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Abstract

The so-called ¢y pseudonorm on the Euclidean space R% counts the number of
nonzero components of a vector. In this paper, we analyze the [y pseudonorm by
means of so-called CAPRA conjugacies, for which the underlying source norm and its
dual norm are both orthant-strictly monotonic (a notion that we formally introduce
and that encompasses the ¢, norms, but for the extreme ones). We obtain three main
results. First, we show that the £y pseudonorm is equal to its CAPRA-biconjugate,
that is, is a CAPRA-convex function. Second, we deduce an unexpected consequence,
that we call convex factorization: the ¢y pseudonorm coincides, on the unit sphere
of the source norm, with a proper convex lower semicontinuous function. Third, we
establish variational formulations for the ¢y pseudonorm by means of generalized top-k
dual norms and k-support dual norms (that we formally introduce).

Key words: ¢, pseudonorm, orthant-strictly monotonic norm, Fenchel-Moreau conju-
gacy, generalized k-support dual norm, sparse optimization.
AMS classification: 46N10, 49N15, 46B99, 52A41, 90C46

1 Introduction

The counting function, also called cardinality function or £y pseudonorm, counts the number
of nonzero components of a vector in R?. It is used in sparse optimization, either as objective
function or in the constraints, to obtain solutions with few nonzero entries. However, the
mathematical expression of the ¢; pseudonorm makes it difficult to be handled as such in
optimization problems. This is why most of the literature on sparse optimization resorts
to substitute problems, obtained either from estimates (inequalities) for the ¢y pseudonorm,
or from alternative sparsity-inducing terms (especially suitable norms). The literature on
sparsity-inducing norms is huge, and we just point out a very succint part of it. We refer
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the reader to [16] that provides a brief tour of the literature dealing with least squares
minimization constrained by k-sparsity, and to [9] for a survey of the rank function of a
matrix, that shares many properties with the ¢y pseudonorm. We refer the reader to [2] for the
support norm, to [23] (and references therein) for top norms, and to [13] for generalizations.

Our approach to tackle the ¢y pseudonorm uses so-called CAPRA conjugacies, introduced
in [4]. More precisely, in [4], we brought out the class of couplings CAPRA (dependending
on an underlying source norm) and we established expressions for CAPRA-conjugates and
biconjugates, and CAPRA-subdifferentials of nondecreasing functions of the ¢y pseudonorm.
In [5], we introduced the coupling E-CAPRA related to the Euclidean norm and we showed
that the ¢y, pseudonorm is E-CAPRA-convex and displays hidden convexity in the following
sense. The ¢y pseudonorm satisfies a convex factorization property: it can be written as
the composition of a convex lsc function (on the Euclidean space) with the normalization
mapping that maps any nonzero vector onto the Euclidean unit sphere, hence it coincides
with a convex Isc function on the Fuclidean unit sphere.

In this paper, we go beyond the two above papers in several directions. We generalize the
results of [5] by showing that not only the ¢y pseudonorm but any nondecreasing function
of the ¢y pseudonorm is CAPRA-convex and displays hidden convexity (convex factorization
property), and not only for the Euclidean norm but for a class of norms that encompasses
it (including the £,-norms for p €]1,00[). Moreover, we extend the hidden convexity prop-
erty to subdifferentials. Indeed, we show that the CAPRA-subdifferential of a nondecreasing
function of the ¢, pseudonorm coincides, on the unit sphere, with the Rockafellar-Moreau
subdifferential of the associated convex lsc function (in the convex factorization property).
Whereas we obtained CAPRA-convex lower bounds (inequalities) in [4], for nondecreasing
functions of the ¢y pseudonorm, we now obtain identities. Whereas we obtained an expres-
sion for the CAPRA-subdifferential of a nondecreasing function of the ¢y pseudonorm, we now
prove that it is not empty.

The paper is organized as follows. In Sect. 2, we provide background on the ¢y pseudonorm
and CAPRA-conjugacies. We also introduce a new class of orthant-strictly monotonic norms,
as well as sequences of generalized top-k and k-support dual norms. We show that nonde-
creasing functions of the ¢, pseudonorm are CAPRA-convex. In Sect. 3, we show that any
nondecreasing function of the ¢y pseudonorm coincides, when restricted to the unit sphere,
with a proper convex lIsc function. Then, we deduce variational formulations for nonde-
creasing functions of the ¢y pseudonorm which involve the sequence of generalized k-support
dual norms. Appendix A gathers background on properties of norms that are relevant for
the ¢y pseudonorm, and Appendix B gathers background on the Fenchel conjugacy.

2 Capra-convexity of the ¢/, pseudonorm with orthant-
strictly monotonic norms

In §2.1, we provide background on the ¢, pseudonorm and on the family of CAPRA conjugacies
(introduced in [4]). Then, in §2.2, we introduce norms that are especially relevant for the



¢y pseudonorm, like orthant-strictly monotonic norms. Finally, in §2.3, we prove that the
ly pseudonorm is CAPRA-convex when the underlying norm and its dual norm are both
orthant-strictly monotonic.

2.1 Background on the /; pseudonorm and the Capra conjugacy

We work on the Euclidean space RY (where d is a nonzero integer), equipped with the
scalar product (-, -) (but not necessarily with the Euclidean norm). We use the notation
l7,k] ={j,7+1,...,k —1,k} for any pair of integers such that j < k.

Let ||-]| be a norm on RY, that we will call the source norm. We denote the unit sphere S
and the unit ball B of the source norm ||-|| by
S—{oe R lloll =1}, B={z e R?|Jlall < 1} )

For any vector x € R?, supp(z) = {j € [1,d] ‘xj =+ O} C [1,d] is the support of z. The
so-called ¢y pseudonorm is the function £y : R? — [0, d] defined by

lo(x) = |supp(x)| = number of nonzero components of z , Vz € R?, (2)

where | K| denotes the cardinality of a subset K C [1,d]. The ¢, pseudonorm shares three
out of the four axioms of a norm: nonnegativity, positivity except for x = 0, subadditivity.
The axiom of 1-homogeneity does not hold true. By contrast, the ¢, pseudonorm is 0-
homogeneous:

lo(pz) = bo(z) , Vp e R\ {0}, Vo € RY. (3)

Following [4], we introduce the coupling CAPRA.

Definition 1 (/4, Definition 8]) The constant along primal rays coupling ¢ : RY x R — R,
or CAPRA, between R? and itself, is the function

<a:7y) x%o,

¢:(gj,y)€Rded*—>{W’ (4)

0, else.

