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1. Introduction

This is the second part of a work initiated in [21] and whose aim is to survey
the class of epigraphical cones. A convex cone in the Euclidean space R™™! is an
epigraphical cone if it can be represented as epigraph

epi f = {(z,t) e R" . f(z) <t}

of a nonnegative sublinear function f : R™ — R. An epigraphical cone is always
closed and nontrivial, i.e., different from the whole space and different from the zero
cone. It is also solid in the sense that it has a nonempty topological interior. If K
is an epigraphical cone in R™™!, then its associated nonnegative sublinear function
is given by

fx(xz) =min{t e R: (z,t) € K}.

Any geometric statement on K can be formulated in terms of a corresponding an-
alytic property of fr. The reference [21] provides various examples of interesting
epigraphical cones and explains how to combine them in order to produce new
epigraphical cones. The next lemma is a bridge for passing from the class of epi-
graphical cones to the wider class of solid closed convex cones. We start by recalling
a useful definition.

Definition 1.1. Let O, denote the group of orthogonal matrices of order d. Two
convex cones K, Ky in the Euclidean space R? are orthogonally equivalent if there
exists U € Oy such that Ky = U(K;).
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2 A. Seeger / Epigraphical Cones II

Lemma 1.2. Let K be a nontrivial closed convex cone in R"'. Then K is solid if
and only if there exist U € O, 11 and a nonnegative sublinear function f: R" — R
such that

K = U(epif). (1)

Proof. That a solid cone K admits the representation (1) has been proven in [10,
Proposition 2.8]. Conversely, that a cone of the form (1) is solid is a consequence of
[21, Proposition 2.1} and the fact that solidity is a property that is invariant under
orthogonal transformations. O]

Example 1.3. The nonnegative orthant Rﬁ“ is a solid closed convex cone in R™*!,
It is not an epigraphical cone, but it is orthogonally equivalent to an epigraphical
cone. Consider the orthogonal matrix

U= [ulu s 7un7un+1]

constructed as follows: the columns of the submatrix U = [uy, ..., u,] form an
orthonormal basis of the linear subspace

L,={veR"™ v+ ... + v,y =0}

and u,4, = (n4+1)"2(1,...,1)" is a unit vector orthogonal to L,. One can check
that
R = Ufepi f),

where f : R™ — R is the nonnegative sublinear function given by

f(z) = max —vn+1(Uzx);

1<i<n+1

and (Uz); denotes the i-th component of Uz. One sees that f is nonnegative

because Uz € L, for all x € R™. The set
epi f = {(x,t) e R": (Uz);+ (n+ 1)Vt >0foralli=1,...,n+1}

looks more involved than R?fl, but it has the merit of being an epigraphical cone.

The equality (1) expresses the fact that K is orthogonally equivalent to an epi-
graphical cone. The interest of having such a representation formula for K is clear:
when it comes to study the structure of K, everything boils down to examining the
function f. This observation is the leading motivation behind the present work.
The organization of the paper is as follows:

- Section 2 concerns the facial structure of an epigraphical cone.

- Section 3 establishes a few results about rotundity and smoothness of epigraph-
ical cones.

- Section 4 exploits the theory of epigraphical cones for obtaining some approx-
imation results involving Painlevé-Kuratowski limits.

- Section 5 provides rules for computing the characteristic function of an epi-
graphical cone. The concept of characteristic function of a cone is understood
in the sense of Vinberg [24].
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- Section 6 deals with the application of epigraphical cones in optimization the-
ory.

We keep the same notation and terminology as in [21]. In particular, int(€2), bd(€2),
cl(Q) indicate respectively the interior, boundary, and closure of a set 2. The
unit sphere and the closed unit ball of R? are denoted by S; and By, respectively.
However, we deviate from the general spirit of [21]. The emphasis now is put in the
study of properties that are valid up to orthogonal characterizations, which allows
to consider a class of convex cones larger than the class of epigraphical cones.

2. Facial analysis of epigraphical cones

A face of a nonempty closed convex set € in an Euclidean space is a nonempty
subset F' of 2 satisfying the following property:

(I1=Nz+ X yeF withz,ye Qand X €]0,1] = z,y€F.

A face is necessarily closed and convex. If ) is a closed convex cone, then so is every
face of 2. The next theorem tells how to identify the faces of an epigraphical cone.
For the sake of clarity in the exposition, we assume that the associated nonnegative
sublinear function f : R™ — R is positive, i.e., it vanishes only at the origin 0,. In
such a case

By :={x e R": f(z) <1}

is a compact convex set.

