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Abstract. We present algorithms for solving a number of new models of facility location which
generalize the classical Fermat—Torricelli problem. Our first approach involves using Nesterov’s
smoothing technique and the minimization majorization principle to build smooth approximations
that are convenient for applying smooth optimization schemes. Another approach uses subgradient-
type algorithms to cope directly with the nondifferentiability of the cost functions. Convergence
results of the algorithms are proved and numerical tests are presented to show the effectiveness of
the proposed algorithms.
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1. Introduction. The Fermat—Torricelli problem was introduced in the 17th
century by the French mathematician Pierre de Fermat and can be stated as follows:
Given a finite collection of points in the plane, find a point that minimizes the sum
of the distances to those points. This practical problem has been the inspiration for
many new problems in the fields of computational geometry, logistics, and location
science. Many generalized versions of the Fermat—Torricelli have been introduced and
studied over the years; see [14, 15, 17, 19, 20, 21, 26] and the references therein. In
particular, the generalized Fermat—Torricelli problems involving distances to sets were
the topics of recent research; see [2, 4, 7, 19, 20].

In this paper, we focus mainly on developing effective numerical algorithms for
generalized Fermat—Torricelli problems. Let R™ be the n-dimensional Euclidean space.
Given a nonempty compact convex set F' C R” that contains the origin as an interior
point, define the function

(1) op(u) :=sup{{u,z) | x € F},

which reduces to the dual norm generated by a norm || - [|[x when F := {z €
R | ||ox < 1}.

The generalized distance function defined by the dynamic F and the target set ©
is given by

(2) dp(z;0) ;= inf{op(z —w) | w € O}.
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If F is the closed unit Euclidean ball of R™, the function (2) reduces to the shortest
distance function or simply the distance function

(3) d(z;©) := inf{||z — w|| | w € O}.

Given a finite collection of nonempty closed convex sets §2; for ¢ = 1,...,m,
consider the following optimization problem:

(4) minimize T'(z), x € Q,

where (2 is a convex constraint set, and the cost function T is defined by
T(z) := de(x; Q).
i=1

In the general case of problem (4), the objective function 7' is not necessarily
smooth. To solve problem (4) or, more generally, a nonsmooth optimization problem,
a natural idea involves using smoothing techniques to approximate the original non-
smooth problem by a smooth one. Then, different smooth optimization schemes are
applied to the smooth problem. One of the successful implementations of this idea
was provided by Nesterov. In his seminal papers [25, 23], Nesterov introduced a fast
first-order method for solving convex smooth optimization problems in which the cost
functions have Lipschitz gradient. In contrast to the convergence rate of O(1/k) when
applying the classical gradient method to this class of problems, Nesterov’s acceler-
ated gradient method gives a convergence rate of O(1/k?). In Nesterov’s nonsmooth
optimization scheme, an original nonsmooth function of a particular form is approx-
imated by a smooth convex function with Lipschitz gradient. Then the accelerated
gradient method can be applied to solve the smooth approximation.

Another approach uses subgradient-type algorithms to cope directly with the
nondifferentiability. In fact, subgradient-type algorithms allow us to solve the problem
in very broad settings that involve distance functions generated by different norms
and also generalized distance functions generated by different sets F'. However, the
classical subgradient method is known to be slow in general. Thus, it is not a good
option when the number of target sets is large in high dimensions. We apply the
stochastic subgradient method to deal with this situation. It has been shown that the
stochastic subgradient method is an effective tool for solving many practical problems;
see [1, 28] and the references therein. This simple method also shows its effectiveness
for solving the generalized Fermat—Torricelli problem.

The remainder of this paper is organized as follows. In section 2 we give an intro-
duction to Nesterov’s smoothing technique, Nesterov’s accelerated gradient method,
and the minimization majorization (MM) principle to solve nonsmooth optimization
problems. These tools will be used in sections 3 and 4 to develop numerical algorithms
for solving generalized Fermat—Torricelli problems with points and sets. Subgradient-
type algorithms for solving these problems are also presented in section 4. Section 5
contains numerical examples to illustrate the algorithms.

Throughout the paper, (-, ) denotes the usual inner product in R"™, and the corre-
sponding Euclidean norm is denoted by || - ||; F' is assumed to be a nonempty compact
convex set in R™ that contains 0 as an interior point; bd F' denotes the topological
boundary of F'. We also use basic concepts and results of convex optimization, which
can be found, e.g., in [24, 27].
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2. Nesterov’s smoothing technique, accelerated gradient method, and
MM principle. In this section we study and provide more details on Nesterov’s
smoothing technique and accelerated gradient method introduced in [23]. We also
present a general form of the MM principle well known in computational statistics.

Let f: R" — R be a convex function. Consider the constrained optimization
problem

minimize f(x) subject to z € Q,
where f is not necessarily differentiable and €2 is a nonempty closed convex subset of
R™.
The class of functions under consideration is given by

f(x) := max{(Az,u) — ¢(u) | u € Q}, x € R",

where A is an m X n matrix, @ is a nonempty compact convex subset of R, and ¢
is a continuous convex function on Q.

Let d be a continuous strongly convez function on @) with parameter o > 0. The
function d is called a proz-function. Since d is strongly convex on @, it has a unique
optimal solution on this set. Denote

@ = arg min{d(u) | u € Q}.

Without loss of generality, we assume that d(u) = 0. From the strong convexity of d,
we also have

d(u) > %Hu —al]> forallue Q.

Throughout the paper we will work mainly with the case where d(u) = 1 |u — ul|.
Let p be a positive number called a smooth parameter. Define

(5) fu(z) == max{(Az,u) — ¢(u) — pd(u) | v € Q}.

The function f,, will be the smooth approximation of f.
For an m X n matrix A = (a;;), define

(6) [A] := max{||Az[| | [|lz| < 1}.
The definition gives us
[|[Az|| < [JA]| [|z|| for all z € R™.

We also recall the definition of the Fuclidean projection from point x € R™ to a
nonempty closed convex subset {2 of R™:

7(z; Q) :i={w € Q| d(z;Q) = ||z — wl}.

Let us present below a simplified version of [23, Theorem 1] that involves the
usual inner product of R™. We provide a new detailed proof for the convenience of
the reader.

