specific routes to follow. But a
Street View driver, who asked to remain anonymous for employment reasons, said he was simply told to
drive around Sonoma County and collect images. Yu retracted his assertion after learning of the driver’s

statement.

Rather than collecting street-level photographs, our affiliate assembles full 3-dimensional point clouds of buildings
and other city structures (among many other data sources, e.g. temperature, radio signals, and sunlight), which
necessitates more control over driver behavior than that described by the quote above. As mentioned in the
introduction, the most common way that uncertainty is represented is by assuming that demand follows a known
probability density function (which is often further assumed to be uniform); this density then informs the districting
decision in some way.

An alternative method to the preceding continuous models is to instead assume that demand is present on a
known graph, and that vertices on the graph have probability weights. This is the approach taken by [29], which
models the districting problem as a two-stage stochastic optimization program with recourse, and by [6], which uses
a three-phase procedure that aggregates data points into compact districts using a mixed-integer goal program. It
is also possible to apply principles from continuous approximation theory to design districts in graph-based models,
provided some basic geometric information is available; this is the case in [32, 33], which use the square-root
approximation of [7] in conjunction with a graph-based model, and which show good performance when the inputs
are known to be uniformly distributed over a geometric domain. Section 4.2 of this paper also shows how to apply
a continuous approximation scheme to a heterogeneous road network to a set of inputs that are non-uniformly
distributed.

As stated earlier, the specific contribution of this paper is a method that designs districts in a data-driven
fashion; rather than having full distribution information, we assume that we are given only a collection of data
samples that inform our districting decision. The problem of designing districts in such a way (i.e. when one has
an ambiguous distribution setting) is considerably less understood, although the paper [16] describes one approach
for doing so when one knows the mean and covariance of the demand distribution. A major deficiency of this

approach, which motivates our present work, is its inability to respond to clustering or even mere multi-modality in
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Figure 2: The above point sets in the unit square are extremely clustered and one would expect that their TSP tour
should be short. However, because their sample mean and covariance matrix are the same as that of the uniform
distribution, any robust methodology that uses only mean and covariance information will fail to recognize the
clustering, thereby incurring significant overestimation.

data points. For example, Figure 2 shows a data set that is very clustered, and whose TSP tour should therefore
be short relative to (for example) a uniform distribution. However, this clustered data set actually has precisely
the same mean and covariance matrix as the uniform distribution; such an approach therefore frequently leads
to an over-conservative solution (or more generally, a solution that is not faithful to the true unknown demand
distribution), even when a large number of samples is available. This over-conservatism is actually noted in Figure

10 of [16].

1.2.3 Robust optimization and vehicle routing

In most models of the robust VRP, one has a pre-defined ambiguity region and seeks a set of routes that is as
good as possible with respect to all of the outcomes; this ambiguity region is usually described as a polyhedral
set [1, 26, 43], although the recent paper [2] adopts a “robust mean-variance” approach that minimizes a weighted
sum of the average cost and the variance of a route when sampled over many scenarios. In our problem, we are
concerned with robustness in the distributional sense: we seek the spatial distribution of demand for which the
expected cost of a tour is as high as possible, while remaining consistent with some observed data samples or some
parameters derived thereof.

By far, the most common parameters used in distributionally robust problems (in general domains, not just
those arising in transportation) are the support and the first and second moments of the sample distribution [20, 39].
We have previously made use of first and second moment information for the distributionally robust VRP in the
paper [16]; one major drawback of this method is an inability to detect clustering, as we have already noted in the

preceding section. In order to remedy this, we propose the use of the Wasserstein distance as a means of defining



the uncertainty region of demand distributions. To our knowledge, the first direct applications of the Wasserstein
distance to optimization problems have occurred very recently in [46, 47]; the former uses Carathéodory-type
results to reduce the support set of an infinite-dimensional optimization problem to a finite set and the latter uses
the Wasserstein distance as one of several statistical metrics to define risk measures for portfolios. Even more
recently, the papers [22, 24] shows how to apply complementary slackness principles to solve a very large family
of distributionally robust optimization problems subject to Wasserstein distance constraints; their use of convex
duality theory is closely related to our own derivation in Section 2.2. For general problems (i.e. not those related
specifically to vehicle routing), a variety of other statistical metrics (or pseudo-metrics) have been used previously
for solving distributionally robust optimization problems; such metrics include the Kullback-Leibler divergence,
Hellinger distance, x2-distance, total variation distance, or Kolmogorov-Smirnov statistic [8].

There are three reasons why the Wasserstein distance is a particularly appropriate choice for our problem of
interest: first, the Wasserstein distance allows one to directly make comparisons between a discrete distribution
(such as the empirical distribution consisting of a collection of data points) and a continuous distribution, as
we have previously noted in Figure 1; this it not possible in (for example) the Kullback-Leibler divergence, the
Hellinger distance, or the total variation distance. Secondly, the Wasserstein distance is in a sense “inherited” from
the Euclidean distance, inasmuch as the distance between two distributions is defined as an integral of Euclidean
distances. Since we are concerned with obtaining a probability distribution whose induced TSP tour is as long as
possible (in an asymptotic limit as many samples are taken), and a TSP tour is also measured using Euclidean
distances, the Wasserstein distance is a particularly appropriate choice. The third reason is purely practical: it
turns out that the ambiguity set of distributions characterized by a Wasserstein distance threshold gives a very
concise, closed-form expression for the worst-case distribution for our problem. As we will later show in Section 3.2,
a fourth a posteriori justification for the use of the Wasserstein metric is that the worst-case distribution that one
obtains for this problem is closely related to that of the classical geographical gravity model, which arises in many

models of spatial interaction.

1.3 Notational conventions

Our notational conventions throughout this paper are as follows: integrals over regions in R? are denoted with the
double integral sign [[ dA. The diameter of a region R, denoted diam(R), is the largest possible distance between
two points in R, sup, e ||z — yl|. The vector consisting of all 1’s is written e, whose dimension will always be
clear from context, and the indicator function of a particular condition and the Dirac delta function are written as

1(-) and 6(-) respectively. The Wasserstein distance between two distributions is written D(-,-) and is defined in



the next section. We will commit a slight abuse of notation and use the expression TSP(z1,...,z,) to represent
both the shortest tour that goes through a set of points as well as the length of that shortest tour. Finally, for any

univariate function f(x), we say that f(z) € o(g(x)) as x — oo if limy_,oo f(2)/g(z) = 0.

2 Analysis

Having established our problem of interest and our plan of attack, we now establish some preliminary results in

order to solve our problem concretely.

2.1 Preliminaries
In order to retain mathematical rigor, we find the following results useful:

Definition 1 (Wasserstein distance). Let p; and ug denote two probability measures defined on a compact planar

region R. The Wasserstein distance between p; and ps, written D(uq, ), is defined as

Dluyiz) = inf //// lz -yl dn(z,y), (2)
mEll(p1,p2) RXR

where TI(u1, ug) 3 7w(x,y) is defined as the set of all probability measures on R x R whose marginals are p; and po,
that is, the set of all probability measures that satisfy 7(A x R) = p1(A) and 7(R x B) = uz(B) for all measurable
subsets A, B C R.

The Wasserstein distance can be thought of as a generalization of an assignment problem: for example, when
w1 and po are discrete distributions consisting of n points each with equal mass, the Wasserstein distance between
the two is simply computed as the cost of a bipartite matching (multiplied by a normalization term of 1/n). This
interpretation is suggested in Figure 1.

Our notion of distributional robustness relies on the following famous theorem, originally stated in [7] and further
developed in [42], which relates the length of a TSP tour of some points with the distribution from which they were

sampled:

Theorem 2 (Beardwood-Halton-Hammersley (BHH) Theorem). Suppose that X = {X1, Xs,...} is a sequence of
random points i.i.d. according to a probability density function f(-) defined on a compact planar region R. Then

with probability one, the length TSP(X) of the optimal travelling salesman tour through X satisfies

. TSP(X)
1\}1_{1100 W = 5!; V fe(z)dA

10



where B is a constant and f.(-) represents the absolutely continuous part of f(-).