We stress the point that, in (4), the Euclidean scalar product (z, y) and the norm term |||z||
need not be related, that is, the norm ||-|| is not necessarily the Euclidean norm.

The coupling CAPRA has the property of being constant along primal rays, hence the
acronym CAPRA (Constant Along Primal RAys). We introduce the primal normalization
mapping n : R — SU {0}, from R? towards the unit sphere S united with {0}, as follows:

n:zeR I v#0, (5)
0, else.

Now, we introduce notions and notation from generalized convexity [22, 21, 12]. As we
manipulate functions with values in R = [—o00, +00], we adopt the Moreau lower and upper



additions [15] that extend the usual addition with (+00) + (—00) = (—00) + (+00) = —00
or with (+00) + (—00) = (—=00) + (+00) = +o00. The ¢-Fenchel-Moreau conjugate of a
function f : R® — R, with respect to the coupling ¢, is the function f ¢ RY — R defined by

FE) = swp (¢(e,y) + (~f(@))) , Vy R (62)

z€R4

The ¢-Fenchel-Moreau biconjugate of a function f : R¢ — R, with respect to the coupling ¢,
is the function f¢¢ : R¢ — R defined by

196 (@) = sup (¢(a9) + (~4W)) , Ve e RY (6b)

yeRd

The biconjugate of a function f : R — R satisfies the inequality
F$6 () < fx), Vo e R, (6¢)
When the coupling ¢ is replaced by the Euclidean scalar product (-, -), we recover well-known

expressions of the Fenchel conjugacy (see Appendix B).

2.2 Relevant norms for the /; pseudonorm

In §2.2.1, we recall the notions of restriction norms and of generalized coordinate-k and
dual coordinate-k norms. In §2.2.2, we introduce two new families of norms, the generalized
top-k and k-support dual norms. Finally, in §2.2.3, we define a new class of orthant-strictly
monotonic norms.

2.2.1 Restriction norms and generalized coordinate-k and dual coordinate-k
norms

For any subset K C [1,d], we define the subspace
Rg={zeR|z;=0, V¢ K} CR? (7)
with Ry = {0}, and then three norms on the subspace Ry of R?, as follows.
e The K-restriction norm ||-||x is defined by ||z||x = ||z, for any z € Rk.

e The (%, K)-norm ||-[|.x is the norm (|||[.),, given by the restriction to the sub-
space Ry of the dual norm ||-||. (first dual, as recalled in definition (26) of a dual
norm, then restriction),

o The (K,*)-norm [[-||x is the norm (||-]|x),, given by the dual norm (on the sub-
space R ) of the restriction norm ||-||x to the subspace Rx (first restriction, then
dual).



For any z € R? and subset K C [1,d], we denote by xx € Ry C R? the vector which
coincides with x, except for the components outside of K that vanish (this definition is valid
for K =0, giving g =0 € Ry = {0}).

Definition 2 (/4, Definition 3]) For k € [1,d], we call generalized coordinate-k norm the
norm HHHZE) on RY whose dual norm is the generalized dual coordinate-k norm, denoted by

”HH&*, with expression!

R
lylley = sup llyxllx. , Yy € R (8)
|K|<k

We denote the unit sphere SR . and the unit ball IB () % by

St = (v e R yllfhy. = 1} 5 Bl = {y € Ryl <1}, VR e [1,d].  (9)

We give examples of generalized coordinate-k and dual coordinate-k norms in [4, Table 1].

2.2.2 Generalized top-k£ and k-support dual norms

We introduce two new families of norms, that we call generalized top-k and k-support
dual norms.

Definition 3 Fork € [1,d], we call generalized top-k dual norm (associated with the source
norm ||-||) the norm on R defined by?

Iy = sup llyzlll = P lysclle . Yy € RY. (10)

We call generalized k-support dual norm the dual norm (on RY) of the generalized top-k
dual norm, denoted bi?
I = (IR, » Ve € [1,d], (11)

with unit sphere S:S? and unit ball B*S“ given by
Ty = {r e R |l2lly = 1}, B = {z e R |21 <1}, Vee[1.d]. (12)

We now give examples of generalized top-k and k-support dual norms in the case of £,
source norm. We recall that the £,-norms || - ||, on the space R? are defined by |z|, =

1
(Z?Zl ;)7 for p € [1,00[, and by [|z]|sc = sup;cp g il It is well-known that the dual

!The notation Sup| g |<y, is a shorthand for sup gy g, 1x|<k-

2We adopt the convention ||- |||in(0) = 0 (although this is not a norm, but a seminorm).

*an

3We adopt the convention |- i) = O (although this is not a norm, but a seminorm). We use the

*Sl’l

symbol % in the superscript to 1nd1cate that the generalized k-support dual norm |- H\ is a dual norm. To

stress the point, we use the letter = for a primal vector, like in H|x|H:S(nk), and the letter y for a dual vector,

like in [lyll; )



norm of the norm || - ||, is the ¢,-norm || - ||,, where ¢ is such that 1/p+1/g = 1 (with the
extreme cases ¢ = oo when p =1, and ¢ = 1 when p = 00).
We start with a Lemma, whose proof is easy. For any y € R¢, we denote by |y| =

(1], - -, |yal) the vector of R with components |y;|, i € [1,d]. Letting y € R? and
v be a permutation of [1,d] such that |y,1)] > |vue) = -+ > |yu(a)]. we note y* =
(lvols [vo@ls - - - [Yu@])-

Lemma 4 Let ||-|| be a norm on R:. Then, if the norm ||-|| is permutation invariant and

monotonic (with respect to the partial order on RY given by the nonnegative orthant cone),
we have that lyl|" = vty s, where gty € R is given by (y¥) 1,1y, for ally € RY.

We start with generalized top-k dual norms as in (10) (see the second column of Table 1).
When the norm ||-|| is the Euclidean norm || - ||2 of R?, the generalized top-k dual norm is
known under different names: the top-(k,2) norm in [23, p. 8], or the 2-k-symmetric gauge
norm [14] or the Ky Fan vector norm [17]. Indeed, in all these cases, the norm of a vector y is
obtained with a subvector of size k having the k largest components in module, because the
assumptions of Lemma 4 are satisfied. More generally, when the norm |||-||| is the £,-norm ||-|,,
for p € [1, 00], the assumptions of Lemma 4 are also satisfied, as £,-norms are permutation
invariant and monotonic. Therefore, we obtain that the corresponding generalized top-k

tn . tn
dual norm (H : Hp)*,(k) has the expression (H : ‘|p)*7(k)<y) = sup g < [lVkll, = Hyil,‘..,k}H(f for
all y € R4, and where 1/p + 1/q = 1. We call* top-(q,k) norm — denoted by ||- o, — the
generalized top-k dual norm ||||Hin(k) in (10) when the source norm ||-|| is the £,-norm ||||,.
Notice that [|-|[%2, = || - |l for all & € [1,d].