THEOREM 2.1. Consider the function f given by

f(z) == max{(Az,u) — (b,u) |u € Q}, x € R",
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where A is an m x n matriz and Q is a compact subset of R™. Let d(u) = 3|lu — /|
with u € Q.
Then the function f,, in (5) has the explicit representation

Az — bl|? Az —b 2
| I N - 0)

f#(x) = 2%

(Az — b, @) — g d(a +

and is continuously differentiable on R™ with its gradient given by
V(@) = ATuy (),

where u,, can be expressed in terms of the Euclidean projection

Az —b
uu(x):ﬂ'<u+ . ,Q)

The gradient V f,, is a Lipschitz function with constant

1
by = ;HA||2~

Moreover,

(7) fu(@) < f(2) < fulz) + S[D(@; Q) for all x € R",

NIRS

where D(u; Q) is the farthest distance from u to Q defined by
D(u; Q) == sup{|u — ul | u € Q}.
Proof. We have

fule) = sup{(Ax—b,u) — Lllu—al* |ue Q}

:sup{ —%(Hu—fLHZ—%(Ax—b,u)) |u€Q}

Az —b|*  |JAz —b> 2

:—Hinf{ u—a— 22 | x2 I ——(Ax—b,ﬂ)|u€Q}

2 1% 2 1%
_ Az —0|? o Az b
= o + (Az — b, u) 21nf u—1u |ue @

Az — b2 _ 2
—M+<Axb,u>u[d<u+Ax b;Q)].

21 2 I

Since the function ¥(u) := [d(u;Q)]? is continuously differentiable with Vi(u) =
2[u — 7(u; Q)] for all u € R™ (see, e.g., [11, p. 186]), it follows from the chain rule
that

—ATx <a+Ax_b;Q>.
1
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From the property of the projection mapping (see [11, Proposition 3.1.3, p. 118]) and
the Cauchy—Schwarz inequality, for any x,y € R™ we have
Az —b Ay —b ?
19560) = V1, = 47w (w+ 2=00) - aTa (a2 =2i)
Az —b Ay —b 2
7T<11+ ’ ;Q)—W<ﬂ+ Y ;Q)
1 1t
Ax — Ay
< e (2 ,w@+x ?) (a4 2 7@>
Al A - b
_ A7 < <u+ , ) Arﬂ( y )>
m
) —

A ey 9w - Thu)
< Lo 19 10) - 91001

<4

This implies that

IA]®
1

||Vfu(x) - Vfu(y)H < lz -yl

The lower and upper bounds in (7) follow from
(Az—b,u) =& lu—al]* < (Az—b,u) < (A —b,w) = & Ju—al*) + 4 sup{la—al | ¢ € Q}

for all z € R" and u € Q. a
Ezample 2.2. Let || - || x, and || - || x, be two norms in R™ and R", respectively,
and let || - || xs and || - ||x; be the corresponding dual norms, i.e.,

(@) | lullx, <1}, i=1,2.

Denote By, := {u € R™ | |lul]|x, < 1} and Bx, := {u € R" | ||Ju||x, < 1}. Consider
the function f : R™ — R defined by

9(x) := [[Az = bl x; + Allzllx;,

where A is an mxn matrix, b € R™, and A > 0. Using the prox-function d(u) = § [|u||?,
one finds a smooth approximation of f below:

Az bl pf,(Az—b 2 llz|>  pf,(=. ?

The gradient of f, is

Ax —b
Vg“(x)zATW< x’u ;BX1)+)\7T(§;BX2)7

and its Lipschitz constant is

JAJI” + A

L =
: [
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Moreover,

9u(2) < 9(2) < gu(x) + 5 (DO Bx, ) + [D(O; By, )J?) for all o € R

For example, if || - || x, is the Euclidean norm, and || - || x, is the £*°-norm on R™, then

Az —b
max{|| Az — b, u}

Vgu(z) = AT + Amedian(i, e, —e) ,
where e = [1,...,1]T € R™.

Let us provide another example of support vector machine problems. Our ap-
proach simplifies and improves the results in [32].

Ezxample 2.3. Let S := {(X;,y:)}™, be a training set, where X; € RP? is the
ith row of a matrix X and y; € {—1,1}. The corresponding linear support vector
machine problem can be reduced to solving the following problem:

1 m
minimize g(w) := §||w\|2 + )\Z&(w),w e RP,
i=1

where ¢;(w) = max{0,1 — y; X;w}, A > 0.
Let @ :={u € R"™ |0 < u; <1}, and define

f(w) := Zei(w) = gleag@ — Y Xw,u),

where e = [1,...,1]" and Y = diag(y) with y = [y1,...,ym]

Using the prox-function d(u) = §||ul|?, one has

fulw) = max{(e ~ ¥ Xw,u) - pd(w))

Then
-YX 11—y X;
up(w) = w(ew;Q> = {u ER™ |u; = median{yw,(),l}}.
7 u

The gradient of f, is given by
Viu(w) = =(YX) Tuy(w),

_lvx)?

I

and its Lipschitz constant is ¢, where the matrix norm is defined in (6).

Moreover,
mp ;
fulw) < f(w) Sf#(w)—FT for all w € RP.

Then we use the following smooth approximation of the original objective function

1
gu(w) = 5wl + Mu(w), weR?.
Obviously,
v.gu(w) =w+ Avfu (w)>
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and a Lipschitz constant is

Y X|]?
L,L:1+)\7H I”,
m

The smooth approximations obtained above are convenient for applying Nes-
terov’s accelerated gradient method presented in what follows. Let f : R®™ — R be
a differentiable convex function with Lipschitz gradient. That is, there exists ¢ > 0
such that

IVf(z) = Vi)l <tz -yl forall z,y € R".

Let © be a nonempty closed convex set. In his paper [23], Nesterov considered the
optimization problem

minimize f(x) subject to x € Q.

For z € R™, define

To(a) 1= arg min {(V1(0).y =) + gl = oIP |y € 2.

Let p: R™ — R be a strongly convex function with parameter o > 0, and let o € R"”
such that

xo := arg min {p(x) | v € Q}.

Further, assume that p(zp) = 0. Then Nesterov’s accelerated gradient algorithm is
outlined as follows.