Note in particular that 8 does not depend on f(-). It is additionally known that 0.6250 < 8 < 0.9204 and
estimated that 8 ~ 0.7124; see [4, 7].
The following classical result from [35] will be useful in confirming the existence of an optimal solution of the

problem that we will construct:

Theorem 3 (Lagrange Duality). Let ¢ be a real-valued convex functional defined on a convex subset Q of a vector
space X, and let G be a convex mapping of X into a normed space Z. Suppose there exists an x1 such that G(xa) < 0,

where 0 is the zero element, and that inf{d(x) : x € Q, G(x) < 0} is finite. Then

xeﬂ}g(fx)gﬁ(x) = Izggﬂggsﬁ(x)ﬂg(x),ﬂ

and the mazimum on the right is achieved by some zj € Z* such that z§ > 0, where Z* denotes the dual space of Z
and (-,-) denotes the evaluation of a linear functional, i.e. z*(G(x)). If the infimum on the left is achieved by some

1w € Q, then (G(1), z5) = 0, and x minimizes ¢(x) + (G(x), z5) over all x € Q.

Finally, the Wasserstein distance between a discrete distribution consisting of points {1, ..., z,} with uniform
probabilities 1/n and a continuous probability density function f defined on a compact planar region R can be
obtained by solving the following infinite-dimensional optimization problem:

n
Irlr(u)mmllnz(e) ; JJ |l — ;|| f(z)L;(x) dA s.t.
[ r@n@da = 1/n i
R

Y Iilz) = 1 VzeR
i=1

Li(z) > 0 Vi,VzeR;

here the value I;(z) simply describes the amount of the distribution at point € R that should be moved to point
z;. The lemma below summarizes some basic results on the Wasserstein distance between a probability density and

an empirical distribution:

Lemma 4. Let f denote a probability density function on a compact planar region R and let f denote an atomic
distribution consisting of distinct points x1,...,x, € R each having probability mass 1/n. Then the following

statements are true:

11
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1. The Wasserstein distance D(f, f) is the optimal objective value to the concave maximization problem

maximize JJ f(z) mlln{||:c — x| — A} dA s.t. (3)

where e € R™ denotes a vector whose entries are all 1’s.

2. For any A, a valid supergradient for the objective function of (3) is the vector g € R™ defined by setting

gi=— [ f@)da,
R;
where each R; is a connected piecewise hyperbolic region characterized by
Ri={zeR:le -zl - X <z —=z] - Vj#i};
that is, for any other )\l, we have

JJ 1@y minglla =il = Xy dA < [f f)mingle — il - A} dA +gTN - ).

3. If X* is a mazimizer of (3), then an optimal Wasserstein mapping between f and f is obtained by defining
Ri={reRefa—af ~ N <l — oy - X) Vj#i)

for each i and transporting all of the mass of each R to its associated point x;.
4. If f(x) >0 for all x € R, then there exists a unique mazimizer A*.

Proof. Statement 1 is a well-known special case of the Kantorovich duality theorem; see for example Theorem 1.3
of [44] for specific details. Proofs of statements 2-4 are routine and can be found in Section A of the Ounline

Supplement. O

The key insight that the above theorem yields is the reduction of an infinite-dimensional problem to a finite-
dimensional problem by way of Lagrange duality. Statement 3, for example, is a direct consequence of complemen-
tary slackness; it says that if [z — x;|| — A} < [lz — 2;|| — A}, then the optimal Wasserstein mapping from f and f

must not transport any mass near  to point ;. The economic interpretation of the regions R relative to the dual

12



variables A\¥ can be found in [18]; in a nutshell, the sub-regions R} that characterize the mapping are equivalent to

market regions induced by a mill pricing scheme at each of the points z;.

2.2 Worst-case distributions with Wasserstein distance constraints

The input to our problem is a set of distinct demand points x1,...,z, in a compact planar region R, which we
assume are sampled from some (unknown) distribution function f. By rearranging the terms of Theorem 2, we can

write

TSP(z1,...,2a) = BV [[ V/F)dA + o(v/n)
R

with probability one as n — co. Since 3 is a constant and \/n is independent of the distribution f by definition,
we therefore conclude that the “worst” distribution whose induced TSP workload is as large as possible (subject to
whatever other constraints might be present) is precisely that distribution that maximizes ﬂR \/m dA. In the
terminology of Section 1.1, this means that we can use ®(f) = [[, \/f(z) dA and that ®(f|p,) = Ip, Vf(x)dA
for a district D; C R.

We now let f denote the empirical distribution on these n points ;. We will search through all distributions f
whose Wasserstein distance to f is sufficiently small, i.c. where D(f, f) < t; here D(-,-) is the Wasserstein distance
from Definition 1 and ¢ is a parameter that will be discussed in Section 3.1. The problem of finding the worst-case
TSP distribution, subject to the Wasserstein distance constraint, is then written as the infinite-dimensional convex

optimization problem

max}mize Lf vV f(z)dA s.t. (4)

D(f.f) < t
[[ r@yaa = 1
R
flz) > 0 VzeR.

This is our problem of interest throughout this paper. We will embed f in the Banach space L!(R), which consists

of all functions that are absolutely Lebesgue integrable on R.

13



2.2.1 Structure of the worst-case distribution

A

Here we describe the solution to (4). To begin, we apply Lemma 4 to express the distance constraint D(f, f) <t

in (4) differently, obtaining the equivalent formulation

feL (R)

maximize fj m dA s.t. (5)
R
[[ wyminglo — il - A}dA <t VAseTA=0

[[ f@yaa = 1
R
f(@)

IN

0 VxeR.

Y

This is an infinite-dimensional problem with an infinite-dimensional constraint space and is therefore best addressed

using Theorem 3; before doing so, we find the following result useful:
Lemma 5. There exists a unique optimal solution f* to problem (5), and f*(x) >0 for all x € R.

Proof. The fact that the optimal solution is unique (provided one exists) is an immediate consequence of the fact
that the square root function in the integrand of (5) is strictly concave. To prove existence, let {f7} denote a
sequence of feasible inputs to (5) whose objective values converge to a supremum. For each f7, let A denote a
value of A that induces the optimal Wasserstein mapping between f7 and f as described in Lemma 4, i.e. that

solves problem (3). It is easy to verify that the iterates A lie in the compact set A, defined by
A={XxeR":e" XA =0, \; < diam(R)Vi} ,

because any A lying outside A would force some sub-regions to be empty. Therefore, the sequence {)\j } must have a
convergent subsequence with a limit A*, inducing a partition R}, ..., R’ as in statement 2 of Lemma 4 that satisfies
HR‘* f(@)dA = 1/n for all i. Standard arguments then show that the true worst-case distribution f* is precisely

the solution to the problem

14



maximize jf vV f(z)dA s.t. (6)

fELY(R)

ﬁfﬁﬁu—xMﬂmdA

< t
i=1 R
1
Hf(x)dA = - Vi
n
R;
fx) > 0 VzeR

(this is an immediate consequence of the fact that the optimal objective cost to (6) varies continuously as the vector

A*, which defines the partition R},..., R}

no

is perturbed). This problem has a finite-dimensional constraint space,

and it is routine to apply Theorem 3 to (6) to derive the dual problem

o 1
minimize 7 zij VOHQU—%H s dA—i—I/ot—}—ﬁ(m + ) s.t. (7)

wllz—zi||+v > 0 VYxzeR] Vi

whereby we conclude that the optimal solution f* to (6) must take the form

1
(x) = 8
U 07 P ®
on each sub-region R}. This satisfies f(x) > 0 for all € R and completes the proof. O

The functional form for the optimal f* can in fact be simplified further:

Theorem 6. The worst-case distribution that solves problem (5), and therefore (4), takes the form

1
A(vg mingflz — i — AT} +v7)?

fr(x) =

with vy, vy > 0 and el \* = 0.