Now, we turn to generalized k-support dual norms as in (11) (see the third column
of Table 1). When the norm ||-|| is the Euclidean norm || - |lo of R? the generalized k-
support norm is the so-called k-support norm [2]. More generally, in [13, Definition 21],
the authors define the k-support p-norm or (p,k)-support norm for p € [1,00]. They show,
in [13, Corollary 22|, that the dual norm ((]| - ||p)zz))* of the above top-(p,k) norm is the
(q,k)-support norm, where 1/p + 1/q = 1. Therefore, the generalized k-support dual norm
n (11) is the (p,k)-support norm — denoted by |||}, — when the source norm |[-[| is the
{p-norm |[|-[|,, for p € [1, 00]. The formula ||z|[3} , = max{||x||1/k,||7||«} can be found in [3,
Exercise IV.1.18, p. 90].

2.2.3 Orthant-monotonic and orthant-strictly monotonic norms

We recall the definition of orthant-monotonic norms and we introduce the new one of orthant-
strictly monotonic norms, that will prove especially relevant for the ¢, pseudonorm.

Definition 5 A norm ||-|| on the space R is called

4We invert the indices in the naming convention of [23, p. 5, p. 8], where top-(k, 1) and top-(k,2) were
used.



| source norm ||| | -0y & € 11, d] | 1116k % € 11, d] H

IRI® top-(¢,k) norm (p,k)-support norm
1E2] bt 1 [Eedi
|y an = (Zle |y,,(l)|q)5 no analytic expression
IRIE top-(0o,k) norm (1,k)-support norm
{so-norm {1-norm

yllses = lYllos, VK € [1,d] | [|2[[T = [[z[}h, V& € [1,d]
IRIE top-(2,k) norm (2,k)-support norm

9115 = /20 I | llll3} no analytic expression

(computation [2, Prop. 2.1])

yllsh = 11yll [lz]133 = ll2lh
]| top-(1,k) norm (00,k)-support norm
k
[yl = 2221 v ][22, = max{ 5L, [[]]c}
ylli% = [yl [l=[ITh = [[=]]s

Table 1: Examples of generalized top-k and k-support dual norms generated by the ¢, source
norms ||-|| = ||-]|, for p € [1, 0], where 1/p+1/q = 1. For y € R, v denotes a permutation
of {1,...,d} such that |y,)| > [u2)) = - > |Yu(@a)l-



e orthant-monotonic /8, Definition 2.6] if, for all z, ' in R?, we have ( |z| < |2/| and x 0 2’ >

0= [lz|l < I/l ), where |x| < |2'| means |z;| < |z;| for all i € [1,d], and where
x o x' = (1), ..., 242 is the Hadamard (entrywise) product,

e orthant-strictly monotonic if, for all z, ' in R, we have ( |z| < |2/| andz o 2’ >
0= ||| < [|'l| ), where |z| < |2’| means that |z;| < |z;| for all i € [1,d], and there
exists j € [1,d], such that |z;| < |z}].

All the £,-norms || - ||, on the space R?, for p € [1, 00|, are strictly monotonic, hence orthant-
strictly monotonic. By contrast, the {-norm || - ||o is orthant-monotonic but not orthant-
strictly monotonic.

2.3 Capra-convexity of the ¢/, pseudonorm

The main result of this Section is Theorem 6 which states that, when both the source
norm |[|-|| and its dual norm [|-||, are orthant-strictly monotonic, then any nondecreasing
function of the £y, pseudonorm is equal to its CAPRA-biconjugate, that is, is a CAPRA-convex
function. This considerably generalizes the result in [5, Theorem 3.5], which was established
for the Euclidean norm and only for the ¢y pseudonorm. The proof of Theorem 6 relies
on Proposition 7, stated and proved after, which establishes the nonemptiness of a suitable
CAPRA-subdifferential. In [4, Equation (32)], we define the CAPRA-subdifferential of the
function f: R? — R at z € R? by

def(@) = {y € R!| fO(y) = e(a,y) + (—F(@))} , (13)

where f€(y) has been defined in (6a).

Theorem 6 Let ||-|| be a norm on R¢ with associated sequence {HHHY;(J')}J'@[H . of generalized
top-k dual norms, as in Definition 3, and with associated CAPRA coupling ¢ as in (4).
If the norm ||-|| is orthant-monotonic, then, for any function ¢ : [0,d] — R, we have®
(pot)® = suwp [IMIG) - ()] - (14)
je[0.d]
If both the norm ||-|| and the dual norm |||« are orthant-strictly monotonic, then, for any
nondecreasing function ¢ : [0,d] — R, we have
(¢O€0)¢¢ =@oly. (15)

5We recall the convention that |||H|in(0) =0.



Proof. Suppose that the norm [|-|| is orthant-monotonic. Then, by (31) in Proposition 13

(Appendix A), we get that [|- H](k = I ]H*Sn and |HH|Z%)* = HHHin(k) Moreover, it is proved in [4,
R . R
Equation (33 in Proposiion 11] that (¢« 0 — sy IR = )] As I, = 1M1

we obtain (14).

Suppose that both the norm ||-|| and the dual norm ||-||, are orthant-strictly monotonic. Then,
the forthcoming Proposition 7 applies. Therefore, for any vector € R% and any y € 0¢(g0 oly)(x) #
(), we obtain

(po Eo)¢¢/( ) > ¢(z,y) + (—(po Eo)¢(y)) (by definition (6b) of the biconjugate)
(,

¢(a,y) — (p o o) ()
(because —oo < ¢(x,y) < +00 by (4), so that the usual addition applies)

¢(z,y) = (¢(z,y) = (polo)(2))

by definition (13) of the cAPRA-subdifferential 8¢(<p o lp)(x), and where again we can use the usual
addition

= (polo)(x) .

On the other hand, we have that (¢ o ZO)¢¢/ (x) < (poly)(x) by (6¢c). We conclude that (¢ o €O)¢¢/ (x) =
(¢ o lp)(x), which is (15).

This ends the proof. O

Now, we prove that the cAPRA-subdifferential of any nondecreasing function of the
(o pseudonorm is not empty.°

Proposition 7 Let ||| be a norm on R? with associated CAPRA coupling ¢ as in (4). If both
the norm ||-|| and the dual norm ||-||« are orthant-strictly monotonic, and if ¢ : [0,d] — R
1s a nondecreasing function, then

8¢(gpo€0)(1‘) 40, VzeRe.