Theorem 2.1. Let f: R™ — R be a positive sublinear function andp € {0,1,...,n}.
Then
F—U(F)=R, (F x{1})

is a bijection between the set of p-dimensional faces of By and the set of (p+ 1)-
dimensional faces of epi f.

Proof. Let F be a face of By. We claim that W(F) is a face of epi f. Pick (z,t)
and (y, s) in epi f and A €]0, 1] such that

(1 =X)(z,t) + Ay, s) € U(F). (2)

One may suppose that t # 0, otherwise (z,t) = 0,41 and we are done. Similarly,
one may suppose that s # 0. The condition (2) says that

(I=Nzx+ Ay =az
(1=XNt+ s =«

with @ > 0 and z € F. Hence, o # 0 and
L (1= M)t s As Yy
LI =Nt st (1=XNt+As| s

is a convex combination of two vectors in By. Since F'is a face of By, it follows that
x/t and y/s are in F. This proves that (z,t) and (y, s) are in W(F') and completes
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the proof of our claim. Conversely, let G be a nonzero face of epi f. There exists a
compact convex set F'in R™ such that W(F') = G. Such F' is unique and given by

F={zeR": (z,1) € G} (3)

We claim that (3) is a face of By. Pick z,y € By and A €]0, 1] such that (1 — )z +
Ay € F. Hence,
(1—=X)(x,1)+ Ay, 1) € G.

Since G is a face of epi f, it follows that (z,1) and (y,1) are in G. Therefore, x
and y are in F. This proves that F'is a face of By. For completing the proof of the
theorem we check that

dim[¥(F)] = dim(F') + 1. (4)

The relation (4) is probably known since it holds for any nonempty compact convex
set ' in R", and not just for a face of By. Let p be the dimension of F'. Then,
FCU0+{U1,...,UP}

for suitable vectors {ug};_, in R™. Hence, any element of U(F') can be expressed
in the form

(z,t) =t (uo + ) Ak, 1) =t (ug, 1) + ) tAx (ug,0)

k=1 k=1

with ¢ > 0 and Aq,..., A, € R. Thus,

U(F) C span{(ug, 1), (u1,0), ..., (up,0)}.

This shows that the dimension of W(F') is at most p + 1. On the other hand,
since dim(F) = p, it is possible to find vectors {vg,vy,...,v,} in F' such that
{(vo, 1), (v1,1),...,(vp, 1)} are linearly independent. Hence, W(F') contains p + 1
linearly independent vectors, and therefore its dimension is at least p + 1. This
completes the proof of (4). O

Remark. The case p = 0 is of special interest because it concerns the identification
of the extreme rays of an epigraphical cone. This theme has been treated already
in [21, Corollary 2.2]. The case p = n yields the well known formula

epi f =Ry (B x {1}) (5)

for the epigraph of a positive sublinear function.

By combining Theorem 2.1 and the next lemma one can identify the faces of a
proper cone, not necessarily an epigraphical one. As many authors do, we say that
a closed convex cone is proper if it solid and pointed.

Lemma 2.2. For a closed convex cone K in R the following statements are
equivalent:

(a) K is proper.
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(b)  There ezists v € int(K) such that (v,z) > 0 for all nonzero z € K.

(¢) K is orthogonally equivalent to the epigraph of a positive sublinear function
f:R"—R.

Proof. (a) = (b). Let KT denote the dual cone of K. Since
KN =K"= {0n.}, (6)

the convex cone P = K + K7 is closed. We claim that P is pointed. To see this,
take a € PN—P and write a = by +¢; = —(by+¢o) with by, by € K and ¢1,¢0 € K.
Hence,

K> (bl +b2) = —(Cl +Cz) € —KJr.

In view of (6), one gets by = —by and ¢; = —c¢y. Since K and K are pointed,
it follows that by = by = ¢; = ¢ = 0,41. This yields a = 0,,.1 and proves the
pointedness of P. As a consequence,

Pt=(K+K")" =K*NK
is solid. To see that (b) holds, one just needs to pick any v from the interior of PT.
(b) = (c). Let v € int(K) be such that
(v,2) >0 forall z€ K\{0,41}. (7)

Without loss of generality one may assume that ||v|| = 1. Let {us,...,u,} be an
orthonormal basis for the linear subspace

vt ={z € R"": (v, z) = 0}.
Then U = [uy, ..., u,,v] € Opyq and
UTv = e,qq := (0, 1)

belongs to the interior of @ = UT(K). In view of (7), the closed convex cone @ is
contained in the half-space R™ x R,. Hence, @ is the epigraph of the nonnegative
sublinear function

r €R" — fo(r) =min{t € R: (z,t) € Q}.