Proof. The major difference between the form of f* as written above and the form described in (8) is the fact

that the expression in (8) is not guaranteed to vary continuously as we move from one region R} to another; the
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expression (9) is continuous by inspection. We first note that the constraint
ﬂf(x) min{|jz — z;]| - N}dA <t YA:eTA=0
= 3
can be restricted to merely the compact set
A:={XxeR":e"XA=0, \; < diam(R) Vi}

because, if A; > diam(R) for some 4, then ||z — z;|| — A; < 0 for all x and the constraint is obviously satisfied. We
will apply Theorem 3 where X = L!(R),  is the subset of the non-negative orthant in L'(R) that integrates to 1,
and 2z consists of all continuous functions on A, i.e. 2= %(A) (note that z satisfies the interior point requirement
of Theorem 3 because inequalities are simply taken elementwise in A). We define ¢(x) : X - Rand G(x) : X — 2

as the maps sending

fe [ Vi@)da

and

S fJ ey mingla =il = A} dA — ¢
R

respectively, where the right-hand side of the second expression is regarded as a continuous function of A. The dual
space Z* consists of all regular signed Borel measures on A (this is the Riesz representation theorem; see e.g. [40]).
However, Lemma 5 shows that f*(z) > 0 on R, and therefore the optimal A* that solves problem (3) is unique by
statement 4 of Lemma 4. This implies that G(x) = [[ f(z) min;{[|z — ;]| — A\;} dA — ¢t < 0 whenever A # A", and
therefore, since (G(x), z*) = 0 at optimality, it must be the case that z* is zero everywhere except for (possibly at)

A*. Thus, we conclude that z* is an evaluation functional at A* (multiplied by a scalar), so that

(6(x), ") = q" ( | F@)ymindlle - z:f = A} dA - t)
R

for all feasible f, where ¢* > 0 is some scalar. Theorem 3 then says that f* must also be the solution to the problem
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maximize jf Vf(x)dA+q* (ff f(x) miin{||a: — ;|| = AT }dA — t) s.t.

JELI(R) I )
ﬂ f(z)dA
R

fz) > 0 VzeR

Il
—

or equivalently, the problem

feL*(R)

maximize fj v f(x)dA s.t.
R
{] f@) min{|lz =i — A} dA
R
ﬂf(x)dA =1
R

flx) > 0 VzeR.

IN
-

It is routine to verify that the constraint ffR f(xz)dA =1 can be replaced with an inequality (in a nutshell, this is
because we are allowed to make f(z) as large as we like when || — z;|| — Af < 0 for some index 7). Thus, we can

apply Theorem 3 again to the problem

maximize ff Vv f(z)dA s.t.

FELY(R) 75

{] f@)min{jl =i — A} dA

R

IN
~

jj fz)dA < 1

f(x) > 0 VeeR

to derive the 2-dimensional dual problem

1
minimize

dA t .t. 10
vo,v1 g 4(vo min {||z — ]| _/\;}4_”1) + vot + 11 S (10)

vomin{|lz —x;|| = A} +v1 > 0 Ve eR
Vo, V1 2 0 ;
the optimality conditions of (10) describe precisely the desired form of f*, which completes the proof. O
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Figure 3: Two views of an example of f*(z) as described in Theorem 6, where there are n = 10 points. In 3a,
the shading represents f*(x) and the dashed lines indicate the optimal Wasserstein map between f* and f. By
construction, the vector A* induces those dashed lines, as described in Lemma 4.

Figure 3 shows a surface plot of a worst-case distribution f*.

Remark 7. Many problems in distributionally robust optimization have objective functions and constraints that
are linear in terms of the unknown distribution f (for example, the expectation operator). For such problems,
Carathéodory-type theorems imply that the worst-case distribution will consist of a finite number of points, even
when one uses ambiguity sets defined by the Wasserstein distance; see for example [46]. As a consequence of this
fact, it is sometimes the case that one can determine the worst-case distribution using only one iteration of a
finite-dimensional optimization problem; this turns out to hold (for the Wasserstein metric) in [22, 47], for example.
Because of the non-linearity in the objective, our worst-case distribution f* is smooth; we will describe an iterative

scheme for finding it in Section 2.3.

Remark 8. One of the salient attributes of the worst-case distribution f* is that the presence of the square root
in the objective of (4) establishes an inverse proportionality between the optimal solution f*(z) and the square of
the distance to one of the data points x; (with some additional additive and multiplicative weights from the dual
variables v* and A*). This same inverse proportionality is shared by the classical geographic gravity model [3],
which is “the most common formulation of the spatial interaction method” and has historically been used to model
a wide variety of demographic phenomena such as population migration, spatial utility for retail stores, and trip
distributions between cities. This would appear to lend credibility to our solution f*, inasmuch as it takes a form

that closely matches that of distributions for related problems.

Remark 9. The earlier paper [16] considers a problem closely related to (4) in which one has constraints on the
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A

mean and covariance of f instead of the constraint on D(f, f); that problem is written as

maximize ff vV flz)dA s.t. (11)
R

feL*(rR)
[[ef@aa = u
R
ffxfo(cv)dA < Y+ up”
R
[[ r@yaa = 1
R

fx) 0 VzeR.

Y

As we have noted in Figure 2, mean and covariance information may not be sufficient to give any useful information
on the ambiguity set of distributions. It is more desirable to describe this ambiguity set in a way that is guaranteed
to make better use of sample points as they become available. It is well-known (e.g. Section 2 of [14]) that
the Wasserstein distance between the empirical distribution f and the true distribution f converges to zero with
probability one as n — oo. This, coupled with some routine analysis, guarantees that the objective cost of our

proposed formulation (4) will eventually be the same as that of the ground truth distribution:

Theorem 10. Let X = {X1,Xs,...} be a sequence of random points i.i.d. according to an absolutely continuous
probability density function f() defined on a compact planar region R. For any positive integer n, let fn denote
the empirical distribution on points {Xi,...,X,}. Then with probability one there exists a sequence {ti,ta,...},

converging to 0, such that the optimal objective value of the problem

maximize jj Vv f(z)dA s.t. (12)

fELX(R)
D(f, fn) < tn
ﬂ fz)dA = 1
R
fle) > 0 VzeR
approaches the ground truth (i.e. [[;, \/f(z)dA) asn — oo.
Proof. See Section B of the Online Supplement. O
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2.3 Finding the worst-case distribution efficiently

The preceding section established that the worst-case distribution that solves (4) can be expressed in terms of
optimal vectors A* € R” and v* € R2. This section describes a simple method for calculating A* and v* efficiently

by way of an analytic center cutting plane method [11]. Recall that our problem of interest, as written in (5), is

maximize fj VvV f(x)dA s.t.
R

feL*(R)

fjf(m)m_in{”:c—xiﬂ—)\i}dA < t VA:eTA=0

[[ f@yaa = 1
f(z)

Y

0 VxeR,;

thus, it is certainly true that if we fix any specific value X such that e” X = 0, then the following problem is a

relaxation of (5) and hence has an objective value that is at least as large as that of (5):

feL(R)

maximize ff vV f(z)dA s.t.
R

IN
~

JJ f@) min{jle — i) = X} dA
R
ﬂ fx)dA = 1
R

fz) > 0 VzeR.

It is natural to consider the problem of selecting the particular value of A that makes the above relaxation as tight
as possible. In fact, our proof of Theorem 6 says that there exists a particular value of X, namely A*, such that the

above relaxation is actually tight; in other words, the optimal distribution f* is the solution to the problem

maximize fj vV f(z)dA s.t.
R

feL (R)

IN
~

[[ f@) minflle — i) - A} dA
R
ﬂ fx)dA = 1
R

f(z) 0 VzeR

Y
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for an appropriately chosen vector A*. Thus, the problem of finding A* actually reduces to the optimization problem

minimize max fj vV f(z)dA s.t. (13)

AER feQ()\)R
e = 0

Ai < diam(R) Vi
where Q(A) is the subset of L!(R) consisting of all functions f such that

[f r@ymingle - il - A}dA <
R

ﬂf(g;)dA
R
flz) > 0 VzeR.

|
—_

Of course, the inner problem of maximizing f given A is easily solved because the gradient vector for the dual
problem
minimize jf - 1
Vo o) 4(vo ming{ ||z — =] — M} + 1)

vomin{||z —z;|| — N} +1r1 > 0 VzeR

dA + vot + 11 s.t. (14)

Vo, V1 Z 07

as derived in the proof of Theorem 6, can be computed explicitly. Thus, we simply require a better understanding

of problem (13):
Lemma 11. The (outer) objective function of problem (13) is quasiconvex, i.e. its sub-level sets are convex.