More precisely, when x = 0, we have that 8¢(<p 0£0)(0) = Njep.q [o(j) — go(O)]IB%EM # 0,
where the unit ball IB%Z%)’* is defined in (9). When x # 0, there exists y € R? satisfying

supp(y) = supp(z) and (z, y) = ||z|| X [|yll., and for all such y € R* we have that \y €
8¢(<p o ly)(x) for A > 0 large enough.

In [9, Section 8], it is shown that all the generalized (Fenchel) subdifferentials (proximal, Fréchet, vis-
cosity, limiting, Clarke) of the rank function coincide and define a vector space. By contrast, the CAPRA-
subdifferential of the £y pseudonorm is not a vector space but we can show that it is closed convex. Indeed,

it is easily seen that (13) can also be written as 8¢f = {yeR?| W) < ¢z, y) + (=f(z))}, where the

function f¢ is closed convex by [4, Equation (30b) in Proposition 9], hence 6¢ f(z) is a closed convex set.



Proof. Since the norm |[|-|| is orthant-strictly monotonic, it is orthant-monotonic, so that we
have ||| = HHH:?(I;) and |-l = I f:(j), for j € [0,d] by (31) in Proposition 13 (with the
convention that these are the null seminorms in the case j = 0). Therefore, we can translate all
the results with generalized top-k and k-support dual norms (Definition 3) instead of coordinate-k

and dual coordinate-k norms (Definition 2).

When z = 0, we have by [4, Equation (39) in Proposition 14] that

0e(0o0)(0) = [ [e() + (—p(0)]BF). = [ [el) - ¢(0)]Bf, 20,

j€[l.d] jelt.d]

because ¢(j) + (—¢(0)) = ¢(j) — ¢(0) > 0 since ¢ : [0,d] — R is a nondecreasing function.

From now on, we consider 2 € R%\ {0} such that £o(z) =1 € [1,d], and we will use the following
equivalence, established in [4, Equation (40) in Proposition 14]

c N. _ T
y € Neg ()

y € 8¢(go oly)(x) <~ ® ' (16)
and | € argmaxepo g [19ll5) .. — ©(7)]
where the normal cone N]Bz% (W) is defined in (28).
®
Since the norm ||-|| is orthant-strictly monotonic, we know by Item (b) in Proposition 12 that
there exists a (nonzero) vector y € R? such that
L = supp(z) = supp(y) hence ly(y) = lo(z) =1>1, (17a)
(@, y) = llzlll >yl - (17b)

Since the dual norm |||, is orthant-strictly monotonic, we know by (32) in Proposition 14 that

IyEy e < - < MyllG1y e < M9l e = - = Nl = Nyl - (18)
We now show that y € 9 (¢ © fo)(x).

First, we are going to establish that we have y € NBZ?)(W), that is, the first of the two
@

conditions in the characterization (16) of the subdifferential 8¢(g0 olp)(x).
On the one hand, because ¢y(y) = [ and by (18), we have that [|y||« = H|ywzlz)* On the other
hand, because {y(x) = | we have that ||z = |Hac|||zlz) by [4, Equation (25a)]. Hence, from (17b),

we get (z, y) = H]azmg) X H|ywz§)*, from which we obtain y € N]Bg)(m) by property (29) of the

normal cone as x # 0. To close this part, notice that, for all A > 0, we have that Ay € N]BZ}) (W),
O]

because this last set is a cone.

Second, we prove the other of the two conditions in the characterization (16) of the subdifferen-
tial 8¢(go o {y)(x). More precisely, we are going to show that, for A large enough, H|)\y|||zl2)* —p(l) =
SUpjcfo,d [|H)\yH|Z§) . —#(j)]. For this purpose, we consider the mapping 1 : ]0, +oo[— R defined
by

PN = MG, — o) — sup (MG, — ()] . YA>0,
j€[0,d]

10



and we will show that 1)(\) = 0 for A large enough. We have

v = it (A, ~I9lIF)..) +00) —2)

_ inf {Amym@,* +9(0) = o(l), _nf (A = I.) + () = ),

(as H!yH!Z%),* = 0 by convention)

int (MU~ G, + ) - 2(0) |

jelld
= it { M+ 90) — o0, _int (MU~ Il + ) ().

int (o)~ o)} (a5 . = Dol or = by (19)
= int A+ 0O = 00, _int (AW~ D)) +20) - 00) 0}

as infjeq q) (0(4) — ¢(1)) = 0 because ¢ : [0,d] — R is a nondecreasing function. Let us show
that the two first terms in the infimum go to +oco when A\ — +oo. The first term /\|Hy||\zlz)7* +
©(0) — (1) goes to +oo because, by (18), we have |||y]||5)* = |lyllx > 0 as y € R?\ {0}. The
second term infcpy ;_1j ()\(H]ymzlz)* - H|yH|8)*) + o(j) — go(l)) also goes to +oo because {y(y) = I,
so that [|y[l« = |Hy|HZzz)* > H|yH|8)* for j € [1,1 — 1] again by (18). Therefore, we deduce that
() = 0 for A large enongh, and thus [l @) = supseron (I )], that i
I € argmaxe[o q) U”)‘y”‘(j),* — ()]

Wrapping up the above results, we have shown that, for any vector y € R? such that supp(y) =
supp(z), and that (x,y) = ||z|| x [lyll«, then, for A > 0 large enough, Ay satisfies the two
conditions in the characterization (16) of the subdifferential 8¢(goo€0)(33). Hence, we get that
Ay € (9¢(g0 o {p)(x).

This ends the proof. O

Our proof of Proposition 7, hence of Theorem 6, uses the property that the nondecreasing
function ¢ : [0,d] — R takes finite values. What happens for ¢ : [0,d] — R? Regarding
CAPRA-convexity of a nondecreasing function of the ¢y pseudonorm taking infinite values,
we suspect that a proof would rely on different assumptions than those of Proposition 7 and
Theorem 6. As an indication, the comment after the proof of [4, Corollary 13] points out
that, when the normed space (R ||||) is strictly convex (that is, when the unit ball B is
rotund), then dyg 0 £o is ¢-convex for k € [0,d]. As the normed space (Rd, I| - ||p), equipped
with the ¢,-norm || - ||, (for p € [1,00]), is strictly convex if and only if p €]1, 00, we get
that the characteristic functions of the level sets of the ¢; pseudonorm are ¢-convex when
the source norm ||-|| = || - ||, for p €]1, oco].
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3 Convex factorization and variational formulation for
the (; pseudonorm

In this Section, we suppose that both the norm |[|-|| and the dual norm |||, are orthant-
strictly monotonic. In §3.1, we show that any nonnegative nondecreasing function of the
pseudonorm ¢, coincides, on the unit sphere, with a proper convex lsc function on R?, and
we provide various expressions for this latter function. In §3.2, we deduce a variational
formula for nonnegative nondecreasing functions of the ¢y pseudonorm.