It remains to check that fy is positive. Suppose, on the contrary, that fg vanishes
at some nonzero vector x. Hence, the linear combination z = Z?Zl T;u; 1S & nonzero
vector in K such that

(v, 2) = sz<vauz> =0,

contradicting (7). Summarizing, we have shown that K is orthogonally equivalent
to the epigraph of the positive sublinear function fq.

(¢) = (a). It follows from [21, Proposition 2.1] and the fact that properness is
invariant under orthogonal transformations. [
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3. Rotundity and smoothness

Rotundity and smoothness are fundamental properties concerning the unit ball of
a normed space. Such notions can be extended to general convex bodies and even
to proper cones. The next definition can be found for instance in [23].

Definition 3.1. A proper cone K in an Euclidean space is rotund if every face of
K, other than K itself and {0}, is a half-line (called an extreme ray).

Rotund cones are often times referred to as strictly convex cones because they are
characterized by the strict convexity condition

z,v € K not collinear, A €]0,1] = (1 — )z + \v € int(K).

Rotund cones play an important role in mathematical economics [18] and other
fields [8, 20]. A nice example of rotund cone is the elliptic cone

E(Q) == {(x,t) e R"™ . \/{x,Qz) < t}
associated to a positive definite symmetric matrix () of order n. Also the ¢P-cone
Ky ={(z,t) e R™": [z, <t}

is rotund if one takes p €]1,00[. By contrast, the choices p = 1 or p = oo lead to
proper cones that are not rotund. All this can be explained in a clear-cut manner
with the help of the next proposition.

Proposition 3.2. For a positive sublinear function f : R™ — R the following
statements are equivalent:

(a) epif is rotund.
(b)  f is rotund in the sense that f(x) =1, f(y) =1, z £y imply [ (x +y) < 2.
(¢)  The boundary of By contains no line-segment.

Proof. (a) < (c) is a consequence of Theorem 2.1 and (c¢) < (b) is obvious. O

Example 3.3. The intersection of two elliptic cones is a rotund epigraphical cone.
Indeed, if @)1 and ()2 are positive definite symmetric matrices of order n, then the
intersection £(Q1) N £(Q2) is an epigraphical cone whose associated nonnegative
sublinear function

v e R = f(r) = max { V(. Qur), V(. Qur) |

is positive and rotund.

The next corollary is helpful when it comes to check the rotundity of a proper cone
that is not necessarily an epigraphical cone.

Corollary 3.4. A proper cone K in R"™ is rotund if and only if it is orthogonally
equivalent to the epigraph of a rotund positive sublinear function f :R"™ — R.
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Proof. It is a matter of combining Lemma 2.2 and Proposition 3.2. A key obser-
vation is that the notion of rotundity for proper cones is invariant under orthogonal
transformations. O]

Remark. The notion of local uniform rotundity is one of the main topics in renorm-
ing theory [5, 15]. Tt has been traditionally considered only as a matter for norms.
However, the definition can be easily generalized for positive sublinear functions.
This opens the way to the definition of local uniform rotundity for proper cones.
For instance, one may declare a proper cone K in R"*!' to be locally uniformly
rotund if it is orthogonally equivalent to the epigraph of a locally uniformly rotund
positive sublinear function f : R" — R.

There is no universally accepted definition of smoothness for proper cones. The
notion of smoothness that we adopt here is not that of [14], but one that is dual to
rotundity.

Definition 3.5. A proper cone K in an Euclidean space is smooth if its dual cone
K™ is rotund.

The most bothering aspect of Definition 3.5 is the need of knowing K, a cone
that is not always directly available. Anyhow, the next proposition clarifies the
geometric meaning of smoothness. As one can see, it is possible to check whether
an epigraphical cone is smooth without evaluating its dual cone.

Proposition 3.6. For a positive sublinear function f : R™ — R the following
statements are equivalent:

(a) epif is smooth.
(b)  f is smooth, i.e., differentiable on R™\{0,}.
(¢)  Ewvery boundary point of By admits exactly one supporting hyperplane.

Proof. (a) = (b). By assumption, the dual cone of epi f is rotund. But

(epi f) = epi f© (8)

with f¢ : R® — R denoting the skewed polar of f (cf. [21, Section 2.3]). Recall
that f(y) = f°(—y), where f° is the usual polar function. By Proposition 3.2, the
positive sublinear function f¢ is rotund. Hence, f° is rotund. By a classical duality
argument,
(y, z)
r€R" — f(x) =(f°)°(x) = max
(@) = (£ (o) = max o
is then differentiable on R™\{0,}. In fact, by using Danskin’s differentiability the-

orem [4] one sees that the gradient of f at a given point z € R"\{0,,} is the unique
solution to the maximization problem

f(z) = max (y,z).