Proof. For notational compactness, let G(A) denote the objective function of (13). Recall [12] that G(A) is quasi-

convex if and only if, for any AL A% and any 6 € [0,1], we have
GO + (1 — 0)A?) < max{G(A"),G(A})}.

Let A = 0A" + (1 — 0)A* and let f denote the distribution that maximizes ([, /f(z)dA over all f € Q(X); it will
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suffice to prove that either f € Q(A') or f € Q(A?). By definition, we have
|f F@) minglle — i) = A}dA <,
R

and the left-hand side of the above inequality is a concave function in A (if we fix the function f). Thus, if we let

S denote the line segment joining A* and A (which, of course, contains 5\), we see that the problem
miginize Lf f(zx) rniln{||x — x| — AN} dA

must realize its minimizer on the boundary of S (since we are minimizing a concave function), i.e. the point Al or
A% Therefore, it must be the case that [[,, f(z) min;{||z —z;|| = A1} dA < t or [[, f(z) min;{||lz —z;|| — A?} dA < ¢,

which completes the proof. O
The following theorem describes a cutting plane oracle for the outer problem (13):

Theorem 12. Let X satisfy e’ X = 0 and let f be the solution to the inner problem of (13) (i.e. f mazimizes
[l /(@) dA over all f € QX)). Then the vector g € R" defined by setting

gi=—|[ f)aa
R;
for all i, where R; is defined as
Ri = {zer: |z — x| — X < |l — 25| — A, Vi #i},

defines a valid cutting plane for problem (13); that is, ing()\/—j\) < 0 for some by satisfying eT\ = 0, and f is the

solution to the inner problem of (13) associated with X', then max ;o) [Jr vV f(@) dA > max ;o) [[r v f(2) dA.

Proof. Statement 2 of Lemma 4 says that, for any other /\/, the assumption that gT(X — ) <0 yields
| F@)min{lle —ail| = X} dA < [[ F@)min{le — ]| = A} dA+g" (N =X) < [[ f@) min{|le =] - A} dA <t
R R R

which implies that f € Q(A) and therefore that max ;) [Jp v f(@) dA > max;cq s [fr /f(2) dA as desired.
O

We now have a fast method for generating cutting planes associated with problem (13) and thereby recovering
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the distribution f* that solves problem (4); see Algorithm 1 for a formal description.

Input: A compact, planar region R containing a set of distinct points z1,...,x, which are interpreted as an
empirical distribution f , a distance parameter ¢, and a tolerance e.
Output: An e-approximation of the distribution f* that maximizes HR v/ f(x) dA subject to the constraint
that D(f, f) < t.

/* This is a standard analytic center cutting plane method applied to problem (13), which
has an n-dimensional variable space. *x/

Set UB = oo and LB = —o0;

Set A={AeR":ef'A =0, \; < diam(R) Vi};

while UB — LB > ¢ do

Let A be the analytic center of A;

/* Build an upper bounding f for the original problem (4). */

Let i, 71 be the solution to problem (14) with A as an input;

Let f(x) = i(ﬂo ming{[|z — 2;]| — \i} + 1) 7%

Let UB = [[, \/ f(z) dA;

/* Build a lower bounding f that is feasible for (4) by construction. */
Let R ={r € R: ||z —zi|| = \i < |z —m]| = N\; Vj#i}fori={l,...,n};

Let & € R™*! be the solution to problem (7) with inputs Ry, ..., Ry;

Let f be defined by setting f(x) = 1 (i0||z — x4]| + ;)% on each R;;

Let LB = [[, \/%dA;

Let g; = —Hgi f(x)dA fori={1,...,n};

Let H={AcR":g"Xx>g" A} and set A = ANH;
end

return f;

Algorithm 1: Algorithm WorstTSPDensity takes as input a compact planar region containing a set of n
distinct points, a distance threshold ¢, and a tolerance e.

3 Practical considerations

In solving a distributionally robust districting problem, there are a number of practical considerations that arise;

we describe some of them here.

3.1 Selecting the distance parameter ¢

A

From the preceding discussion, it is clear that the parameter ¢ in the Wasserstein distance constraint D(f, f) < ¢
from our original problem (4) has a significant impact on the problem solution. Of course, in practice, we do not
have any way of a priori calculating an exact value of t. However, in order to estimate ¢ in a data-driven fashion,

the following result is helpful:
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Theorem 13. Let fl and fg denote empirical distributions associated with two sets of independent samples of n

points from a distribution f. Then

P N N ~ A

SED(f1, o) < BD(f, ) < BD(j1, fo).

Proof. This is due to [14], and follows from Jensen’s inequality and the triangle inequality. O

The above result is useful because the distance between the two empirical distributions D( fl, fg) is simply the
cost of a minimum-weight bipartite matching between the elements of fl and fg, multiplied by a factor of 1/n.
Thus, one simple, “back-of-the-envelope” procedure to select the distance parameter ¢ would be to sample two sets
of n points each, let ¢ be equal to the cost of the minimum-weight bipartite matching between them, and set t = ac
with a € [1/2,1].

If we desire rigorous probabilistic bounds on ¢, more sophisticated machinery is required. Although there exist
a number of results of this kind (e.g. Theorem 2 of [23]), nearly all of them depend on additional distributional
information such as exponential tail bounds; this was previously noted (in the context of robust optimization) in
Section 7.2.B of [22]. One positive example is Theorem 6.15 of [45], which gives a useful bound on the Wasserstein

distance between two probability density functions f; and fo by

D(f1, f2) < [[ w0 = @] - | fa(2) = folw)| dA
R

for any z9 € R. Theorem 1(i) of [10] relates the right-hand side of the above to the relative entropy H(f1|f2)

between f1 and f; by the expression

{f ||a:0—a:|-|f1(ac)—f2(x)|dA§( +1ogjj 2Me=aoll £, (¢ )(x/ (filf2) + H (f1lf2) ) :
R

where we define

H(51s) = [[ 7ot og 7153 4.

Let r = ming, g max,er || — zo|| denote the “radius” of R, whence log HR e2lz=woll f,(z) dA < log e*” = 2r. Thus,
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if D(f1, f2) > t, we have

t<D(fi,fo) < [[llwo—2l-|fi(@) = fo(x)|dA

R

< (24—27’)( H(f1f2)+;H(f1|f2))
s HGAR) > 87’72\/161"2+16rt+24r+12t+9+4t+6' (15)

3+ 4r

Next, the paper [9] shows that, for any distribution f with empirical distribution f , we have

1 .
lim sup - log Pr(D(f, f) > 1) < —a()
n—oo N

where the function a(t) is defined as

at) = inf H .
(t) oot (flg)

The result (15) establishes that a(t) > (8 — 2/1612 + 161t + 247 + 12t + 9 + 4t + 6) /(3 + 4r), and therefore we

find that
! F — 21672 + 161t + 24r + 12t At
limsup — log Pr(D(f, f) >t) < _87“ V1672 + 161t + 24r + T+ 4t+6
n—oo N 31 4r
7 8r — 24/1672 + 167t + 24 12t + 9+ 4t + 6
PR s e (‘” : e T?:— 4rr+ — > ’ (16)

where the notation “<” reflects the approximate inequality that results from dropping the “limsup” term. Thus,
given a desired significance level 1 — 6, we can construct a threshold distance ¢ by equating the right-hand side of

(16) to 1 — ¢ and solving for t.

3.2 Variations and extensions
The analysis of Section 2.3 motivates three possible extensions of the existing framework:

Uneven data weights: By definition, the empirical distribution f of the points x1, ..., x, consists of a collection
of n atomic masses at each point, each having mass of 1/n. It is easy to envision scenarios in which one
desires uneven weights: for example, one might use an exponential weighting scheme to emphasize more
recent measurements, or one might use different weights to distinguish between activities on weekends versus
weekdays (or other seasonal effects). If we require point z; to have a mass ¢; associated with it, then we can

find the worst-case distribution f* by solving problem (5), with the one change that we replace the restriction
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that e’ A = 0 with a restriction that q” XA = 0 instead; the form of f* is otherwise unchanged.