3.1 Convex factorization and hidden convexity in the ¢, pseudo-
norm

We now present a (rather unexpected) consequence of the just established property that
any nondecreasing function of the pseudonorm ¢, is CAPRA-convex (Theorem 6). Indeed, we
prove that any nonnegative nondecreasing function of the pseudonorm ¢, coincides, on the
unit sphere S = {z € R?| ||z|| = 1}, with a proper convex lsc function on R?, and that this
property extends to subdifferentials. We also provide various expressions for the underlying
proper convex lsc function.

Proposition 8 Let ||-|| be a norm on RY with associated sequence {||||||in(])} of general-

Je[1.d]

= of generalized k-support dual norms, as

%) je1,d]
in Definition 3, and with associated CAPRA coupling ¢ as in (4). Suppose that both the norm
II|l and the dual norm ||-||. are orthant-strictly monotonic. Let ¢ : [0,d] — R be a non-

negative nondecreasing function, such that ©(0) = 0. We define the function L : R — R
by

ized top-k dual norms, and sequence {||||||

/

L= ((po EO)¢)* : (19)
Then, the following statements hold true.

(a) The function L& : R? — R is proper convez Isc.

(b) The function ¢ o {y coincides, on the unit sphere S = {x € R?|||z|| = 1}, with the
function Ly, that is,
(poly)(s)=LE(s), Vse€S. (20a)

(¢) The CAPRA-subdifferential, as in (13), of the function ¢ o £y coincides, on the unit
sphere S, with the (Rockafellar-Moreau) subdifferential’, as in (35a), of the func-
tion L, that is,

8¢(gp oly)(s) =0LE(s), VsE€S. (20Db)

TWe can also use the definition (35b) of the (Rockafellar-Moreau) subdifferential as the function £§ is
proper convex and as S C domL§ by (20a) since ¢ : [0,d] — Ry takes finite values.

12



(d) Convez factorization property. The function poly can be expressed as the composition
of the proper convez lsc function L with the normalization mapping n in (5), that is,

poly=Lyon (20c)

or, equivalently,
x
(0 Lo)(z) = ﬁg(m) | Vo e R4\ {0} . (20d)

e) The function L is given by
0

*/

£ = (su (I, —#0)]) - (21a)

j€[0,d]
(f ) The function L§ is the largest convex Isc function below the integer valued function

d . .
RISz il G52 () +9(7)] (21b)

that is, below the function x € BT \ B 1) = ¢(j) for j € [1,d] and x € B, =
{0} — 0, the function being infinite outside By =B (the above construction makes
sense as By C -~ C BT, ;) C B C - C BT, =B).

(g) The function Ly is the largest convex lsc function below the integer valued function

d . .
RSz inf S (2)+0()] (21¢)
that is, below the function x € R% — infgo{j € {0,...,d} ‘ T € S:f(rlj)}, with the conven-
tion that S7% = {0} and that inf ) = +oo.

(h) The proper convex lsc function Lf also has three variational expressions as follows,
where Agyq is the simplex of R4,

LE(x) = min Z Aip(j), Vo eR? (22a)

(A0sA1s.. 7)\d €AG11
z€Y 1, ABE,

d
- min )\ . , VCL’GRd 22b
(A0,A1,-. )\d)EAdJrllZl 390<j) ( )
Iezl 1 S:sFl)
J— (j *S1n v Rd 22
B Zso WD, vo e RY. 2201
af;(l)eRd .
- 1H|x<f>|||f;“)
Zd_lil'(J) T

13



Proof. As in the beginning of the proof of Proposition 7, we make the observation that, since

the norm |||-||| is orthant-strictly monotonic, it is orthant-monotonic, so that we have HHHE) = ”HM%)
and |H|||8)* = |||H|in(]), for j € [0,d] by (31) in Proposition 13 (with the convention that these are

the null seminorms in the case j = 0).

(a) As the Fenchel conjugacy induces a one-to-one correspondence between the closed convex

functions on R? and themselves [18, Theorem 5|, the function £§ = ((¢ o €o)¢)*/ in (19) is closed
convex. We now show that it is proper. Indeed, on the one hand, it is easily seen by the very
definition (6a) that the function (o o ) takes finite values, from which we deduce that the function

((80050)¢)*/ never takes the value —oo, by (34b). On the other hand, we have (cpoﬁo)¢¢l =
((po £0)¢)*/ on by [4, Equation (30d)], and (¢ o £0)¢¢/ < poly by (6¢), from which we deduce that,
for any x € S, we have ((¢ o 60)¢)*/(x) =(po EO)¢¢, (x) < (poly)(x) < 400 since ¢ : [0,d] — R

As a consequence, the function (((p o £0)¢)* is proper.

(b) The assumptions make it possible to conclude that (¢ o fo)¢¢, = p o {y, thanks to Theorem 6.
We deduce from [4, Proposition 10] that, being ¢-convex, the function ¢ o ¢y coincides, on the
unit sphere S, with the closed convex function £ : R¢ — R given by [4, Equation (30d)] namely

L= ((po EO)¢)*I. Thus, we have proved (20a).
(¢) Let s € S. We prove (20b) as follows:

y €L (s) <= (L5 (y) = (s, y) + (—L5(s))
by definition (35a) of the (Rockafellar-Moreau) subdifferential of a function

*

= ((po))") () = (s, 9) + (—((«o o£o>¢)*’)<s>>
(by definition (19) of £ = ((¢ o Ko)¢)*/)
= (o)) = (o + (~ (oo ) )9))
because the function (¢ o £o)¢ is a Fenchel conjugate by [4, Equation (30b)], hence is closed convex,

hence is equal to its Fenchel biconjugate <((g0 o €0)¢)*/>

= (0o l)*(y) = ¢(sy) + (— (((@ 0 Eo)¢)*l) (8))
(by definition (4) of ¢(s,y) as s € S)

= (9o lo) (y) = ¢(s.9) + (~((9 0 £0))(5))

because (¢ o ED)¢¢/ = ((po EO)¢)*, on by [4, Equation (30d)], and using that n(s) = s since s € S
by definition (5) of the normalization mapping n

= (poto)(y) = ¢(s,9) + (~(9oLo)(s)) (as (9o £o)*¢ = g Ly by Theorem 6)
= ye 8¢(gp o {p)(s) . (by definition (13) of the cAPRA-subdifferential)

14



(d) The equality (20c) is a consequence of the formula pofy = (¢ o Eo)¢¢/ = ((po KO)¢)*/ on given
by [4, Equation (30d)]. The equality (20d) is an easy consequence of (20c) and of the definition (5)
of the normalization mapping n.