Algorithm 1.
INPUT: f, ¢.
INITIALIZE: Choose xo € €.
Set k=0
Repeat the following
Find yi := Ta(zk).
Find 2 := arg min{ £ p(z) + Zf:o L f(@i) + (Vf(@i),x —x:)] | @ € Q}.
Set T+ := ki_%zk + %yk.
Set k:=k + 1.
until a stopping criterion is satisfied.
OUTPUT: yy.

For simplicity, we choose p(z) = §||z — xo||?, where 2y €  and ¢ = 1. Following
the proof of Theorem 2.1, it is not hard to see that

yr = Ta(rg) = 7r<:ck - %,Q)

Moreover,

1 k
zkzw@o_zz
=0

We continue with another important tool of convex optimization and computa-
tional statistics called the MM principle; see [8, 12, 16] and the references therein.
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Here we provide a more general version. Let f : R” — R be a convex function, and
let 2 be a nonempty closed convex subset of R”. Consider the optimization problem

(8) minimize f(x) subject to z € Q.

Let M :R™ x RP — R, and let F' : R™ = RP be a set-valued mapping with nonempty
values such that the following properties hold for all z,y € R™:

flz) < M(z,z) forall z € F(y), and f(z) = M(z,2z) forall z € F(x).
Given xg € €, the MM algorithm to solve (8) is given by
Choose z;, € F(z) and find x4 € arg min{M(z, z;) | = € Q}.
Then
f@rt1) < M(@pqr, 20) < M@k, 20) = flan)-

Finding an appropriate majorization is an important step in this algorithm. It
has been shown in [7] that the MM principle provides an effective tool for solving the
generalized Fermat—Torricelli problem. In what follows, we apply the MM principle in
combination with Nesterov’s smoothing technique and accelerated gradient method
to solve generalized Fermat—Torricelli problems in many different settings.

3. Generalized Fermat—Torricelli problems involving points. Let (2 be a
nonempty closed convex subset of R, and let a; € R™ fori = 1,..., m. In this section,
we consider the following generalized version of the Fermat—Torricelli problem:

9) minimize H(x) := Zap(x — a;) subject to z € Q.
i=1

Let us start with some properties of the function o used in problem (9). The
following proposition can be proved easily.

PROPOSITION 3.1. For the function op defined in (1), the following properties
hold for all u,v € R™ and A > 0:

(i) low(u) — ar )] < | Flllu—oll, where [|F] == sup{llf]| | f € F}.

(i) op(u+v) <op(u) +op(v).

(ili) op(Au) = Aop(u), and op(u) = 0 if and only if u = 0.

(iv) oF is a norm if we assume additionally that F is symmetric, i.e., F = —F.

(v) YlJull < op(u), where v := sup{r > 0| B(0;r) C F'}.

Let © be a nonempty closed convex subset of R™, and let z € ©. The normal
cone in the sense of convex analysis to © at T is defined by

N(z;0):={veR" | (v,x —z) <O0for all z € O}.

It follows from the definition that the normal cone mapping N(+; ©) has closed graph
in the sense that for any sequence zy — Z and v, — ¥ where v, € N(xy;©), one has
that v € N(z;0).

Given an element v € R™, we also define cone {v} := {\v | A > 0}.

In what follows, we study the existence and uniqueness of the optimal solution
of problem (9). The following definition and the proposition afterward are important
for this purpose.

DEFINITION 3.2. We say that F' is normally smooth if for every x € bd F' there
exists a; € R™ such that N(z; F') = cone {ay}.
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Given a positive definite matrix A, let
|zl x == VaT Ax.

It is not hard to see that the set F := {x € R™ | ||z||x < 1} is normally smooth.

Indeed, N(z; F) = cone{Ax} if |z]x = 1; see [18, Proposit_ion 2.438].
Define the set
By :={ueR"|op(u) <1},

and recall that a convex subset © of R™ is said to be strictly convex if tu+ (1 —t)v €
int © whenever u,v € O, u # v, and t € (0,1).

ProOPOSITION 3.3. We have that F is normally smooth if and only if B}, is
strictly convex.

Proof. Suppose that F' is normally smooth. Fix any u,v € B}, with u # v and
t € (0,1). Let us show that tu+(1—t)v € int B}, or equivalently, op (tu+(1—t)v) < 1.
We need only consider the case where op(u) = op(v) = 1. Fix Z,y € F such that

(u, ) = op(u) =1and (v,9) = op(v) =1,
and fix e € F such that
(tu+ (1 = t)v,e) = op(tu+ (1 — t)v).

It is obvious that op(tu+ (1 —t)v) < 1. By contradiction, suppose that op(tu+ (1 —
t)v) = 1. Then

1= ({u+ (1—t)v,e) =t{u,e)+ (1 —t)(v,e) < t{u,z) + (1 —t){v,y) = 1.
This implies that (u,e) = (u,z) =1 =op(u) and (v,e) = (v,§) = 1 = op(v). Then
(u,z) < (u,e) for all x € F,

which implies that u € N(e; F). Similarly, v € N(e; F'). Since F' is normally smooth,
u = A\v, where A > 0. Thus,

1= (u,e) = (\v,e) = MNv,e) = A.

Hence A = 1 and u = v, a contradiction.
Now suppose that B}, is strictly convex. Fix Z € bd F, and fix any u,v € N(Z; F)
with u,v # 0. Let a := op(u) and 8 := op(v). Then

(u,z) <{u,z) forallzeF
and
(v,z) < (v,z) for all x € F.
It follows that (u,Z) = « and (v, Z) = 5. Moreover,
or(u+v) > u,z) + (v,7) = a+ B =op(u) +or(v),

and hence op(u+v) = op(u) + op(v). We have u/a,v/f € Bj and

u v S _1
0F<aa+b’+ga+6> B
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Since B is strictly convex, one has & = %, and hence u = \v, where \ := a/8 > 0.
The proof is now complete. ad

Remark 3.4. Suppose that F' is normally smooth. It follows from the proof
of Proposition 3.3 that for u,v € R™ with u,v # 0, one has that op(u + v) =
or(u) + or(v) if and only if uw = Av for some A\ > 0.

The proposition below gives sufficient conditions that guarantee the uniqueness
of an optimal solution of (9).