Capacitated vehicles: Our approach can also be adapted to solve problems when vehicles have capacities and
originate from a central depot located at the origin. To do so, suppose that each vehicle can visit ¢ destinations
before returning to the depot. The following theorem from [27] provides useful upper and lower bounds for

the cost of a capacitated vehicle routing tour:

Theorem 14. Let X = {x1,...,z,} be a set of demand points in the plane serviced by a fleet of vehicles with
capacity k that originate from a single depot located at the origin. The length of the optimal set of capacitated
VRP tours of X, written VRP(X), satisfies

R

max {ii ], TSP(X)} < VRP(X) <2 PXW : ZB(”“”” +(1-1/k) TSP(X). (17)
i=1

The probabilistic version of this, as derived in Section C of the online supplement, uses the BHH Theorem

(Theorem 2 of this paper) to characterize the length of the TSP term:

\/ﬁ.max{ {[ Il £(2) da, 5ﬂ\/TdA} < VRP(X < {[ 1ol £ dA+ﬁﬂ\/TdA>
(18)
where we set s = k/y/n and we have adopted the notation “<” to denote an “approximate” inequality, both of
which are also explained in Section C. It is immediately obvious that the upper and lower bounds are within
a factor of 2 of one another. Applying the same analysis as in Section 2.2, the worst-case distribution that

maximizes the right-hand side of (18) subject to a Wasserstein distance constraint takes the form

1
(g ming{|lo — zl| = A7} + v — 2l=]))?

fH(x) =

its level sets, i.e. those curves for which v§(||z — ;| — A7) + v — 2|z is constant, consist of piecewise

components of so-called Cartesian ovals [34].

Higher dimensions: The BHH Theorem (Theorem 2) is also applicable in higher dimensions; the general form

says that, when the service region R belongs to R?, we have

lim 2P ﬁdﬂff ) d=1/d gy

N—oo N(d— 1)/d

for dimension-dependent constants 4. Applying the same analysis as in Section 2.2, the worst-case distribu-
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tion that maximizes the right-hand side of the above, subject to a Wasserstein distance constraint, takes the

form
(d— l)df1 1
d? (vg ming{[|z — 24| = A7} +v7)4

fH(x) =

4 Computational experiments

In this section, we apply our theoretical results to two computational experiments: the first experiment shows the
impact of increasing the number of samples n, and the second is a districting strategy in which we divide a map

into pieces so as to to minimize the worst-case workload of any vehicle.

4.1 Varying values of n

In our first experiment, we let R be the unit square, and as a ground truth distribution f we use an even mixture
of two truncated Gaussian distributions with means p1, ue = (0.400,0.187), (0.795,0.490) and covariance matrices
Y1 =% = (%90 870)- This mixture was chosen because it satisfies [[, \/% dA = 0.55 and therefore represents
a compromise between extreme clustering (which would have H,R \/% dA close to zero) and a perfect uniform
distribution (which would have HR \/% dA equal to one). For n € {2,...,100}, we performed 10 independent
experiments where we drew n samples from f and then obtained the worst-case TSP distribution f* by solving
problem (4) via Algorithm 1 (hence, 99 x 10 experiments in total). For each experiment, we defined our distance
constraint using Theorem 13 by setting ¢ to be the cost of a minimum-weight bipartite matching between two
independent collections of samples of size n from f (multiplied by a factor of 1/n); this corresponds to setting
«a = 1. Figure 4a shows a plot of the worst-case TSP costs ffR \/f*i(m) dA as n varies, and Figure 4b shows the
same data, only using the Wasserstein distance threshold t as the independent variable. Not surprisingly, it is clear
that the worst-case cost decreases as n increases and as t decreases. Figure 4b suggests that the worst-case cost,
measured as a function of ¢, decreases in a concave fashion as t — 0. For purposes of comparison, Figure 4d shows
the estimates of HR \/% dA obtained when one uses a uniform kernel density estimator; that is, if we draw n
samples z1,...,x, from f, then we define an estimator f by setting f(z) = &3 (|l — @] < 7), where 7 is a
“bandwidth” parameter and C' is a normalization constant. We used 5 different values of r between 0.03 and 0.3;

note that the estimate ﬂR \Vf (z) dA is highly sensitive to the choice of the bandwidth parameter r.
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Figure 4: Figure 4a shows the worst-case costs that are computed during the 99 x 10 executions of our algorithm;
the gray plots indicate the results obtained from individual samples and the thick line indicates the sample averages
of the 10 trials for fixed n. There are two sets of experiments being represented; the upper plot (indicated with the
dotted black line and the light gray lines) corresponds to the worst-case costs when using the upper bound of ¢ from
(16), and the lower plot (indicated with the solid black line and the dark gray lines) corresponds to the worst-case
costs when using the upper bound of ¢ from Theorem 13. Figure 4b shows the same data set (using only the upper
bound of ¢ from Theorem 13), only we plot the worst-case costs as a function of the Wasserstein distance threshold
t rather than a function of n; the gray points indicate individual experiments and the dark points again indicate the
sample averages of the 10 trials for fixed n. For reference, the actual Wasserstein distance between the samples and

the distribution, D(f, f), is shown in Figure 4c; we computed this using the algorithm from [17]. Finally, Figure 4d

shows the estimates of HR \/ f(x) dA obtained when one uses a uniform kernel density estimator.
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(a) o S

Figure 5: A 3-dimensional LIDAR scan taken from a vehicle travelling along a city street (5a); these measurements
are aggregated together to form point cloud representations of entire cities, as shown in 5b.

4.2 A districting experiment with road network data

In this section, we describe an experiment in which we divide a service region into districts so as to allocate the
workloads of a fleet of vehicles. This experiment is much more elaborate than that of the preceding section because
we compute our TSP tours using data from an actual road network, rather than simply make an assumption that
distances are Euclidean. Our dataset comes from an industrial affiliate, a major North American mapping company,
that is currently using the algorithm described in this section as part of a routing suite that manages a fleet of
100 vehicles on 3 continents. In a nutshell, the problem faced by the affiliate is to collect map data using vehicles
that are equipped with rotating LIDAR, positioning sensors, and high-resolution panoramic cameras. Scans of this
kind usually consist of two stages: the first stage, called a rough scan, is essentially a large-scale, multi-vehicle
Chinese Postman Problem in which the goal is to traverse every street (or a large collection of streets) in a region.
The second stage, which turns out to be equally time-consuming and is the subject of this experiment, is called a
targeted scan, and consists of visiting those points in the region for which the measurements in the first stage were
not adequate; this might be because the driver missed a street, the sensor’s view was obstructed, or because an
alternate vantage point of a particular location is needed. It is often the case that, when performing a 3-dimensional
scan of a structure (see Figure 5 for an example), multiple trips to that structure are needed to accurately recover
the original shape from the measurements.

We describe here an algorithm for designing vehicle districts to minimize the time to completion (i.e. the
makespan) of the targeted scan, or equivalently, the driving duration of the longest route. This problem satisfies

the four attributes identified in the introduction for the following reasons:

1. “The service region is a compact Euclidean domain R, and distances between points are Eu-
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clidean, or close to some “natural” metric such as the ¢! or /> norm.” Each service region is the
metropolitan region surrounding a major city; although distances are measured with respect to a road network

and are thus not Euclidean, we will demonstrate that this discrepancy can easily be taken into account.

. “During each service period, a fleet of vehicles must use travelling salesman (TSP) tours to visit
a collection of destination points in R that are sampled from a probability distribution f.” Here
each “service period” consists of a day, during which time the vehicles drive for 6-8 hours. The destination
points are determined as follows: once the rough scan (the first stage) has been completed, the raw data from
all vehicles are dumped to an in-house cloud computing service, where they are “scrubbed” to identify those
locations that must be re-scanned. Since this scrubbing process is performed in parallel across many CPUs,
and because certain errors take longer to find than others (in fact, many errors are explicitly found only by
human analysts), these locations can essentially be thought of as occurring randomly; the total time horizon

for scrubbing is variable but typically ranges between 2 and 7 days.