(e)AsLf = ((po EO)¢)*/ by definition (19), and as we have that (( o EO)¢)*/ = (supje[[md]] [H||Hinm -

by (14), we get (21a).

(f) We use [4, Proposition 12|, and especially Equations (34c) and (34d), to obtain (21b). The

inclusions and equality Bg) C---C Bg) C Bg 41y © o C IB@) = B have been established for the
(1R

generalized coordinate-k norms (see Definition 2) in [4, Equation (24)]. Now, since |H|||Z§) = (Il
as noticed at the beginning of the proof, we get that IB%:S(nl) C---C IB:S(r‘j_l) C B:S(nj) C---C IB%:S&) =
B.

g) We use [4, Proposition 12], and especially Equations (34e) and (34f), to obtain (21c).

(
(h) We use [4, Proposition 12], and especially Equations (34g), (34h) and (34i) to obtain (22a),
(22b) and (22c).

This ends the proof. O

3.2 Variational formulation for the /; pseudonorm

As an application of Proposition 8, we obtain the second main result of this paper, namely
a variational formulation for (nonnegative nondecreasing functions of) the ¢, pseudonorm.

Theorem 9 Let ||-|| be a norm on R¢ with associated sequence {\H-H\i?(j)}jeﬂl a

k-support dual norms as in Definition 3, and with associated CAPRA coupling ¢ as in (4).
Suppose that both the norm ||-|| and the dual norm ||-||. are orthant-strictly monotonic. Let
¢ : [0,d] = R be a nonnegative nondecreasing function such that p(0) = 0. Then, we have
the equality

of generalized

Plto(®) = o Zw DI Yo e R0, (2)

T2l e s cps
SO O <l
Zd_lm(a)—

*sSn

) el has been introduced

where the sequence of generalized k-support dual norms {||- [y
in Definition 3.

When lo(x) = | > 1, the minimum in (23) is achieved at (z1),... x(@D) € (RY)? such
that 29 =0 for j # 1 and 2V = x.

Proof. Equation (23) derives from (20c) where we use the expression (22¢) for the function £
n (19).
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Now for the argmin. When fo(z) = I > 1, we have that [|z|| = [lz[|f = ... = |lzlIf}; by [4,

Equation (25a)]. Now, for any k € [1,d], we have HHH@) = HHHIS&) by (31) in Proposition 13,
since the norm ||-|| is orthant-strictly monotonic, hence is orthant-monotonic. As a consequence,
we have that [|z]| = ||z[[;7; = --- = [I=[[57). Therefore, the vectors ¢ e RY, ... 2@ e RY

defined by z(9) = 0 for j # [ and 2 = z are admissible for the minimization problem (23). We
deduce from (23) that ¢(l) = cp(ﬁo(af:)) < m71mg0(l)||]:n||]f(r}) = ().

This ends the proof. O
As an illustration, Theorem 9 applies when the norm ||-|| is any of the ¢,-norms |||, on

the space R?, for p €]1, 00[, and Equation (23) then gives (see the notations in the second
column of Table 1)

d
1 .
/ — ; ; (4)||sn,

(SDO 0)($) Hpr x(l)eR‘gl.l.,r;(d)eRd ;SOO)H(% Hp,]?

S O <l el 7 (24)
ijlx(j):x

Vo € R4\ {0}, Vp €]l,00].
Indeed, when p €]1,00[, the ¢,-norm ||-|| = ||-||, is orthant-strictly monotonic, and so is
its dual norm ||-||x = ||-||; where 1/p 4+ 1/q¢ = 1. When p = 1, the {;-norm |||-|| = ||-]|1 is
orthant-strictly monotonic, but the dual norm |||-|| = ||-|| is not; when p = oo, the {,,-norm

Il = ||||oc is not orthant-strictly monotonic; hence, in those two extreme cases, we cannot
conclude (but we obtain inequalities like in [4, Equation (25a)]).

Finally, with the novel expression (23) for the ¢, pseudonorm, we deduce a possible
reformulation of exact sparse optimization problems as follows (the proof is a straightforward
application of Theorem 9).

Proposition 10 Let C C R? be such that® 0 ¢ C. Let ||-|| be a norm on R?, such that both
the norm |||-|| and the dual norm ||-||« are orthant-strictly monotonic. Let ¢ : [0,d] — Ry

8If we had 0 € C, the minimization problem below would be obviously achieved at z = 0.
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be a nondecreasing function, such that ¢(0) = 0. Then, we have:

i 14 = Z G) *sn o
min o (£o(x)) g B eI, (25)
> 1|||x<J>me}><1
|
- (] *Sn
- o Z v 25h
zeC,zWeR?,... .z eR? mxm ()l ||| (25b)
2171 Hlx(”III*SE}KIHxIH
ijlx(J)_x
T Z M[ER s (25¢)
= min . u
eC ||| wl)ERd x(d) () *(7)
|\\ar<”|||*“2})<mx|||
Zd 2=

vV
convexr optimization problem

4 Conclusion

In this paper, we have proven that the ¢y pseudonorm is equal to its CAPRA-biconjugate
when both the source norm and its dual norm are orthant-strictly monotonic. In that case,
one says that the ¢y pseudonorm is a CAPRA-convex function. A surprising consequence is
the convex factorization property, a way to express hidden convexity: the ¢, pseudonorm
coincides, on the unit sphere of the source norm, with a proper convex lsc function. More
generally, this holds true for any function of the ¢y pseudonorm that is nondecreasing, with
finite values. Then, we have obtained exact variational formulations for the ¢, pseudonorm,
suitable for exact sparse optimization. For this purpose, we have introduced sequences of
generalized top-k and k-support dual norms. We now briefly perspectives for exact sparse
optimization.