PROPOSITION 3.5. Suppose that F' is normally smooth. If for any x,y € Q with
x # y the line connecting x and y, L(x,y), does not contain at least one of the points
a; fori=1,...,m, then problem (9) has a unique optimal solution.

Proof. 1t is not hard to see that for any a € R, the set

Lo ={zeQ|H(x)<a}

is compact, and so (9) has an optimal solution since H is continuous. Let us show
that the assumptions made guarantee that H is strictly convex on 2, and hence (9)
has a unique optimal solution.

By contradiction, suppose that there exist Z,y € Q with & # g and ¢ € (0,1) such
that

H(tz+ (1 —t)y) =tH(Z) + (1 — t)H (7).
Then
or(t(@ —ai) + (L =1)(y —ai)) = tor(T —ai) + (1 — t)or(§ — a:)
= O’F(t(i' — al)) + O'F((l — t)(g — CLZ)) for all 7+ = 1,....,m.
If = a; or § = a;, then obviously a; € L(z,y). Otherwise, by Remark 3.4, there
exists A; > 0 such that
t(f — a,—) = )\2(1 — t)(g — ai).

This also implies that a; € L(Z,y). We have seen that a; € L(Z,y) foralli=1,...,m.
This contradiction shows that (9) has a unique optimal solution. O
Let us consider the smooth approximation function given by

(10)  H,(z) == i (M + (o —ana) -5 [d(u—i— x;aF)r)

i=1 2’u

where u € F.
PROPOSITION 3.6. The function H,, defined by (10) is continuously differentiable
on R™ with its gradient given by

VH,(z) Zﬂ<u+z;ai;F>.

=1

The gradient VH,, is a Lipschitz function with constant
m
L,=—.
o
Moreover, one has the following estimate:

H,(x) < H(z) < H,(x)+ mg[D(ﬂ;F)]2 for all x € R™.
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Proof. Given b € R", define the function on R™ given by
f@):=0p(x —b) =max{{zx —b,u) |u € F}, zecR"
Consider the prox-function
1
d(u) == =|lu— al?.
() i= 5l

Applying Theorem 2.1, one has that the function f,, is continuously differentiable on
R”™ with its gradient given by

z—b
Vi) =uu(z) = 7r<11 + T,F)
Moreover, the gradient V f, is a Lipschitz function with constant

1
by = —.
L
The explicit formula for f, is

._b2 —b 2
fu(w)—lT”+<z—b7U>—g{d<u+xu F>] .

The conclusions then follow easily. 0
We are now ready to write a pseudocode for solving the Fermat—Torricelli problem

(9)-

Algorithm 2.

INPUT: a; fori=1,...,m, u.
INITIALIZE: Choose zo € €2 and set £ = %
Set k=0
Repeat the following
Compute VHy(zr) = 3770, m(u + “=4 F).
Find yy := 7(zx — $VHu(zr); Q).
Find zj, := m(w0o — + Sy SEVHu(2:); Q).
Set xp41 := %sz + ]]z—i;’yk.
until a stopping criterion is satisfied.

Remark 3.7. When implementing Nesterov’s accelerated gradient method, in
order to get a more effective algorithm, instead of using a fixed smoothing parameter
1, we often change p during the iteration. The general optimization scheme is

INITTALIZE: 29 € Q, po > 0, ps > 0, 0 € (0,1).

Set k= 0.

Repeat the following
Apply Nesterov’s accelerated gradient method with p = . and starting point xj
to obtain an approximate solution xjy1.
Update prp+1 = opk.

until p < p..

Ezample 3.8. In the case where F is the closed unit Euclidean ball, op(z) = ||z||
is the Euclidean norm and

m;F)_{ (k>
fa),

] < 1.
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Consider the ¢/1-norm on R™. For any z € R", one has
[2]l1 = max{(z,u) | ulls <1}
In this case,
F={zeR"||z;|<lforalli=1,...,n}.

The smooth approximation of the function f(z) := ||z|; depends on the Euclidean
projection to the set F', which can be found explicitly. In fact, for any v € R", one
has

m(u; F) = {v € R" | v; = median {u;,1,—1}}.
Now we consider the {o-norm in R™. For any x € R™, one has
[#]loc = max{(z,u) | |[ully <1}.
In this case,
F={zeR" ||zl <1}.

It is straightforward to find the Euclidean projection of a point to F' in two and three
dimensions. In the case of high dimensions, there are available algorithms to find an
approximation of the projection; see, e.g., [10].

4. Generalized Fermat—Torricelli problems involving sets. In this sec-
tion, we study generalized Fermat—Torricelli problems that involve sets. Consider the
following optimization problem:

(11) minimize T'(x) := de(x; ;) subject to x € Q,

i=1

where Q and ; for i = 1,...,m are nonempty closed convex sets and at least one
of them is bounded. This assumption guarantees that the problem has an optimal
solution. The sets €; for i = 1,...,m are called the target sets, and the set 2 is called
the constraint set.

The generalized projection from a point = € R™ to a set O is defined based on the
generalized distance function (2) as follows:

(12) mp(2;0) :={w e O |op(x —w) =dp(z;0)}.

Note that this set is not necessarily a singleton in general.

Before investigating problem (11), we study some important properties of the
generalized distance function and the generalized projection to be used in what follows.

PROPOSITION 4.1. Given a nonempty closed convez set ©, consider the general-
ized distance function (2) and the generalized projection (12). The following properties
hold:

(i) For z € R™, the set mp(Z;©) is nonempty.

(ii) For z € R™, dp(z;0) =0 if and only if T € O.

(ili) If T ¢ © and w € 1p(Z;0), then w € bd ©.

