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Abstract

We consider the space of matrices, with given number of rows and of columns, equipped with the
classic trace scalar product. With any matrix (source) norm, we associate a coupling, called Capra,
between the space of matrices and itself. Then, we compute the Capra conjugate and biconjugate of
the rank function. They are expressed in function of a sequence of rank-based norms, more precisely
generalized r-rank and dual r-rank matrix norms associated with the matrix source norm. We deduce
a lower bound of the rank function given by a variational formula which involves the generalized r-rank
norms. In the case of the Frobenius norm, we show that the rank function is equal to the variational
formula.

1 Introduction

The rank of a matrix is used in sparse optimization, either as criterion or in the constraints, to obtain matrix
solutions with few independent rows or columns. However, the mathematical expression of the rank makes
it difficult to handle in optimization problems. This is why one often resorts to surrogate expressions of the
(noncontinuous and nonconvex) rank function, like norms. As it is not possible to cover all the references on
such a large subject, we refer the reader to a small subset [8, 9] of the literature and to [I3] which offers a
kind of survey of the rank function.

In this paper, we address the question of the relation between the rank function and suitable norms.
For this purpose, we introduce sequences of rank-based norms — more precisely, generalized r-rank and
dual r-rank matrix norms — generated from any (source) norm. With such a source norm, we also define
a coupling between the space of matrices and itself, and we compute the biconjugate of the rank function
under the associated conjugacy. We deduce a lower bound variational formula for the rank function which
involves generalized r-rank norms. Moreover, when the source norm is the Frobenius norm, we prove that
the inequality is an equality.

The paper is organized as follows. In Sect. 2] we define and study rank-based norms. In Sect. Bl we
introduce CAPRA-conjugacies and their relations with the rank function.

2 Rank-based norms

In §2.11 we fix notation. In §2.2) we define rank-based norms as, more precisely, generalized r-rank and dual
r-rank matrix norms. In §2.3 we detail the case of unitarily invariant source matrix norms.

2.1 Notation

In all the paper, we consider two fixed positive integers m (number of rows) and n (number of columns), and
we denote d = min(m,n). We use the notation [k,1] = {k,k+1,...,1— 1,1} for any pair of integers such



that £ < 1. We denote by M., , the space of real matrices with m rows and n columns, by rk : M, , = N
the rank function and by M=" (resp. M=") the subset of matrices of rank less than or equal to 7 (resp. equal
to ). We recall that the singular values of a matrix M € M,, , are the square root of the (nonnegative)
eigenvalues of the square matrix M T M, and we denote by s(M) = {si(M)}ieqrqp € R the vector composed
of the singular values of M arranged in nonincreasing order, that is,

s(M)e K={zeR|0< 2 < <aq} = s(Mpn), YME M. (1)

For any t € N*, we denote by O; the group of orthogonal square ¢ x ¢ matrices. It is established that, for
any matrix M € M., ,,, there exists a singular value decomposition [3, p. 6] M = U diag(s(M))VT of the
matrix M, where U € O,, and V € O,,. It is also readily proven that, for any matrix M € M,, ,, for any
UeO,andV € O,, we have that s(M) = s(UMV).

When equipped with the scalar product J\/l?nn 5> M,N ~ Tr(MNT), M,,, is a Euclidean space which

is in duality with itself. As we manipulate functions with values in R = [~o0, +00], we adopt the Moreau
lower and upper additions [14] that extend the usual addition with (+00) + (—00) = (—=00) + (+00) = —00

or with (+00) 4 (—00) = (—00) + (+00) = +o0. For any subset Y C M, , 0y : My, , = R denotes the
support function of the subset Y:

oy(M) = sup Tr((MN"), VM € My, . (2)

Ney
For any norm ||| on the space M, , of matrices, also called matriz norm, we denote by By, C M,
and Sy C By € My, the associated unit ball and unit sphere. The dual norm |[-|| of the norm ||-|| is

defined by |-« = o, -

2.2 Definition of generalized r-rank and dual r-rank matrix norms

To define rank-based norms, one could take inspiration from the construction of vector norms. Given a vector
norm, one may define other norms as follows: for any vector, one evaluates the norms of all subvectors with
dimension less than or equal to a fixed integer, and then take the maximum. Unfortunately, this procedure
does not work with the rank.