The reformulations for exact sparse optimization problems, obtained in Proposition 10,
have the nice feature to display partial convexity but make use of new (latent) vectors, in
same number than the underlying dimension d. Thus, the algorithmic implementation may
be delicate. However, the variational formulation obtained may suggest approximations of
the £y pseudonorm, involving generalized k-support dual norms, which, themselves, may lead
to new smooth sparsity inducing terms. Finally, we have identified elements of the CAPRA-
subdifferential of nondecreasing functions of the ¢y pseudonorm, and we have related this
CAPRA-subdifferential with the Rockafellar-Moreau subdifferential of the associated convex
Isc function (in the convex factorization property). The identification of such subgradients
could inspire “gradient-like” algorithms.
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of this work, and Jean-Baptiste Hiriart-Urruty for his comments. We are indebted to two
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A Properties of relevant norms for the /; pseudonorm

We provide background on properties of norms that prove relevant for the ¢, pseudonorm.
In §A.1, we review notions related to dual norms. We establish properties of orthant-
monotonic and orthant-strictly monotonic norms in §A.2, and of coordinate-k and dual
coordinate-k norms in §A.3.

A.1 Dual norm, ||-||-duality, normal cone
For any norm ||-|| on R¢, we recall that the following expression
llylle = sup (2, y) ., vy e R (26)
lzli<1

defines a norm on R, called the dual norm ||-||. (in [20, Section 15], this operation is widened
to a polarity operation between closed gauges).
By definition of the dual norm in (26), we have the inequality

(@, y) < llzll < Myl , V(z,y) € R x R?. (27a)

We are interested in the case where this inequality is an equality. One says that y € R? is
Il-dual to z € R%, denoted by y || 2, if equality holds in inequality (27a), that is,

yllppr = (z,y) =zl <yl - (27D)

The terminology ||-[|-dual comes from [11, page 2] (see also the vocable of dual vector pair in
[7, Equation (1.11)] and of dual vectors in [8, p. 283], whereas it is refered as polar alignment
in [6]). It will be convenient to express this notion of [|-||-duality in terms of geometric
objects of convex analysis. For this purpose, we recall that the normal cone N¢(x) to the
(nonempty) closed convex subset C C R? at z € C is the closed convex cone defined by [10,
p.136]

Ne(z)={y e RY|(y, o' —2) <0, Va' € C} . (28)

Now, an easy computation shows that the notion of ||-||-duality can be rewritten in terms
of normal cone Ny as follows:

ylz = ye N<H|f”_|”> V(a,y) € RY {0} x R (20)
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A.2 Properties of orthant-strictly monotonic norms

We provide useful properties of orthant-monotonic and orthant-strictly monotonic norms
(see Definition 5). We recall that zx € Rg denotes the vector which coincides with z,
except for the components outside of K that vanish, and that the subspace R of R? has
been defined in (7).

Proposition 11 Let ||-|| be an orthant-monotonic norm on R:. Then, the dual norm ||-||
is orthant-monotonic, and the norm ||-|| is increasing with the coordinate subspaces, in the
sense that, for any x € R* and any J C K C [1,d], we have ||z || < |lzx]|-.

Proof. Let ||-|| be an orthant-monotonic norm on RY. Then, by [7, Theorem 2.23], the dual
norm |||-|« is also orthant-monotonic and, by [11, Proposition 2.4], we have that [|u|| < [|u+ ||,
for any vectors u € Ry and® v € R_j, and for any subset J C [1,d]. We consider z € R? and
J C K C [1,d]. By setting u = x; € Ry and v = xg — xj, we get that v € R_j, hence that

sl < fle [l O
Proposition 12 Let ||-|| be an orthant-strictly monotonic norm on R:. Then
(a) the norm ||-|| is strictly increasing with the coordinate subspaces in the sense that, for

any x € R and any J C K C [1,d], we have x5 # v = ||zs|| < |lzx]|-

(b) for any vector u € R\ {0}, there exists a vector v € R?\ {0} such that supp(v) =
supp(u), that uw o v >0, and that v is |||-||-dual to u, that is, (u, v) = ||u|| % ||v]]«-

Proof.

(a) Let € R and J C K C [1,d] be such that z; # xx. We will show that ||zg|| > ||z ]|

For this purpose, we set u = x; and v = zx — 2 5. Thus, we get that u € R and v € R_x \ {0}
(since J € K and z; # xk), that is, v = ug and v = v_g # 0. We are going to show that
e+ ol > lful.

On the one hand, by definition of the module of a vector, we easily see that |w| = |wk|+ |w_k|,
for any vector w € R Thus, we have |[u+v| = |(u+ v)k|+|(u + v)_k| = [ux +vK|+|u_k+v_K| =
lug +0|+]0+v_g| = |uk|+|v_k| > |ux| = |u| since |[v_k| > 0asv =v_g # 0, and since u = ug.
On the other hand, we easily get that (u+v) o u= ((u+v)x o ug)+ (u+v)_x 0o u_g) =
(uK ) uK)+(v_K o u_K) = (uK o uK), because u_g = 0. Therefore, we get that (u + v) o u =
(uK o ug) > 0.

From |u+ v| > |u| and (u+wv) o u > 0, we deduce that [|u+ v|| > [|u|| by Definition 5 as
the norm |||-|| is orthant-strictly monotonic. Since v = =y and v = zx — x;, we conclude that
lzcll > -

(b) Let u € R?\ {0} be given and let us put K = supp(u) # 0. As the norm ||-|| is orthant-
strictly monotonic, it is orthant-monotonic; hence, by [11, Proposition 2.4], there exists a vector

9Here, following notation from game theory, we have denoted by —.J the complementary subset of .J in
[1,d]: JU(=J)=]1,d] and JN(=J) = 0.
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v € R\ {0} such that supp(v) C supp(u), that « o v > 0 and that v is ||-||-dual to u, as in (27b),

that is, (u, v) = [|u|| % |v[|+«. Thus J = supp(v) C K = supp(u). We will now show that J C K is

impossible, hence that J = K, thus proving that Item (b) holds true with the above vector v.
Writing that (u, v) = [|ul| % [|v||« (using that u = ux and v = vg = vs), we obtain

el > flolle = u, v) = (uk, v) = (uk, vie) = {ur, vg) = (wg, v1) = (wr, V),

by obvious properties of the scalar product (-, -). As a consequence, we get that {ug,us} C
arg maxjg|<|uj (¥, v), by definition (26) of [|v|«, because [|ul| = ||ux|| > [[u,l[, by Proposition 11
since J C K and the norm |[-[| is orthant-monotonic. But any solution in argmax, <.z, v)
belongs to the frontier of the ball of radius ||u||, hence has exactly norm |[|u||. Thus, we deduce
that ||ul] = |lukl| = [Jus||. If we had J = supp(v) € K = supp(u), we would have u; # ug,
hence ||uk]| > ||us|| by Item (a); this would be in contradiction with [|ug|| = [|ws||. Therefore,

J =supp(v) = K = supp(u).
This ends the proof. O

A.3 Properties of coordinate-£ and dual coordinate-£ norms, and
of generalized top-k and k-support dual norms

We establish useful properties of coordinate-k and dual coordinate-k norms (Definition 2),
and of generalized top-k and k-support dual norms (Definition 3).