(iv) If F is normally smooth, then wp(z;0) is a singleton for every & € R™ and
the projection mapping wr(+;©) is continuous.
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Proof. The proofs of (i) and (ii) are straightforward.
(iii) Suppose by contradiction that w € int ©. Choose t € (0, 1) sufficiently small
such that

wy := 0 + t(Z — w) € O.
Then
or(Z—wi) =op((1—t)(z—w)) =1 —-t)op(@—w)=(1—t)dr(z;0) < dr(z;0),

which is a contradiction.
(iv) If & € ©, then 7p(7;0) = {z}. Consider the case where T ¢ ©. Suppose by
contradiction that there exist wy,ws € mp(z; O) with wy # we. Then

= O'F(SE‘—’JH) = O‘F(.f —’Lf)g) > 0.
By the positive homogeneity of op,

T — Wq .’Z‘*@Q
€ B% and

€ By.
From Proposition 3.3, the set B}, is strictly convex, and hence

1/7— x—w2> .
- + = €intB%.
2( v v e

This implies that
T — (w 02)/2
2 = (01 4 @2)/2 € int By.
Y

It follows again by the homogeneity of o that
op (T — (w1 +w2)/2) < v=dp(z;0),

which is a contradiction. It is not hard to show that mp(-;©) is continuous using a
sequential argument by contradiction. d

To continue, we recall some basic concepts and results of convex analysis. A
systematic development of convex analysis can be found, for instance, in [11, 18, 27].
Let f: R™ — R be a convex function. For £ € R", a subgradient of f at T is a vector
v € R™ that satisfies

(v,x — ) < f(x) — f(z) for all z € R™.

The set of all subgradients of f at Z is called the subdifferential of f at this point and
is denoted by 9f (7).

For a finite number of convex functions f; : R™ — R for ¢ = 1,...,m, one has

9 <Z fi) (z) = Z@fi(x), z € R™.

It is well known that a convex function f : R™ — R has an absolute minimum on
a convex set 2 at z € Q if and only if

0€df(z)+ N(z;9Q).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/12/15 to 134.7.248.130. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

1828 NGUYEN MAU NAM, NGUYEN THAI AN, R. BLAKE RECTOR, JIE SUN

The definition below is important in what follows.

DEFINITION 4.2. A convex set F is said to be normally round if N(x;F) #
N(y; F) whenever z,y € bd F, x # y.

PROPOSITION 4.3. Given a nonempty closed convex set ©, consider the general-
ized distance function (2). Then the following properties hold:

(i) |dr(2:0) — dr(y:©)| < |F|l Iz — | for all 2,y € R™.

(ii) The function dp(-;©) is convez, and for any & € R™,

Adp(z;0) = dop(z —w) N N(w;O),

where w € 7p(T; ©) and this representation does not depend on the choice of w.

(i) If F' is normally smooth and round, then the function op(-) is differentiable
at any nonzero point, and the function dp(-;©) is continuously differentiable on the
complement of © with

Vdp(Z;0) = Vor(z —w),

where T ¢ © and w = 7p(z;0).

Proof. (i) This conclusion follows from the subadditivity and the Lipschitz prop-
erty of the function op.

(ii) The function dp(-;©) can be expressed as the following infimal convolution:

dp(z;0) = inf{op(z —w) + §(w;0) |w e R"} = (g D op)(x),

where g(z) := 0(x; O) is the indicator function associated with ©, i.e., 0(z;0) = 0 if
x € ©, and §(z;©) = 0o otherwise. For any w € 7p(T;0), one has

op(T —w) + g(w) = op(T —w) = dp(T;0).
By [18, Corollary 2.65],
0dp(7;0) = 0op (T —w) Ndg(w) = Oor(T —w) N N(w;O).

(iii) Let us first prove the differentiability of op(-) at z # 0. From [18, Theorem
2.68], one has

Oop(z) = S(T),

where S(z) = {p € F | (z,p) = op(z)}. We will show that S(z) is a singleton.
By contradiction, suppose that there exist pi,p2 € S(z) with p1 # pa2. From the
definition, one has

Z € N(p1; F) =cone{a} and T € N(po; F') = cone {az}.

Then there exist A\1,A\a > 0 such that @ = A\a; = Asaz2, and hence N(py; F) =
N (p2; F), a contradiction to the normally smooth and round properties of F'. Thus,
Oop(z) = S(Z) is a singleton, and hence op is differentiable at & by [18, Theorem
3.3].

Observe that the set ddp(Z; ©) is always nonempty. Since ddp(z;0) = dop (T —
W) N N(w;0) = Vop(Z —w) N N(w;0), it is obvious that Vop(Z — @) € N(w;0)
and 9dp(Z;0) = {Vop(Z — @)}. Then the differentiability of dp(-;0) at Z follows
from [18, Theorem 3.3]. Since O is an open set and ddp(z;0) is a singleton for
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every x € ©° the function dp(-;©) is continuously differentiable on this set; see the
corollary of [9, Proposition 2.2.2]. O

As a corollary, we obtain the following well-known formula for subdifferential of
the distance function (3).

COROLLARY 4.4. For a nonempty closed convex set ©, the following representa-
tion holds for the distance function (3):

N(z;0)NB ifz €0,
0d(z;0) = T —m(z;0) P
"o veee

The following proposition gives sufficient conditions that guarantee the uniqueness
of an optimal solution of problem (11).

PROPOSITION 4.5. Suppose that F' is normally smooth and the target sets Q; for
i =1,...,m are strictly convexr with at least one of them being bounded. If for any
x,y € Q with © # y the line connecting x and y, L(x,y), does not intersect at least
one of the target sets, then problem (11) has a unique optimal solution.

Proof. Tt is not hard to prove that if one of the target sets is bounded, then
each level set {z € Q | T'(z) < a} is bounded. Thus, (11) has an optimal solution.
It suffices to show that T is strictly convex on € under the given assumptions. By
contradiction, suppose that T is not strictly convex. Then there exist Z,y € £ and
t € (0,1) with & # g and

Ttz+ (1-t)y) =tT(Z)+ (1 —t)T(y).

This implies that dp(tz + (1 — t)y;$) = tdp(z;Q;) + (1 — t)dpr(y; ;) for all i =
1,...,m. Choose ig € {1,...,m} such that L(Z,7) N Q;, = 0. Let @ := 7p(T;,)
and ws := 7p(g; 24, ). Then

dp(tZ + (1 = 1)y; Qi) = tdp(T; Qi) + (1 — 1) dp (7 Qi)
= tUF(.’Z' — U_Jl) + (1 — t)O’F(g — U_]Q)
Zop((tz+ (1 —1)y) — (twr + (1 = t)ws)).
It follows that tw; + (1 —t)we = mp(tT+(1—t)7; Qi,) € bd Q;,. By the strict convexity
of Q;,, one has w; = Wy =: w, and hence

op(t(T —w) + (1 = 1)(y —w)) = or(t(Z —w)) + or((1 - 1)y - 0)).