yero

(b) = (c). This implication is easy and well known.
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(¢) = (a). The theory of convex bodies asserts that if each boundary point of By
has a unique supporting hyperplane, then the boundary of the polar set

(Bf)° ={y € R": (y,x) <1 forall z € By}

contains no line-segment. Since (Bf)° = By, it follows that f° is rotund. A
posteriori, also f¢ is rotund. By combining (8) and Proposition 3.2, one sees that
epi f is smooth. O

Example 3.7. The Minkowski sum of two elliptic cones is a smooth epigraphical
cone. Indeed, if (); and () are positive definite symmetric matrices of order n,
then £(Q1)+ £(Q2) is an epigraphical cone whose associated nonnegative sublinear
function

r €R" — f(r) = min {\/(u,Q1u>~|—\/<v,Q2v>}

u+v=x

is positive and smooth. Also the vertical sum

E(Q1) ®y E(Qs) = {(:zc,t) e R™ . /(z, Qua) + \/(, Qoz) < t}

is a smooth epigraphical cone, but the intersection £(@Q;) N £(Q2) may not be
smooth.

The next corollary fully characterizes the class of smooth cones.

Corollary 3.8. A proper cone K in R"" is smooth if and only if it is orthogonally
equivalent to the epigraph of a smooth positive sublinear function f : R™ — R.

Proof. Combine Lemma 2.2, Proposition 3.6, and the fact that the notion of
smoothness for proper cones is invariant under orthogonal transformations. O

4. Approximation results

An epigraphical cone is not necessarily pointed, but it can always be approximated
in the Painlevé-Kuratowski sense by a sequence of pointed epigraphical cones. This
is the idea behind the formulation of the next lemma. In the sequel, the nota-
tion limg_o, Cy stands for the Painlevé-Kuratowski limit of a sequence {Cj}ren
of nonempty sets in an Euclidean space. The definition and main properties of
Painlevé-Kuratowski limits can be consulted in standard books on set convergence
[1, 19]. Since we are working in a finite dimensional setting, convergence in the
Painlevé-Kuratowski sense is equivalent to convergence with respect to the uniform
metric
o(Ky, Ky) := ‘1‘rn”a)§ |dist|z, K;] — dist[z, K3]|,
2||=
or with respect to any other equivalent metric for that matter (cf. [12]).

Lemma 4.1. Let f : R"™ — R be a nonnegative sublinear function. Then

epi f = lim epi fy, = cl [U epi fk] (9)

k=1



A. Seeger / Epigraphical Cones II 9

where fi, : R" — R is the positive sublinear function given by fi(x) = max{f(x),
kH|][}

Proof. That f; is a positive sublinear function is clear. The sequence {fi}r>1 is
pointwisely nonincreasing and

fla) = Jim fulw) = inf filo)

for all x € R™. This implies the Painlevé-Kuratowski convergence of the sequence
{epi fi }ren and the formulas stated in (9). O

The geometric interpretation of (9) is as follows: what we are doing is to approxi-
mate epi f by another epigraphical cone that is smaller, namely epi fr, = (epi f)NRy.
Here

Ry = {(z,t) € R"™ . ||z|| < kt}

is a revolution cone whose axis is generated by e, 1. The half-aperture angle of Ry
is equal to

0y = arccos (1/\/@) :

i.e., a positive number smaller than 7/2. Note that epi f; is pointed because Ry is
pointed.

The next approximation result can be found in [22]. We give here a shorter proof
that is based on the theory of epigraphical cones.

Theorem 4.2. Let K be a closed convex cone in an Euclidean space X. Suppose
that K is not a sublinear space. Then

(a)  There exists an upward monotonic sequence {Qy}ren of pointed closed convex
cones in X such that K = limy_ . Q.

(b)  There exists a downward monotonic sequence { Py}ren of solid closed convex
cones in X such that K = limy_,o P.

Proof. Since X can be taken as the linear space spanned by K, there is no loss
of generality in assuming that K is solid. To avoid trivialities we assume also that
dim X > 2. If one sets n = dim X — 1, then one can identify X with R"*!. In view
of [10, Proposition 2.8|, there exist U € O,,;1 and a nonnegative sublinear function
f :R" — R such that K = Uf(epi f). Hence, one can approximate K by means of
the pointed closed convex cone

Qr = U(epi fx)

with fi as in Lemma 4.1. Note that Q) C Q41 for all £ € N, and

lim Q. =U <kh_)m epi fk) = Ulepi f) = K.

k—oo

Consider now the part (b). Since K™ is not a linear subspace either, there exists an
upward monotonic sequence { W}, }xen of pointed closed convex cones in X such that
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KT = limy_,o Wy. If one sets P, = W,", then {P;}xen is a downward monotonic
sequence of solid closed convex cones in X such that

+
lim Py, = (lclim Wk> — (K*)" =K,

k—o00

the leftmost equality being a consequence of the Walkup-Wets isometry theorem
[25]. m

Another approximation result in the same spirit concerns the possibility of approx-
imating a closed convex cone by a rotund cone or by a smooth cone.