Indeed, let ||-|| be the ¢;-norm on the space M., ,, of matrices, that is, ||M]| is the sum of the modules
of all the components of the matrix M € M,,,. Define, for any matrix M € M,,, and r € [1,d],
|||M|||E£) = SUpx s ak(x) < I X [ll, where X C M is a shorthand for matrices X of M, ,, for which there exists
K C [1,m] and L C [1,n] such that X coincides with M, except for entries Xj; = 0 for (k,l) ¢ K x L.
We now show that the function ||||||E:) is not a norm by contradicting the triangular inequality. Indeed,

1
1

tn tn
M = 10 + 0 1 and we easily get that m 10 W = M 01 m = 1. However, the triangular
0 1 10 0 1)1, 10/,

tn tn
inequality does not hold true as we have that 4 = |||M|||E§’) > H‘ <(1) (1)> H’ + ‘H ((1) (1)) H‘ =1+1=2.
@

1)
This is why we turn to the following definition, inspired by the construction of generalized coordinate-r

vector norms in [4) Definition 3]. This construction, for matrices, can also be found in [12] in the unitarily
invariant norm case (see the discussion at the beginning of §2.3)).

consider m = n = 2 and the matrix M = ( 1) As tk(M) = 1, we get that |||M|||Erf) = 4. We can write

Proposition 1. Let ||-|| be a norm on the space M.y, n of matrices. We denote by By and Sy the
associated unit ball and unit sphere, as well as, for any r € [0, d],

By = By N M, B =By NMT S =Sy D MET, S =S n M (3)



The following expressions ||||||€1;)* define a nondecreasing sequence {||||||E1;) *} of norms on My, n,

refl,d]
|||N||| 5y = Op<r (N) = sup Tr(MNT'), VN € My, , Vre[l,d], (4)
i1l MeBZT
which satisfy
II- ||| () = 0BT, = Ogsr = O5p, Vr e [1,d] . (5)
Proof. The sequence {||- ||| ), *}Te[[l d in (@) is nondecreasing since the sequence {Bﬁml}re[[l,d]] of unit balls
<r

in (@) is nondecreasing, as so is the sequence {./\/lf }Te[l a°

First, we prove that Oszrn = Og<r for r € [1,d]. For this purpose, we show that S\H = SIII T where ~

i

denotes the topological closure. The inclusion SM\ C SW-III is straightforward because it is well known [13]
Theorem 2] that M=" = M=", from which we deduce that S = S N MET C Sy NMET =Sy NM=k,
the inclusion being a property of the topological closure.

To prove the reverse inclusion Sy N MST C Sm‘, we consider M € Sy N MST. As M=" = MST,
there exists a sequence {Mp},en in M™" such that M, — M when n — +oo. Since M € S, we can
always suppose that M, # 0, for all n € N. Therefore m

M _ . M, =r
that \HM T |||M\H = M since M € Sy.. Now, for all n € N, on the one hand, My € M=" and, on
the other hand, |||M S SHH” N M=", and
n neN

we conclude that the limit of the sequence M € SIIHH' Thus, we have proven that SM' = SﬁP hence that

is well defined, and when n — +o00 we have

M€ Sjj.j- As a consequence, we get that the sequence {\H%n III}

Ogsr = Og=m = 0537, by [2, Proposition 7.13].
Second, we prove that og<. = og<- . It is readily established that SIII i C ﬁ| C coSﬁ‘ (the convex
-1 -
hull of Sml) as any point in BIII'III =By N M= is the convex combination of a point and its opposite in
Sﬁ‘ = S N M=". Therefore, by property [2, Proposition 7. 13] of the support function (2)), we get that
op<r = 0g<r . By the same reasoning, we also obtain that OBz = st which, combined with the first part,
i i
gives 7Bl T s T %S T B

Third, we prove that (@) defines norms. We consider a fixed r € [1,d]. As the set Iﬂ%ml is easily seen to

be bounded and symmetric, ||||||EI:) « = gz is a 1-homogeneous subadditive function with values in [0, +o0].
It remains to prove that, for any N € M,, ,, U]Bﬁ\ (N) =0 < N = 0. For this purpose, we consider
a matrix N € M,, , which satisfies Og<r (N) = 0, and we prove that N = 0. We consider the singular
value decomposition N = U diag(s(N))V'" of the matrix N. Defining M = U diag (s1(N),0,...,0)V7T, the

matrix M has rank less than or equal to 1. Thus, we obtain that

[s1(N)]* = [s1(M)[* = Te(MNT) < |M]| sup  Tr(M""N) = [|M[log=- (N) =0,

M/essT Bl

hence that s;(N) = 0. This implies that all the singular values of N are null because s1(NN) is the largest
one. Hence, we get that N = 0.