Following the proof of Proposition 3.5 implies that @w € £L(Z,y), a contradiction. d
Let us now apply the MM principle to the generalized Fermat—Torricelli problem.
We rely on the following properties, which hold for all z,y € R™:
(1) dp(z;0) = op(z — w) for all w € p(z;0).
(ii) dp(z;0) < op(z —w) for all w € 7p(y; O).
Consider the set-valued mapping

F(z) =12 mp(x; Q).

Then cost function T'(x) is majorized by

T(z) < M(z,w) = Zap(x —w'), w=(w',...,w™) € F(y).

=1
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Fic. 1. MM algorithm for a generalized Fermat—Torricelli problem.
Moreover, T'(z) = M(z,w) whenever w € F(z).
Thus, given zg € €2, the MM iteration is given by
g1 € arg min{ M(z, wy) | z € Q} with wy, € F(xy).

This algorithm is illustrated in Figure 1 and can be written more explicitly as follows.

Algorithm 3.

INPUT: Q@ and m target sets ;, i =1,...,m.
INITTALIZE: zo € Q.
Set k= 0.
Repeat the following
Find Yk,i € WF(.Tk; Q,)
Solve the following problem with a stopping criterion
mingea Y ;o 0F (T — Y.i),
and denote its solution by 1.
until a stopping criterion is satisfied.

Remark 4.6. Consider the Fermat—Torricelli problem

(13) minimize ¢(x) := Z |z — a;|| subject to x € Q.
i=1

For x ¢ {ai,...,an},

m T —a
Vo(x) := ; 7||x ol

Solving the equation V() = 0 yields

ZT?L

e — ad

[¢%3

1
it
iz — adl
Ifx ¢ {ai,...,am}, define

m C["L
> = a
Fla) o

Xt

Hle —
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Otherwise, put F(x) := x. The Weiszfeld algorithm (see [13]) for solving problem
(13) is stated as follows: Choose zg € €, and find x4 := 7(F (zx); Q) for k > 1.

In the case where F' is the closed unit Euclidean ball of R” one has op(z) = ||z||.
To solve the problem

m
mind [z =yl
i=1

in the MM algorithm above, we can also use the Weiszfeld algorithm or its improve-
ments.

PROPOSITION 4.7. Consider the generalized Fermat—Torricelli problem (11) in
which F is normally smooth and round. Let {x\} be the sequence in the MM algorithm
defined by

m
Tr41 € arg min {ZO’F(CE —7p(x; ) |z € Q} .
i=1
Suppose that {x} converges to T that does not belong to Q; fori=1,...,m. Then T
is an optimal solution of problem (11).
Proof. Since the sequence {x} converges to Z that does not belong to €; for
i=1,...,m, we can assume that xy ¢ Q; for i = 1,...,m and for every k. From the
definition of the sequence {x\}, one has

0e ZVO’F(.T]H_l —7(w; Qi) + N(xps1; Q).
i=1

Using the continuity of Vop(+) and the projection mapping 7p(-) to nonempty closed
convex sets as well as the closedness of the normal cone mapping, one has

0e Em:VJF(J_c —m(Z; %)) + N(z; Q).

i=1
Thus,
0€ > 0dp(x; )+ N(x;Q) = 0T(7) + N(7; Q).
i=1
It follows that Z is also an optimal solution of problem (11). a

It is of course important to find sufficient conditions that guarantee the conver-
gence of the sequence {z}. This can be done using [8, Propositions 1 and 2]; see also
[7]. We justify the use of this approach in the following lemma and apply it in the
proposition that follows. For simplicity, we assume that the constraint set 2 does not

intersect any of the target sets €2; fori=1,...,m.
LeMMA 4.8. Consider the generalized Fermat—Torricelli problem (11) in which at
least one of the target sets ; fori=1,...,m is bounded and F is normally smooth

and round. Suppose that the constraint set Q) does not intersect any of the target sets
Q; fori=1,....,m, and any x,y € Q with x # y the line connecting x and y, L(x,y),
does not intersect at least one of the target sets. For any x € ), consider the mapping
P Q — Q defined by

¢(z) := arg min {ZUF(?J —nmr(z;8)) |y € Q} :

=1
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Then 1 is continuous at any point T € Q, and T (Y(x)) < T(x) whenever x # 1(x).
Proof. Fix any x € 2. By Proposition 3.5 and from the assumptions made, the
function

= ,ZUF(y — mr(z;8%))

is strictly convex on €2, so ¢(x) is the unique solution of the Fermat—Torricelli problem
generated by mp(z;€;) for ¢ = 1,...,m. Thus, v is well defined. Fix any sequence
{z1} that converges to . Then yj := ¥(xy) satisfies

0e Z Vor(yr — mr(xr; Q) + N (yk; Q).
i=1

Since at least one of the sets ; for i« = 1,...,m is bounded, we can show that
the sequence {yx} is bounded. Indeed, suppose that €; is bounded and {yi} is
unbounded. Then there exists a subsequence {yx,} such that ||y, || — oo as p —
oco. For sufficiently large p and a fixed y € Q, since y,, = arg min{} ", op(y —
mr(or,; %)) |y € Q}, we have

m

> orly —mr(r,; %) =D or(yk, — TR, ) > 08 (Y, — TR (T8, Q)
L =1
E

where v is the constant defined in Proposition 3.1. Letting p — oo, one obtains a
contradiction showing that {yx} is bounded.
Now fix any subsequence {yg,} of {yx} that converges to y € 2. Then

> Y yk, — 7F (Tk,; 1)

m

0€ Y Vor(ye, — m(@r; %)) + N(ye,; Q).

i=1

which implies that

06> Vor(y—mr(@ %))+ NG Q).

i=1

Therefore, § = (z). It follows that yr = ¥(xx) converges to § = ¥(Z), so ¢ is
continuous at Z. Fix any x € Q such that « # ¢(z). Since the function g is strictly
convex on  and v (z) is its unique minimizer on €2, one has that

m

T(¢(x)) Zde Z (W(z) — 7p(2;))

< ZO’F(I —7p(z;€)) = T(x).

i=1

The proof is now complete. d

Let us present below a convergence theorem for the MM algorithm.