Theorem 4.3. Let K be a closed convex cone in an Euclidean space X. Suppose
that K is not a sublinear space. Then

(a) K = limy_o Ry for some upward monotonic sequence {Ry}ren of rotund
cones 1n X.

(b) K =limy_ o Sk for some downward monotonic sequence {Sy}ren of smooth
cones in X.

Proof. Without loss of generality one can assume that K is solid and that dim X >
2. As before, we set n = dim X — 1 and identify X with R**!. Then we write

K = Ufepi f)
Ry, = Ulepigy),

where U and f are as in the proof of Theorem 4.2, and

ge(z) = f(@) + &~ 2.

Note that Ry C Ry, for all £ € N, and
klim R,=U <khm epigk> =U(epi f) = K.

Each Ry is pointed because the sublinear function gy is positive. Since K is solid,
Ry is solid (hence, proper) for all k large enough (cf. [11, Corollary 5.2]). It remains
to check that Ry is rotund, but this is a consequence of Proposition 3.2 and the
fact that gy is rotund. The part (b) is obtained from (a) by relying on duality
arguments. O

Theorem 4.4 says that any closed convex cone can be approximated in the Painlevé-
Kuratowski sense by a polyhedral cone.

Theorem 4.4. Any closed convex cone in an Euclidean space X can be written as
Painlevé-Kuratowski limit of a sequence of polyhedral cones in X.

Proof. Let K be a closed convex cone in X. We suppose that K is not a linear
subspace, otherwise we are done. Since one can take X as the linear space spanned
by K, there is no loss of generality in assuming that K is solid. As in Theorem 4.2,
one assumes that dim X > 2, one sets n = dim X — 1, and one identifies X with
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R"*. In view of Theorem 4.2, for all ¥ € N there exists a pointed closed convex
cone @, in R™*! such that

o(Qr, K) < 1/k.

We represent Qr = Uj(epi fi) in terms of a suitable matrix Uy € O,;; and a
corresponding positive sublinear function f; : R” — R. As in (5), one has

epi fr = Ry (By, x {1})

Note that By, is a nonempty compact convex set in R™. Thanks to [17, Theorem
2.1], there exists a polytope € in R™ such that

haus(Qk, Bfk) < 1//{3

with “haus” standing for the classical Pompeiu-Hausdorff metric. Since 0, €
int(By, ), one may suppose that 0,, € int(€2;). Consider now the polyhedral cone

P, =R, (. x {1}).
Thanks to [12, Proposition 6.3], one has the estimate
0( Py, epi fi) < 2 haus(Qy, By, ).
Observe that Ug(Fy) is a polyhedral cone and
o(Ur(Pr), K) < o(U(Pr), Qk) + 0(Qk, K)
= 0 (Ui(P%), Ur(epi fr)) + 0(Qk, K)

= 0(Py,epi fr) + 0(Qr, K)
< 2(1/k) + (1/k).

This shows that K = limy_,, Ux(P,) and completes the proof of the theorem. [

5. Characteristic function of an epigraphical cone

If K is a solid closed convex cone in RY, then its characteristic function ®x :
int(K) — R is defined by the d-dimensional integral

Pk (2) = /K+ e~ .

Such a definition of characteristic function is discussed in the book [7, Chapter 1]
and in many other places [6, 9, 24]. Some authors refer to ®x as the Vinberg (or
Koszul-Vinberg) characteristic function of K.

It is clear that @ is positively homogeneous of degree —d. As shown in [7, Propo-
sition 1.3.2], a fundamental property of @ is that of behaving as barrier function
for the cone K. This means that

klim O (21) = 00 (10)
for any sequence {zy }ren in int(K') converging to a point on the boundary of K. As
can be seen from the next lemma, there is also a converse statement: the condition
(10) forces {zx}ren to approach the boundary of K.
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Lemma 5.1. Let K is a solid closed convex cone in R?. Then for all z € int(K),

one has
1 ’ ol
Sp() < (—onm =l1oll gy,
K(2) < (dist[z,bd(K)]) /Kf v

Proof. The point z is at positive distance from bd(K). If r is such distance, then
2+ rBy C K. This inclusion amounts to saying that r ||v|| < (z,v) for all v € K.
Hence

Dy (z) §/ e~ lvly.
K+

By using a positive homogeneity argument and a suitable change of variables, the
term 7 moves out of the integral as a factor r—¢. O]

We now address the question of computing the characteristic function of an epi-
graphical cone. In the sequel one uses the notation

Efo(z,s) = / eV dy, (11)
{fo<s}

where integration is carried out over the sublevel set {f° < s} ={y e R": f°(y) <
s}.
Theorem 5.2. If f:R" — R is a positive sublinear function, then

1

O (12)

= /o e " Zto(z, s)ds (13)
for all (x,t) € int(epi f).