. “The goal is to partition R into districts, with one district per vehicle, in a way that is “optimal”
as the number of destination points becomes large.” We seek a districting strategy because it is much
simpler to implement than explicitly computing vehicle tours, and also because additional destination points
may arrive in an online fashion as they are identified by the cloud computing service. Districting strategies
(as opposed to explicit routing strategies) are very common in the mapping industry because of the ease of
operation that is afforded. In addition, since the number of vehicles is fixed, and driver wages are relatively
cheap, the primary goal is to minimize the amount of time until the scan is completed. Since the actual
vehicle tours are traversed over a period of several days (in practice, usually between 5 and 10 days), we have
the opportunity to re-optimize the districts as additional data is collected. For simplicity’s sake, we do not
use any re-optimization because (i) we found that it was only helpful in practice for the most complex cities
such as Istanbul or Paris, and (ii) we do not have any information about when each data point was detected

in the scrubbing process.

. “The distribution f is unknown at the time that the districting decision is to be made, and
there is only a set of independent samples from f available to make the districting decision.” The
districting decision must be made soon after the rough scan is completed, at which point there are a limited
number of sample points available that are obtained from scrubbing the initial dataset. The sample points
are generated overnight, after the rough scans are completed. Their distribution is non-uniform throughout

the region because of spatial clustering: for example, erroneous data points often arise due to a complex
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3-dimensional object (e.g. a sculpture or some elaborate architecture) or if the sun is shining at an unusual

angle, so that many of the measurements in a localized area are affected.

The assumption of independence is a strong one and requires some care. Simply put, it arises due to the
fact that scrubbing takes place across many CPUs simultaneously. As an extreme example, if one were to
use a single CPU to process the dataset, it would scan through the measurements and detect errors in the
same order that the vehicle visited them. Thus, the samples would appear in an extremely dependent way.
Conversely, if we distribute the scanning process across many CPUs, then each CPU is responsible for only
a small leg of the vehicle’s tour, and two CPUs might detect errors in two entirely separate locations at the

same time. As more CPUs are used, we see less dependence between (temporally) consecutive samples.

The purpose of this experiment is two-fold: first, we aim to demonstrate that the proposed continuous approximation
techniques are actually useful for solving practical problems, and second, we then seek to show that our proposed
methodology is superior to that of existing approaches. There are 13 different service regions R that will be studied,

all of which are metropolitan regions in Western Europe.

4.2.1 Validation of continuous approximation methods

In order to apply our results to solve a practical problem, it is necessary to first confirm that the continuous
approximation method remains valid and useful even when point-to-point distances are not Euclidean and are
instead measured according to a heterogeneous road network. In order to take this factor into account, we should
first note that Theorem 2 actually holds under much more general conditions than the Euclidean TSP, and remains
valid when one considers the TSP under many “natural” norms or even other combinatorial structures such as
the minimum spanning tree or Steiner tree (more precisely, Theorem 2 holds whenever the underlying structure is
a subadditive Euclidean functional; see [42] for an extensive study thereof). Obviously, the coefficient 8 depends
on the choice of structure. The following example is useful in designing an appropriate framework to handle this

disparateness:

Example 15 (Varying metrics in a region). Consider a set of n points sampled according to a distribution f in

the unit square, with distances d(z1,x2) between pairs of points z; = (2}, 2?) and x5 = (23, 23) defined as follows:

e If 1 and x5 are in the lower left quadrant, then d(x;,z2) is the Euclidean distance between z; and 5.
e If z; and x5 are in the lower right quadrant, then d(zq, z3) is the ¢! distance between 7 and xs.

e If 21 and 9 are in the upper left quadrant, then d(z1,x2) is the £*° distance between z; and z5.

31



!
UI:?*N,

?%W

Figure 6: The TSP tour of a collection of points uniformly sampled in the unit square, with varying metrics
depending on quadrants. The dashed lines in the paths in the upper left quadrant correspond to the smaller of the
two directions (horizontal or vertical) between points, which is relevant because the ¢>° distance is used.

e If xy and x5 are in the upper right quadrant, then d(x1, z2) = \/(xl — 29)T A(x1 — 23), where A is a symmetric

positive definite matrix.

e If x1 and x5 are in different quadrants, then d(z1,z2) is determined by a tie-breaking rule of some sort (the

details of which are not relevant).

The TSP tour of a set of points under these assumptions is shown in Figure 6. If we let @1, ..., Q4 denote the four

quadrants of the square, then it is routine to verify that we in fact have

_ TSP(Xy,...,XN) —
i T 25, [ Vs

where each ; is associated with the metric on quadrant @Q; (e.g. (1 is the Euclidean TSP coefficient); one can

verify this by proceeding through the proof of the BHH theorem in (for example) Chapter 2.4 of [42].

Example 15 suggests a general approach that is useful when the service region R has a heterogeneous road

network: if we decompose R into a collection of “patches” ()1,...,Qk, then we adopt the approximation
K
TSP(X1,...,Xa) = V- > Bi ﬂ VI o(z)dA.
i=1 Qi

One can estimate the values (3; as follows: if we sample a set of k points uniformly in @Q; and compute the duration
of their TSP tour ¢; (using the road network), we would expect to see that £; ~ (;1/Area(Q;) - k; this is simply
the uniform case of the BHH theorem applied to points constrained to lie in ¢);. Thus, a sensible estimate of (; is
given by setting §; = ¢;/ \/W. In this experiment, we discretize the region R into a collection of patches

Q; of size 2km x 2km, and estimate each coefficient 3; using k = 10 samples (a larger number would be preferable,
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Figure 7: The shading in Figure 7a, which shows the Copenhagen metropolitan region, indicates the values of
B; associated with each of the square patches (darker patches correspond to higher values of ;). Figure 7b is a
histogram of these same values. Those values of 5; that are extremely small correspond to regions in which multiple
distinct locations are geocoded to the same point (e.g. a large shopping mall, or a square that just barely overlaps
with the coastline of the region).

but the mapping API that we use [21] imposes a limit of at most 100,000 queries per day); Figure 7 shows the
resulting values when R is the Copenhagen metropolitan region. We emphasize that these values §; are computed
with respect to the driving duration (not the length) of the TSP tour in each path Q;, measured in minutes; for
example, if we sample k = 10 points in a cell @); that has 8; = 3, then we estimate that the duration of the TSP
tour of these 10 points will be §;1/Area(Q;) - k = 3v/4 - 10 ~ 19 minutes.

4.2.2 Worst-case distributions for districts

When dividing R into districts D1, ..., D,, that minimize the worst-case vehicle workloads, the problem of interest

becomes

maximize fj vV f(x)dA s.t. (19)

fELY(R) )
J

JJ F@) minflle =@ - A} da
[ f@yaa = 1
R

f(z) > 0 VzeR.

t YA:efA=0

IN

for each sub-region D; (this is identical to (5) except for the domain of integration in the objective). The worst-case

distribution associated with each district D; is characterized as follows:
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Theorem 16. The worst-case distribution that solves problem (19) takes the form

1
A(vg ming{ ||z — @il = AT} +v7)?

(@) =

} 1(x € D;) +pr5(ac—xi)

with v§, v >0, e’ A* =0, and 0 < p; < 1. Moreover, we have p; = 0 whenever x; € Dj.