Proposition 13 Let ||-|| be a source norm on R,
Coordinate-k norms are greater than k-support dual norms, that is,

R *ST
=l ey = M=y - Vo e RY, V€ [1,d], (30a)

whereas dual coordinate-k norms are lower than generalized top-k dual norms, that is,

R n
Il < Myl » Yy €RY, VE € [1,d] . (30b)
If the source norm norm |||-|| is orthant-monotonic, then equalities hold true, that is,
-G = -G -
II-|lis orthant-monotonic = Vk € [1,d] ) 5 (k) (31)
My = M-y -

Proof. It is known that, for any nonempty subset K C [1,d], we have the inequality ||-||x« <
I-/l«,x [11, Proposition 2.2]. From the definition (10) of the generalized top-k dual norm, and
the definition (8) of the dual coordinate-k norm, we obtain (30b). By taking the dual norms, we
get (30a).

The norms for which the equality |||k« = [|-[l«,x holds true for all nonempty subsets K C
[1,d], are the orthant-monotonic norms (|7, Characterization 2.26], [11, Theorem 3.2]). Therefore,
if the norm ||| is orthant-monotonic, from the definition (10) of the generalized top-k dual norm,
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we get that the inequality (30b) becomes an equality. Then, the inequality (30a) also becomes an
equality by taking the dual norm as in (26). Thus, we have obtained (31).
This ends the proof. O

Proposition 14 If the dual norm ||-||« is orthant-strictly monotonic, we have that

R R R R
- < < — ... = f— ,
toy) =1 |||y|!|E111),* |||y|||(l e < Yl |||y|||5ﬁ),* Y1« (32)
ol < - < Myl < Myl = - = Nyl = Myl -

Proof. We consider y € R%. We put L = supp(y) and we suppose that ¢o(y) = |L| = I.

Since the norm |||-||« is orthant-strictly monotonic, it is orthant-monotonic and so is ||-|| by
Proposition 11. By (31) in Proposition 13, we get that |HH|Z§) I[E |||:S(I; and HHHZ) = |l H|trl for

j € [0,d] (with the convention that these are the null seminorms in the case j = 0). Therefore,
we can translate all the results, obtained in [4], with coordinate-k and dual coordinate-k norms,
into results regarding generalized top-k and k-support dual norms. As an application, by [4,
Equation (18)], we get, from ¢o(y) = [, that

gl < - <yl mrn < S Myl =yl vy e R (33)
We now prove (32) in two points.
We first show that |||y]||in(l) == |||y]||in(d) = |ly|ll« (the right hand side of (32)). Since y = yp,

by definition of the set L = supp(y), we have that [|y[l« = [lyrll« < supixi<illyxll« = H|y\”in(l)

by the very definition (10) of the generalized top-/ dual norm H]|||in(l) By (33), we conclude that
il = - = Nyl = Nyl

Second, we show that |||y|||*(1) <<l (-1 < Nyl ) (the left hand side of (32)). There
is nothing to show for [ = 0. Now, for [>1and for any k € ﬁ 0,1 — 1], we have

H]ymin(k) = \Is(l\lEk‘Hme* (by definition (10) of the generalized top-k dual norm)

= sup ||lyxnrll« (because yr, = y by definition of the set L = supp(y))
|K|<k

= sup lyx|l« (by setting K’ = KN L)
|K'|<k,K'CL

= sup |lyx|l~ (the same but with K instead of K')
|K|<k,KCL

= sup |lyxll« (because |K| <k <l—1<1=|L| implies that K # L)
K| <k,KCL

< suplyroglls
|K|<kjeL\K
KCL
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because the set L\ K is nonempty (having cardinality |L| — |K|=1—|K| > k+1—|K]| > 1), and
because, since the norm ||-||+ is orthant-strictly monotonic, using Item (a) in Proposition 12, we
obtain that ||y« < [lyxugjillx as yi # yxug;y for at least one j € L'\ K since L = supp(y)

< sup lysll
|J|<k+1,JCL

(as all the subsets K/ = K U {j} are such that K’ C L and |K'| =k + 1)
tn
<l e,

by definition (10) of the generalized top-(k + 1) dual norm (in fact the last inequality is easily
shown to be an equality as yr, = y). Thus, for any & € [0,l — 1], we have established that

tn

Myl < I ey -
This ends the proof. O

B Background on the Fenchel conjugacy on R?

We review concepts and notations related to the Fenchel conjugacy (we refer the reader to
[18]). For any function h : R? — R, its epigraph is epih = {(w,t) ERY xR | h(w) < t},
its effective domain is domh = {w € R? | h(w) < +00}. A function h : R? — R is said to
be convex if its epigraph is a convex set, proper if it never takes the value —oo and that
domh # ), lower semi continuous (Isc) if its epigraph is closed, closed if it either lsc and
nowhere having the value —oo, or is the constant function —oo [18, p. 15]. Closed convex
functions are the two constant functions —oo and +oo united with all proper convex lIsc
functions.'?
For any functions f : R — R and ¢ : R — R, we denote!!

fw) = swp (G, 0) + (/@) Wy RS, (34a)
g (x) =sup ({r, 1) + (~o(w)) , Vw R, (34b)
f**l(x) = suﬂgl ((x, y) + (—f*(y))) . VreR?. (34c¢)

It is proved that the Fenchel conjugacy (indifferently f — f* or g — ¢*') induces a one-to-one
correspondence between the closed convex functions on R? and themselves [18, Theorem 5.

In [20, p. 214-215], the notions'? of (Moreau) subgradient and of (Rockafellar) subdiffer-
ential are defined for a convex function. Following the definition of the subdifferential of a

10Tn particular, any closed convex function that takes at least one finite value is necessarily proper con-
vex lsc.

"y convex analysis, one does not use the notation *’ in (34b) and **" in (34c), but simply * and **. We
use * and **' to be consistent with the notation (6b) for general conjugacies.

12See the historical note in [19, p. 343].
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function with respect to a duality in [1], we define the (Rockafellar-Moreau) subdifferential
Of(z) of a function f:RY — R at x € R? by

Of(x) = {y e RY| f*(y) = (z, y) + (—f(2)) } . (35a)

When the function f is proper convex and x € domf, we recover the classic definition that

Of(x) ={y eR*| (@' —z, y) + f(x) < f(2!), Va' € domf} . (35b)
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