Proof. Let (x,t) be in the interior of Ey. Then

Do f(, 1) = / e~ (@ H) s (14)
epi fO

= / / e_<x’w>_t5ds} dw (15)
R LJ fO(w)

[ —tf0(w)
= / e~ (@) ; ]dw,

where (14) is a consequence of (8), and (15) is due to Fubini’s integration theorem.
The change of variables y = —w leads finally to the formula (12). In order to obtain
(13) one integrates (14) in a different order. One has

oo
Dopi (,1) = / {/ 6—(<:v,w)+ts)dw:| ds
0 {ro<s

- / et [/ e<x’w>dw] ds.
0 {ro<s}
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It suffices now to observe that the inner integral is equal to Zf.(z, s). O

As one can see from (13), the function @y f(x, -) is nothing but the standard
Laplace transform of Zfo(z, -). It is not always easy to compute the multidi-
mensional integral (11), not to mention its Laplace transform, but there are some
particular cases were this can be done explicitly. The next example is inspired from
[9, Section 7.4].

Example 5.3. Consider the positive sublinear function f(x) = ||z|;, in which case
f°(y) = ||ylloo- Onme start by computing

Epo(x,s) = / e ™Y dy = H/ e "Widy, = Ha(:ﬁi, s)
llylloo<s i=1Y S i=1

Here

(r,5) (e —e ™) /7 fT#0
o(r,s) = :
2s it 7=0.

Then one needs to evaluate the Laplace transform at ¢ of the function [}, o(x;, ).
Of course, one supposes that ||z||; < t. For each i € {1,...,n}, one has to distin-
guish between the cases x; # 0 and x; = 0. Consider for instance the configuration
x1>0,...,2, > 0. Since,

n n
H (exis o e—xis) _ E Hgi eZi:l seixi’
i=1 ei=F1 \i=1

one ends up with

o] 5

Z

5.1. Moment-generating function techniques

Since f° is positively homogeneous, a simple change of variables in the integral (12)
leads to

]_ —lx __fo
q)epif(‘rat) = tn+1 / e<t =7 (y)dy7

which in turn implies that

1 x
D (,1) = 75 Pepi <?, ). (16)

In other words, one can always restrict the attention to the particular case ¢t = 1.
By the way, the relation (16) is consistent with the fact that ®cy ;s is positively
homogeneous of degree —(n + 1).
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Example 5.4. Let f(z) = ||#]|c, in which case f°(y) = ||ly||:. A matter of compu-
tation shows that

n 00 n 9
By (2, 1) = / el =l gy — H/ e ir = [ =y
n — X
i=1Y 7> 1 ?

1=

whenever ||z]|o < 1. In view of (16), one obtains
Q”t”_l
[Ty (2 = 27)

whenever |||/ < t, recovering in this way a formula stated in [9, Lemma 7.3].

Depif(z,1) =

It is worthwhile to mention that

n

T E int(Bf) — Mf(;c) = cpepif(x’ 1) = / e(r,y>e—fo(y)dy

can be seen as the moment-generating function of an n-dimensional random vector
distributed according to the density function y — e=/°®). Strictly speaking, e~/ is
a density function only up to a positive normalization factor. A density functions
of the form ce™9, for some constant ¢ and some norm ¢, generalizes the classical
Laplace density function. This way of perceiving M, leads to a number of analytic
results that are well known in probability theory. The next corollary is mentioned
just by way of illustration.

Corollary 5.5. Let f: R" — R be a positive sublinear function. Then

(a) My is strictly logconver and infinitely often differentiable on int(By).
(b) If f is even, then so is Mjy.

Remark. Partial differentiation of ®p;  with respect to x leads to

1 o
vaq)epif(ajat) = ;/ ye<x’y>—tf (y)dy

Rn

for all (z,t) € int(epi f). In particular,

VMf(Qj) = / y€<x’y>7fo(y)dy

for all x € int(By). The above gradient has a special meaning if one sets z = 0,.
Indeed, the term

n

VM (0,) = / ye "Wy

corresponds to a mathematical expectation.