Proof. This is almost identical to the proof of Theorem 6 and we omit it here for brevity. The intuition behind the
Dirac delta components is not difficult: if any mass of f* is located outside district Dj;, then it does not contribute

to the objective and therefore should contribute as little as possible towards the Wasserstein distance constraint. [

4.2.3 Districting criteria

In order to divide each service region R into districts, we use a computational geometric structure called a power
diagram [5], which has frequently been applied to districting problems in existing literature on vehicle routing
[31, 37]. Given a set of “depot points” p1,...,pm, in R and any vector w € R™, the Euclidean power diagram of R

with respect to p1,...,pn, and w is a partition of R into districts Dy, ..., D,, defined by
Dy ={z e R:|lz —pil> —w; < [lz —pj||* —w; Y} . (20)

In our experiments, the depot points are given to us by the drivers (typically their hotel rooms or apartments), and
we substitute road network distances in place of the Euclidean norm. Since the depot points are fixed and given to
us, we control the shapes and sizes of the districts D; by varying the weight vector w; note that if we increase w;
while fixing the other terms wj, the district D; expands. In our experiment, we compare four different partitioning

criteria:

Wasserstein robust partitioning Problem (19) in Section 4.2.2 of this paper describes the structure of the worst-
case distribution that maximizes the asymptotic workload in a particular district, subject to a Wasserstein
distance constraint. Thus, it is sensible to seek a weight vector w* that results in districts Dy, ..., D,, such
that the solution to (19) is equal for each district (in other words, the worst-case workloads are the same for
all districts). Section 5 of our previous paper [16] describes a branch-and-bound scheme for finding w* that

is based on a simple set of monotonicity properties that can be directly applied to this problem.

Kernel-based partitioning: Given a set of samples z1,...,x, € R, another natural approach is to build an

artificial distribution f with a kernel density estimator, as we have seen in Section 4.1. For example, if we use
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a uniform kernel function with bandwidth parameter r, then we have

n

DoA(le—af <)

=1

Fla) = —

mrn

It would then follow that the TSP tour of the additional points should be related to \/%, by the BHH
theorem. In order to take the heterogeneous road network into account, the g; terms are needed. Committing
a slight abuse of notation, let 8(x) be a step function representing the ;’s and their associated @;’s, that is,
B(x) ==K, Bil(z € Q;). The TSP workload in a district D; would then be estimated as I, Bx) f(z)dA,
and a natural districting criterion would be to construct districts such that this value is equal for all districts.
It turns out that this is very simple because the optimal weight vector w* is the Lagrange multiplier vector

of a semi-infinite assignment problem which is well studied; see for example [17].

Mean-covariance robust partitioning: Section 5 of our earlier paper [16] describes a branch-and-bound method
for partitioning a region R into a power diagram partition in which the worst-case workloads for all districts
D; are equal. Here, the “worst-case workloads” are defined via robust optimization, specifically the solution
to (11). In other words, we construct a power diagram partition against all distributions whose mean and

covariance matrix are equal to the fixed values obtained from the sampled points x1, ..., z,.

TSP-based partitioning: A very natural, common-sense strategy is to simply construct districts based on the
TSP tours of the sample points. In other words, we select weights so as to minimize the maximum TSP tour
of each of the districts, that is, to minimize max; TSP({z1,...,2,} N D;). We can do this using the same

monotonicity property as in our algorithm from [16].

4.2.4 Results

We applied the four aforementioned districting criteria to problem instances defined on 13 different metropolitan
regions using data provided by our industrial affiliate, where the goal is to partition each region into m = 3 districts.
When using the Wasserstein partitioning criterion, we set the distance threshold ¢ using the result from Theorem 13
with a = 1. Specifically, we split the sample points into two equally-sized (random) sets fl and fg, and computed
a minimum-weight bipartite matching between the two; this process was repeated over 100 independent trials. We
found this bound preferable to the rigorous result from (16) because, even for very low significance levels 1 — 6, the
distance threshold becomes unrealistically high (more specifically, the uniform distribution lies in the distributional
ambiguity region, which is plainly not the case as the plots make clear). When using the kernel density estimator,

we used bandwidth values of r € {3km, 9km, 18 km}. Six of these regions are shown in Figure 8, and Figure 9 shows
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the output of our method (as well as the other districting criteria) when applied to a map of the metropolitan region
surrounding Copenhagen. In each of these experiments, the sample points (i.e. the larger markers in Figures 8 and
9) were provided by our industrial affiliate, and were identified during the overnight scrubbing process that occurred
after the vehicles’ rough scans were finished. These sample points were identified automatically by software; most
of the remaining destinations were detected by human analysts. The complete results of all 13 metropolitan regions
are shown in Table 1, in which the “costs” are determined by computing the duration of the longest of the m = 3
TSP tours. Table 1 also shows two additional pieces of information: one is the column labelled “Best possible cost”,
which is obtained by computing the duration of the TSP tour of all of the points, and dividing that by 3 (the
number of districts); this represents the best cost that could be realized if the workloads were distributed perfectly
evenly. The other is the column labelled “Worst-case cost”, which is the worst-case cost obtained when partitioning
according to the Wasserstein criterion.

Note that the Wasserstein partitioning method out-performs the other five criteria in a plurality of instances (6
out of 13), as compared to 3 out of 13 regions for which the TSP-based partitioning is the most desirable. Moreover,
the total makespan for all 13 regions, as shown in the last row of the table, is more than 50 hours less when using
the Wasserstein criterion than the next best method (363.6 hours compared to 418.6). Since a typical workday
for drivers does not exceed 8 hours, this would suggest that the total time needed to complete the scans of all 13
regions is reduced by a week. Note also that the Wasserstein partitioning criterion (among others) makes better
use of data as it becomes available; this is apparent by comparing the result from (for example) Bergen, which has
only 19 samples, with the result from Malmo, which has 60 samples (note that both the worst-case cost and the
Wasserstein cost are closer to the ground truth cost and the best possible cost respectively when there are more

samples available).
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(a) Amsterdam (b) Geneva

(c) Goteborg (d) Malmo

(e) Oslo (f) Zirich

Figure 8: Six of the metropolitan regions surveyed in the computational study; the larger markers indicate data
samples x; and the smaller markers indicate additional locations that were realized later.
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(a) Input
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(b) Wasserstein partition (¢) TSP tour (d) TSP tour

-« : - ; P ; - ; -«
(f) Kernel partition 1, r =(g) Kernel partition 2, r = (h) Kernel partition 3 (i) Mean-covariance parti- (j) Tour partition
3km 9km tion

Figure 9: The result of various partitioning schemes applied to a map of Copenhagen and its surrounding metropoli-
tan area. Figure 9a shows the input region, discretized into squares of 2km x 2km, with larger markers indicating
data samples. Figure 9b shows the optimal robust partition with respect to the Wasserstein metric, and Figures 9c
through 9e show the three TSP tours of the points within each district. Figures 9f through 9j show the partitions
that result using the remaining criteria. The disconnected sub-region in 9j is somewhat surprising, although not
unreasonable: if one substitutes the £ norm in (20), then it is easy to construct examples that result in disconnected
sub-regions (recall that we are in fact building sub-regiozr))lg using road network distances).



6€

" . ) y 2 e . . ) A 3 Partition costs (hours)
Region # points  # samples Area (km®) ¢ (km) Actual Wass. dist. (km) Best possible cost (hours) Worst-case cost (hours) orain Kemal T Nernel 7 Kemol 5 N loacovationee 19D
Aarhus 1358 36 5904 22.6 21.2 25.4 55.1 29.5 404 438 435 40.1 28.9
Amsterdam 808 26 2528 11.1 7.8 17.1 40.0 18.7 24.7 229 21.2 23.9 25.5
Bergen 972 19 2880 23.1 15.7 29.2 60.2 33.9 51.9 51.7 42.7 42.6 34.8
Copenhagen 860 26 1680 30.0 12.0 144 24.3 15.6 26.8 19.9 16.7 25.2 20.3
Flanders & Brussels 2181 32 12052 9.7 7.2 37.3 112.3 48.7 59.8 62.2 58.6 55.8 46.1
Geneva 1194 41 5428 17.7 11.2 33.3 76.3 36.0 55.1 49.3 44.5 53.3 33.5
Goteborg 1543 51 9052 22.8 13.1 44.3 74.6 45.8 53.1 54.2 51.5 50.0 45.9
Helsinki 867 41 4372 5.9 5.0 15.7 32.9 19.7 19.1 19.1 214 19.5 39.0
Malméo 1391 60 5164 16.0 10.3 28.0 51.6 29.3 34.6 32.7 32.5 30.3 31.7
Oslo 952 29 3460 9.5 5.5 20.4 50.3 24.8 26.9 274 24.7 34.3 31.2
Rotterdam 881 21 2652 11.5 6.4 15.8 40.3 20.8 27.3 23.9 19.3 25.6 29.1
Stockholm 1003 31 4660 12.1 11.3 19.5 69.4 24.9 27.8 28.7 24.8 33.1 33.1
Ziirich 965 30 1616 77 4.2 13.5 30.5 16.4 18.4 16.2 17.1 16.9 20.0
Total 14975 443 61448 200.1 131.0 3142 707.0 363.6 465.9 452.0 418.6 450.7 419.1

Table 1: Tour lengths for 13 regions and 6 partitioning criteria; for each region, the optimal criterion is highlighted and underlined. All costs
are defined as the maximum duration of the m = 3 TSP tours of the destination points.