THEOREM 4.9. Consider the generalized Fermat—Torricelli problem (11) in the
setting of Lemma 4.8. Let {xi} be a sequence generated by the MM algorithm, i.e.,
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Tpr1 = Y(x) with a given xg € Q. Then any subsequential limit of the sequence
{zr} is an optimal solution of problem (11). If we assume additionally that Q; for
i=1,...,m are strictly convex, then {xr} converges to the unique optimal solution
of the problem.

Proof. In the setting of this theorem, [8, Proposition 1] implies that ||xg+1 —x| —
0. Since zj+1 := (), applying Lemma 4.8 yields T'(zg+1) < T(zg) < -+ < T(x0)
for every k. Then from the assumptions made, it is not hard to see that {zx} is a
bounded sequence. Let {zj,} be a subsequence of {z}} that converges to some Z’.
Note that ||zx4+1 — x| — 0 implies that {xj,+1} also converges to ' as £ — co. Since
xg, ¢ Q; for all i = 1,...,m and for all ¢, from the definition of the sequence {zy},
one has

0¢e ZVO’F(IIW+1 — (ks %)) + N(zk,41; Q).

i=1

Then

0e Z Vop(@' —nr(@';Q;)) + N(@'; Q).

i=1

Thus,

0€> 0dp(@; %)+ N(&';Q) = 0T(x') + N(z'; Q).

i=1

Therefore, ' is an optimal solution of problem (11).

If Q; for i = 1,...,m are strictly convex, then problem (11) has a unique optimal
solution Z by Proposition 4.5. Thus, ' = Z and the original sequence {zj} converges
to 7. g

It is important to note that the algorithm may not converge in general. Our
examples partially answer the question raised in the concluding remarks of [8].

Example 4.10. Let ; and Qs be subsets of R? defined by

O = {(z1,22) €R? | 29 > 1} and Qy := {(z1,22) € R? | 25 < —1}.

Consider the generalized Fermat—Torricelli problem (11) for two sets €y and Qg with
the constraint being the line Q := R x {0} generated by the fo.-norm, ie., F =
{(u1,uz2) € R? | |uz| + |uz| < 1}. Starting from zo = (0,0), choose yo1 = (1,1) and
yo,2 = (1,—1). Then z; = (1,0) is an optimal solution of the generalized Fermat—
Torricelli problem for two points yo,1 and yo,2 generated by the {.-norm. Similarly,
we can choose y1,1 = (2,1), y1,2 = (2,—1), and z2 = (2,0). Repeating this process,
one sees that x, = (k,0) is a sequence generated by the MM algorithm, which does
not have any convergent subsequence.
Ezample 4.11. Let ©Q; and Q3 be subsets of R? defined by

Qy := {(21,0) € R? | 21 > 0} and Qy := {(0,22) € R? | 2o > 0}.

Consider the unconstrained generalized Fermat—Torricelli problem (11) for two sets
)y and Qo generated by the fo-norm. It is not hard to see that (0,0) is the unique
optimal solution of this problem. Starting from z¢ = (1/2,1/2), choose yo,1 = (1,0)
and yoo = (0,1). Then z; = (1/2,1/2) is an optimal solution of the generalized
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Fermat—Torricelli problem for two points yo1 and yo 2 generated by the /-norm.
Obviously, if we choose the projections in this way, the sequence of optimal solutions
and optimal values of the majorizations do not converge to the optimal solution and
the optimal value of the problem.

Let us consider an example in which the convergence for the MM method is not
guaranteed even if we consider generalized Fermat—Torricelli problems generated by
the Euclidean norm.

Ezample 4.12. Let §; for i = 1,2, 3 be three Euclidean balls of R? defined with
radii 1 and centers at (—4,0), (0,0), and (4,0), respectively. Consider the uncon-
strained generalized Fermat—Torricelli problem (11) for these sets generated by the
Euclidean norm. We use the starting point zg = (0,1). Then yo2 = zo = (0,1), and
yo,1 and yo 3 are the intersections of the line segments connecting xy with the centers
of 21 and Q3 and the boundaries of these disks. Obviously, z; = x¢ for every k, where
x is the sequence defined by the MM algorithm. However, z( is not an optimal so-
lution of the problem. In fact, the solution set is the line segment connecting (—1,0)
and (1,0).

Let © be a nonempty closed convex set. Consider the generalized distance function
dr(+;©) generated by a dynamic F. For a point Z ¢ O, a point w € wp(z;O) is said
to be a representation of the subdifferential ddp(z;©) if

Oop(z —w) C N(w;0).

From the definition we see that if F' is normally smooth and round, then w := 7r(7; ©)
is always a representation of the subdifferential 0dp(z; ©).

Example 4.13. Let © be the cube [¢1 —r,c1 + 7] X [ca — 7, co + 7] X [e3 — 7, ¢35+ 7]
of R, and let

F:= {(u1,u2,us3) € R | Juq| + |ug| + |us| < 1}.
For any x ¢ O, the choice of projection
w:={y € R® | y; = max{c; — r,min{z;,c; + r}}} € 7p(x;0)

satisfies that condition that w is a representation of ddp(z;©).
PROPOSITION 4.14. Consider the generalized Fermat—Torricelli problem (11).
Let {xy} be the sequence in the MM algorithm defined by

m
T41 € arg min {Z op(x —yk) |z € Q} ,

i=1
where yi; € Tp(Tr; ;). Suppose that {xy} converges to & that does not belong to €;
fori=1,...,m. Suppose further that for any limit point, §; € 7p(Z;$%) of {yx:} is
a representation of the subdifferential Odp(T;8;). Then T is an optimal solution of

the problem.
Proof. For sufficiently large k, from the definition of the sequence {z}, one has

m

06> dop(wris — yri) + N(zris; Q).