The next proposition provides a formula for computing the characteristic function
of an elliptic cone. The moment-generating function

z € int (B,) — M(x) _/ el9) oIyl gy

n
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associated to e Il is something intrinsic to the Euclidean space R and can be
computed once and for all. One has

Kn

M) = e

where the constant k, is given by

with I' standing for the Euler gamma function.

Proposition 5.6. Let Q) be a positive definite symmetric matrixz of order n. Let
{uy,...,u,} be an orthonormal basis of eigenvectors of Q@ and let {\1,..., A} be
the corresponding eigenvalues. Then, for all (x,t) € int[E(Q)], one has

1 LTx
(I)g(Q)(QZ,t) = thrl\/detQ ./\/l (T) (17)

B kn v/det Q) 18
NG R "

with L standing for the matriz of order n whose j-th column is the vector \/Aju;.

Proof. The polar of f(z) = \/{(x, Q) is given by f°(y) = \/{y, @ 'y). Hence,
Peig)(x, 1) :/ €<x,y)e,\/mdy.

n

By using the spectral decomposition
T T
Q=UDU" =) "X uu]
j=1

and the orthogonal transformation n = UTy, one gets

n

Finally, the change of variables &; = 7;/1/A; leads to

Deoy(z,1) = VA Ay / (L7 &) o~ el ge |

This completes the proof of the case ¢ = 1. The formula (17) is then obtained by
using the homogenization mechanism (16). O
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Example 5.7. By taking ) = I,, as the identity matrix of order n one recovers the
well known formula (cf. [7, 9])

Kn
[#2 — [|o][2] D72

(I)A(.T,t) =

for the characteristic function of the (n 4 1)-dimensional Lorentz cone
A= {(x,t) € R"™ 1 ||z < t}.
More generally, the choice @ = (tan1) 2 I,, leads to the expression

Ky, tan v
[(t tan 9)? — [|z]|) "D/

q)rev(ﬁ) (Z‘, t) -

for the characteristic function of a revolution cone
rev(d) := {(z,t) € R"™ : (tan ) H|z|| < t}

with half-aperture angle equal to .

6. Epigraphical conic programming
An epigraphical conic program (ECP) is an optimization problem of the form

minimize (c, z) (19)
Az —bp €epif forall ke {1,..., N}
with f : R"™ — R standing for a positive sublinear function. The decision variable

z is a vector in some Euclidean space, say R?. The matrices A;,..., Ay and the
vectors ¢, by, ...,by are known and have appropriate dimensions.

A dual problem to (19) can be constructed by using the standard Lagrangean
formalism. If one introduces a Lagrangean function L of the form

N
L(z, A1, An) = (6.2) + ) (A b — Agz),

k=1
then the dual problem to (19) consists in maximizing the term

inf L(z,A,...,\N)

z€R4

with respect to the Karush-Kuhn-Tucker multipliers Ay, ..., Ay € (epi f)T. If one
keeps (8) in mind, then a matter of simplification shows that the dual problem can
be written in the form

N
maximize Z<bk” Ak) (20)

k=1
)\1,...,)\]\[ S epifo

N
k=1
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Let vPrmal and ¢dual denote the optimal values of (19) and (20), respectively. The
general duality theory for convex optimization problems leads to the following result.

Lemma 6.1. Let f: R™ — R be a positive sublinear function. Then the equality

,Uprlmal — Udual

holds under any of the following two qualification hypotheses:

i) There exists 2 € R such that AyzZ — by, € int (epi f) for all k € {1,...,N}.
it) [ is polyhedral and (19) is feasible.

Proof. Under the assumption i), one can convert (19) and (20) into a pair of dual
linear programs, one of which is feasible. Hence, the other problem is feasible as well,
and both problems have the same optimal value. Under the Slater type qualification
hypothesis i), the dual problem (20) admits a solution and both problems have the
same optimal value. This can be shown by using one of the many existing min-max
theorems for convex-concave Lagrangeans, see for instance [16, Corollary 4.2]. [

6.1. First application: finding a Chebishev center

Consider a finite set 2 = {wy,...,wy} of distinct points in R™. One wishes to find
a vector x € R" that is regarded as the “center” of (2. There are different ways of
formalizing the concept of center. The Chebishev strategy consists in minimizing
the maximal deviation function

r € R" = dpax() 1= [ax flz —w),

where f is a given norm on R”. By definition, a Chebishev center of €2 is a solution
to the minimization problem

Teheb = MIN Oppax (T).
rER™

The number 7, is called the Chebishev radius of €. Since dpnax 1S continuous
and has bounded level sets, the existence of a Chebishev center is automatically
guaranteed. On the other hand, minimizing ..., is clearly equivalent to solving

minimize ¢
(z,t) € R*
flz —wg) <t foral ke{l,...,N}.