5 Conclusions

By using the Wasserstein distance to define our region of ambiguity, we have developed a new tool for estimating
the worst-case workload that one might face in visiting a sequence of points with a TSP tour. An advantage of this
estimate is that it is not affected by problems that would arise if we used only mean and covariance information,
as has been previously attempted. Our use of the square root functional HR \/m dA to approximate lengths of
TSP tours is just one possibility; one might also extend our analysis to handle more elaborate routing problems
by adopting more sophisticated objective functionals as in [27]. To the best of our knowledge, our use of the
Wasserstein distance in such an application is the first of its kind, and may have further applications outside the

transportation domain, such as entropy or quantile maximization.
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Online supplement to “Wasserstein distance and
the distributionally robust TSP”

A Proof of Lemma 4

Proofs of statements 2 through 4 follow below:

Proof of statement 2 We seek to show that
[[ f@) min{llz = @i = N} dA < [[ @) mindlle — 2] = X} dA+gT(A = N),
R R
which is equivalent to showing that
n
ﬂf Jmin{|le — ;| - X} dA < Z jf<x><||:c — 2l = ) dA+ gi(A; = \i).
Consider the right-hand side of the above; for each i, we have

[[ @l =zl = x)dA+ g0 =) = [[ F@)le =l = X)dA = (=) [[ f(2)dA
R; R;

R;

[ f@(le = 2] = x) aa

R;

and therefore, if we define regions Rll, R R;L in the obvious way by
Ri={zeR:llo—aill =X < o —a;ll = X; ¥ # i}

we see that

jjf Jmin{|lz — o — A} dA = Zﬂf (o — i) - Zj )z — il = X;) dA
i=1 R;

ZlR

is obvious because the partition Ry, ..., R, is obtained by taking the minimal value of ||z — ;|| — \;, and is therefore

minimal over all partitions of R. This completes the proof.
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Proof of statement 3 We observe that the vector f%e € R™ must be a supergradient at A*; this simply follows
from the KKT conditions of (3), which is a finite-dimensional problem. Therefore, it follows that [[,. f(z)dA =1/n

for all 4, and therefore the objective value of problem (3) is

[[ @ minfle = sl = Ayaa = 5[] £@)le - il 37) da
R

i=1 R}
= ijf )|z — @il dA — A7 jff
=1 R*
= Zﬂf( \x—xz||dA—fe Zﬂf o — ;] dA
i=1 R} i=1 R;
and therefore the Wasserstein distance between f and f as induced by the partition Rj,..., R} is the same as that

of the optimal objective value of (3), which completes the proof.

Proof of statement 4 We simply note that if f(z) > 0 then the supergradient inequality in the proof of statement

2 is actually strict:

S [ £l — il Ny da < 3 [ @)ool — X)da.

i=1 g’ i=1 R,
i

The objective function of problem (3) is therefore strictly concave, thus guaranteeing uniqueness of A*. The fact
that A* exists follows from the boundedness of R, because if we were ever to have A; — \; > diam(R), it would

imply that || — ;|| — A < ||z — ;]| — A; for all € R, thus rendering R; to be empty.

B Proof of Theorem 10

Purely for ease of exposition, we assume that R is the unit square. Section 2.1 of [14] says that D( fn, f) — 0 with
probability one because the Wasserstein distance metrizes weak convergence whenever R is compact. Thus, setting
t, = D( fn, f) for all n > 1 gives us a sequence that converges to 0 with probability one, with the added feature
that f is feasible for problem (12) by construction. Next, for each n, the triangle inequality says that the set of
distributions f on R such that D(f, f) < 2t, must contain the set of distributions where D(f, f,,) < t,. Thus, an

upper bound for problem (12) — which is itself always an upper bound for the ground truth cost [, \/ f(x)dA by
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our construction of ¢, — is given by the problem

maximize ff vV flz)dA s.t. (21)

fELY(R)
D(f,f) < 2t
[[ r@yaa = 1
R
flz)y > 0 VzeR;

it will therefore suffice to verify that the optimal objective value to this problem approaches the ground truth cost
as t, — 0.
We will relax problem (21) one step further by using an alternate metric to the Wasserstein distance, namely

the Prokhorov metric Dp(-,-), defined by
Dp(p1, pe) =inf{e > 0: p1(B) < ua(B) + € for all Borel sets B on R}

where B¢ = {z : inf cp d(x,y) < e}. Theorem 2 of [25] says that for any two distributions f and g on R, we have
(Dp(f,9))? < D(f,g), and therefore we can study the relaxation of (21) given by

maximize ff vV f(z)dA s.t. (22)

FEL(R)
ﬂf(x)dA =1
R
flz) > 0 VzeR.

as n — oo, whence t,, — 0 with probability one. For ease of notation, we will define € = \/2¢,,.

Let N be a positive integer and suppose that ¢ = 1/N3. We then divide R into N? square grid cells s; with
side length 1/N. The distance constraint Dp(f, f) < e implies that for each B = s;, we have ﬂ flx)dA <
ﬂs z)dA + €, where S; is the square of side length 1/N + 2/N? that contains s; (see Figure 10). Define

= N2 HS x) dA for each m; and consider the relaxation of (22) given by

46



S1 52

S1o

Figure 10: A division of the unit square R into N? = 16 grid cells. The larger square Sio has side length
1/N + 2/N3and contains sjg.

maximize fj vV flz)dA s.t. (23)

feLY(R) 5
[ < 5

[[ f@yaa = 1
f(@)

IN

+e Vi

0 VxeR.

v

If we ignore the constraint that [[,, f(2) dA = 1, then clearly, our optimal solution f* would simply have [[ f*(z)dA =
m;/N? + € for each i. This problem has a finite-dimensional constraint space and it is straightforward to see that

its optimal solution f* must be piecewise constant on each piece s;, so that f* = ¢ on each s;, defined by

4 m;
NT T NE e
or equivalently
g =m; +1/N.

Thus, the optimal objective value of (23) is at most

N2 N2 N2 v2 -
1 1 1 ) ,
N2 2 VaE = qE Vit N < 5 Y it 5 D VN = 55 D Vimi+ V1N
- = =t =1 i=1

it is routine to verify that % Zf\jl 1 — HR f(z)dA (the only reason that this is not simply the definition of
an integral is because the squares S; that characterize the m;’s have an area of (1/N + 2/N3)? rather than 1/N?),

which thereby completes the proof.
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C Probabilistic analysis of the capacitated VRP

We first note that, if n samples are drawn from a distribution f, then E(}7 , ||lz;]]) = n [[5 [|z]|f(2) dA. The
representation of capacity constraints via the substitution k = sy/n is a standard and useful technique that can be
seen in Section 4.2 of [19]. By exchanging the expectation and max{:, -} operators, we can express the bound (17)

as

ma {M [ sy dd, g [ Vi) dA} +o(vn)

< EVRP(X)
@ x|l f(x) dA b n () dA + o(v/n).
< 2| D] [Jles@ans (1= 77 ) v [ VEG A + o)

Note that [y/n/s] is simply the number of vehicles needed to provide service. Since we are interested in the limiting

behavior as n — oo, we have [\/n/s] ~ \/n/s and 1/(s/n) — 0, so that we can write
Vi - max {2 [ 12l aa, 8 [{ Vi) dA} < VRP(X) < v (2 [[ el s @) da+ 5 [[ Vi@ dA)
R R R R

as desired, where the approximate inequality implied by the “<” terms simply reflects the fact that we have

disregarded the o(y/n) terms.
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