=1

The estimate

or(—Yki) < op(—ak) + or(xr — yk:) < s%p[oF(—:ck) + dp(xk; )] < oo
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implies that {yx;}r is a bounded sequence in €; for i = 1,...,m. Without loss of
generality, we can assume that y,; — y; € 7p(Z;Q;) as k — oco. Using the fact that
Oop(u) is compact for any u € R™ and the normal cone mapping v = N (u;€2) has
closed graph yields

0€> dop(x— 7))+ N(&:Q).
i=1
Since aOF(.T — gz) = aUF(.i' — gz) N ]V(gz7 Qz) = 8dp(i‘; Qi),
0€ Y adp(z; Q)+ N(7;Q) = 0T(z) + N (z;9).
i=1

Therefore, Z is also an optimal solution of problem (11). O

Remark 4.15 (subgradient-type algorithms). The generalized Fermat—Torricelli
problems presented in this section and section 3 can be solved by the projected subgra-
dient method (see, e.g., [3, 29]). When applying the projected subgradient algorithm
to the generalized Fermat—Torricelli problem (11), at iteration k we need to find a
subgradient uy,; of each component function ¢;(x) = dp(z;€;) for i =1,...,m at xy,.
By the well-known subdifferential sum rule of convex analysis,

m
Wp = E uk,i
i=1

is a subgradient of T" at xp. Proposition 4.3 as well as its specification to the case
of the distance function in Corollary 4.4 provide us with a method of finding such a
subgradient. Note that if x € Q;, the subdifferential ddp(zx;2;) always contains 0,
so we can choose uy ; = 0. In the case where =, ¢ Q;, a subgradient us ; can be found
by using a projection point py; € mp(xk; ;) and we find up,; € dop(zr — pri) N
N(pr,i; ).

The projected subgradient algorithm exhibits slow convergence rates when apply-
ing to the generalized Fermat—Torricelli problems (9) and (11). One of the reasons
is that in each iteration, in order to get an improvement we need to calculate all
subgradients uy ; for ¢ = 1,...,m. This is computationally expensive if the number
of target sets is large. In order to overcome this shortcoming, the stochastic subgra-
dient method provides an alternative; see [3]. The main idea is that in each iteration,
rather than scanning through all the target sets to find a subgradient as in the sub-
gradient method, we choose ¢ uniformly at random from I and find the subgradient
wy € Odp(zk; Q). After that, we define wy, := mwy, ¢ and perform the iteration

Th+1 = W(l‘k — Ozkiljk; Q)

A more general method can be presented as follows. Fix a positive integer p such
that p < |I]. At the iteration k, we choose uniformly at random a nonempty set of
indices I, |I;| = p, that is a subset of I. Then for each i € Iy, find uy; € 0dp(zk; Q).
After that, set

B e mzz'elk uim"
p
and perform the iteration

Tpg = (T — Wi; Q), Vi := min{ Vg, f(z)}
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5. Numerical examples. To demonstrate the methods presented in the previ-
ous sections, let us consider a numerical example below.

Ezample 5.1. The latitude/longitude coordinates in decimal format of 1217 US
cities are recorded, e.g., at http://www.realestate3d.com/gps/uslatlongdegmin.htm.
We convert the longitudes provided by the website above from positive to negative to
match with the real data. Our goal is to find a point that minimizes the sum of the
distances to the given points representing the cities.

If we consider the case where op(z) = ||z||, the Euclidean norm, Algorithm 2 al-
lows us to find an approximate optimal value V* & 23409.33 and an approximate opti-
mal solution z* ~ (38.63, —97.35). Similarly, if o (z) = ||z||1, an approximate optimal
value is V* & 28724.68 and an approximate optimal solution is 2* ~ (39.48, —97.22).
With the same situation but considering the £,.,-norm, an approximate optimal value
is V* ~ 21987.76 and an approximate optimal solution is x* & (37.54, —97.54).

Figure 2 below shows the relation between the number of iterations k and the
optimal value Vi, = H(yy) generated by different norms.

T T
sum norm
- & -max norm
- - - Euclidean norm|]|

Function value

I I I I I I I I I
0 200 400 600 800 1000 1200 1400 1600 1800 2000
k

Fia. 2. Generalized Fermat—Torricelli problems with different norms.

In the example below we apply Algorithm 2 in combination with the Weiszfeld
algorithm to solve generalized Fermat—Torricelli problems involving sets.

Ezxample 5.2. In the same setting as Example 5.1, we consider 1217 squares cen-
tered at the coordinates of the cities with the same radius (half-side length) r = 2.
The constraint is the line given by the equation x — y = —180. We implement Algo-
rithm 3 with the starting point ¢y = (0, 180) to solve the generalized Fermat—Torricelli
problem generated by these squares and the Euclidean norm. In each step of the MM
algorithm, we use Weiszfeld’s algorithm to solve the classical Fermat—Torricelli prob-
lem generated by the projections i, for ¢ = 1,...,1217. The MM method gives
very fast convergence rate in this example. With 5 iterations of the MM algorithm
along with 10 iterations of Weiszfeld’s algorithm, we achieve an approximate optimal
value V* &~ 38161.35 and an approximate optimal solution z* ~ (56.84, —123.16);
see Figure 3. It is required to perform more than 15,000 iterations of the stochastic
subgradient algorithm to achieve similar results. However, the MM algorithm may
not converge in some situations where the sequence xj, enters the target sets, while
the stochastic subgradient method is applicable to this case.

Example 5.3. Consider six given cubes in R? with centers defined by the rows of
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Latitude

. , , . , , . , . . .
S0 60 150 0 10 120 -0 00 0 80 70
Longitude

Fic. 3. A generalized Fermat—Torricelli problem with US cities.

the matrix
—6 6 —4
-5 -3 -6
2 3 4
4 —4 -5
5 6 —6
-5 -2 4

and the half-side lengths being r; = 1.5 for ¢ = 1,...,6. The implementation of the
algorithm above for the generalized Fermat—Torricelli problem for the cubes generated
by the Euclidean norm yields a suboptimal solution z* = (—1.0405,0.8402, —1.4322).
This result can also be obtained by the subgradient method under a much slower
convergence rate.

With the same problem but considering the ¢,,-norm instead of the Euclidean
norm, the choice of the projection from a point x to any cube 2 with center ¢ and
half-side length r is given by

{y e R3 | y; = max{c; — r,min{a;, ¢; + r}}} € mp(z;Q).

Then one obtains a suboptimal solution #* = (—0.6511,0.6511, —0.3489); see Figure
4.

Fic. 4. A generalized Fermat—Torricelli problem with the MM method.
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