This can be written of course in the conic programming format

minimize ¢ (21)
(x,t) € (wg,0) +epif forall ke {l,...,N}.

Since (21) is a particular instance of the general ECP, one obtains the following
conclusion.



18 A. Seeger / Epigraphical Cones II

Corollary 6.2. Let f be a norm on R™. Then the Chebishev radius of € is equal
to the optimal value of the maximization problem

N

mazimaize Z(wk, Yk (22)
k=1

(Yg, Sk) € epi f° forall k€ {1,...,N}
N N
Zykzona Zsk:L
k=1 k=1

where the decision variables are the vectorsyy,...,yn € R™ and the scalars sy, ..., Sy.

Proof. For obtaining the dual problem (22), one just needs to work out the general
model (20) with

0y,
ZZ|:?:|7 C:|:1:|7 bk:|:uz)k:|7 Ak:In+1-

For the sake of matrix calculus we are writing the vectors of R**! in column nota-
tion. The KKT multipliers are the (n + 1)-dimensional vectors

_ | _ | YN
>\1_|:81:|7"'7)\N_|:8N:|7

which we identify with the pairs (yi,s1),. .., (yn, Sn). Note that the Slater type
qualification condition 7) mentioned in Lemma 6.1 holds automatically in the present
context. Indeed, if one picks any & € R™ and t bigger than max;<x<y f(Z — wi),
then

Akg—bk:l§:|—|:%k:|Elnt(eplf)
forall k € {1,...,N}. O
The maximization problem (22) is perhaps better understood if one writes it in the

form

N

maximize Z Sk Wk, Ug)
k=1

s >0, fo(u) <1 forall ke {l,...,N}
N N
Zskuk = On, Zsk = 1,
k=1 k=1

where the maximum is taken over all the representations of 0,, as convex combination
of N vectors in the ball By. associated to the polar norm f°.
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6.2. Second application: finding a Fermat center

Instead of the maximal deviation function d,,,x one could use the total deviation
function

N
r € R" = dgum(x) = Zf(x — Wg)-

k=1
The existence of a minimum of dg,, is not problematic either. By definition, a
Fermat center of € is a solution to the minimization problem

= mi . 2
Tfermat irel]g}‘ 5sum (x) ( 3)

The above minimal value is called the Fermat radius of Q. Following [3], we write
the unconstrained problem (23) in the form

N
minimize E Tk
k=1

flx—wi) <7 forallke{l,...,N},

where the decision variables are the components of z € R™ and the auxiliary vari-
ables 71, ...,7y. The latter problem can be reformulated as

N
minimize Z Tk (24)
k=1

(x,7%) € (wg,0) +epif forall ke {l,...,N},
so we are dealing with yet another particular case of the general ECP.

Corollary 6.3. Let f be a norm on R™. Then the Fermat radius of €2 is equal to
the optimal value of the mazximization problem

N

mazximize Z(wk, Yk (25)
k=1

fyr) <1 forallke{l,... N}
N
k=1

Proof. We apply again Lemma 6.1, but this time we use

_ T _ On _ Wk o ]n On,N
SO R b B vl |

Here 7 is the column vector whose components are 7q,..., 7y, the symbol O, y
indicates the zero matrix of size n x N, and e y is the k-th canonical vector of RY.
The equality constraint in (20) becomes

>[on ][0
Onn €exnN Sk Inv |’

k=1
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which after simplification yields Zgzl yp = 0, and s = 1 for all k € {1,...,N}.
This explains the form (25) that we are getting for the dual problem associated to
(24). The Slater type qualification condition ¢) mentioned in Lemma 6.1 is again in
force. To see this, pick any Z € R™ and then let 7, > f(T—w1),..., T8 > f(T—wn).
In such a case,

T

ApE — by, = [ }— H’“} € int (epi f)

for all k € {1,...,N}. O

Tk

6.3. Final comments

The nice survey by Boyd et al. [3] on second-order conic programming (SOCP)
focuses the attention on the optimization model

minimize (w, x) (26)
| Ak + bi|| < (cg,x) +dj, forall ke {1,...,N}.

This is of course a particular instance of the general model (19).

SOCP are typically solved by interior point methods (cf. [2, 3, 13]). Such methods
can be adapted to the epigraphic conic program (19), provided one has a suitable
barrier function for the set epi f. It is here where the Vinberg characteristic function
®pi ¢ enters into action. It would lead us to far to describe all the technicalities
of the interior point method applied to (19), but this is certainly something that
deserves an exhaustive treatment in a more specialized paper.
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