This ends the proof. o

Now, we define rank-based norms as follows.



Definition 2. Let ||-|| be a norm on the space My, of matrices, that we call source (matrix) norm. The

matriz norms in the nondecreasing sequence {||||||](d;) *} o given by Proposition[d], are called generalized
rell,
dual r-rank matrix norms. By taking their dual norms ||||||EI;) = (||||||El:)*)*, we obtain a nonincreasing

sequence {||||||El:)} of norms on My, ,, called generalized r-rank matrix norms.

re1,d]
Notice that, by ) for r = d, and then by taking the dual norms, we get that

rk
I o < - < MG = Dl and [I1ES) > - > 1Ml = M-I (6)
( (d), ( (d)

2.3 The case of unitarily invariant source matrix norms

When the source norm is unitarily invariant, the norms in Proposition [I] have been introduced and studied
n [I2]. The rank constrained dual norm in [12, Equation (9)] is a case of generalized dual r-rank matrix
norm, and the low-rank inducing norm in [12, Equation (10)] is a case of generalized r-rank matrix norm.
Hence, the term generalized in Definition

n §2.31] we provide background on unitarily invariant matrix norms. In §2.3.2, we make the link between
generalized r-rank and dual r-rank matrix norms, on the one hand, and generalized coordinate and dual
coordinate-r norms and the £y pseudonorm, on the other hand. In §2.33 we treat the case of Schatten and
Ky Fan norms.

2.3.1 Background on unitarily invariant matrix norms

We recall that a wunitarily invariant norm on My, , is a matrix norm such that |[UMV|| = ||M]|, for any
matrix M € M,, , and orthogonal matrices U € Op,, V € O,,.

We recall that a symmetric absolute norm is a vector norm ||-|| on R? which satisfies the following
properties: ||-|| is absolute in the sense that || |z| || = ||z||, for any = € R?, where |z| = (|z1], ..., |[za]); ||-]| is
symmetric (or permutation invariant), that is, ||(z,q), ..., Tu@)|| = |[(@1,. .., z4)||, for any z € R? and for
any permutation v of the indices in [1,d]. In the literature, a symmetric absolute norm is also often called
a symmetric gauge function.

These two notions are linked by the following property (a proof can be found in [I2], for example).

Proposition 3 (Von Neumann). A norm ||-|| on the space My, ,, of matrices is unitarily invariant if and
only there exists a symmetric absolute norm ||-|| on R? such that
Il =11l o5 that is, [IM]| =1|(s1(M),...,sa(M))|| VM € Mip s - (7)

In that case, one has the following relation between dual norms
-l = 11-[lx o s - (®)
The proof relies on the so-called Von Neumann inequality trace theorem [1]:

sup  Tr(UMVNT) = (s(M), s(N)) ,YM,N € My, , (9)
Ue0,,,VeO,

where (-, -) is the scalar product on R?.

2.3.2 Links with generalized coordinate-r norms and the {; pseudonorm

We recall that the so-called £y pseudonorm on RY is the function £y : RY — [0, d] defined by

{o(x) = number of nonzero components of 2, ¥z € R?. (10)



It is clear that rank and £y pseudonorm are related through the relation

tk(M) = bo(s(M)) , VM € Moy, - (11)
In [4, Definition 3], we introduce, for any vector norm |-|| on R?, the sequence {||||Zi)} [l of gener-
rell,
alized coordinate-r morms on R%, and the sequence {||||Zi) *} ] of generalized dual coordinate-r norms,
’ refl,d

their dual norms. We do not detail their definition as we will only need the forthcoming characterization (I3]),
that we now detail. The norms ||||Zi) ., for any r € [1,d], are related to the ¢y pseudonorm by means of

the level sets 5" = {z eR? |to(z) <r}, vrelo,d], (12a)
and the level curves ;" = {z e R |to(z) =r}, Vrelo,d]. (12b)

Indeed, it is proven in [4, Equation (16)] that, for any r € [1,d], the dual coordinate-r norm satisfies

R
||'||(7‘),* :UEETQSHH :UZ(?THSH,H ) (13)
where Sj.;; C R? denotes the unit sphere of the norm ||-||. The expression (I3) is reminiscent, using (), of
the property (B of the generalized rank-based norms.
In [I2] Lemma 3], it is shown that, when the source norm ||-|| is unitarily invariant, so are the generalized

r-rank matrix norms and the generalized dual r-rank matrix norms (respectively called rank constrained
dual norms and low-rank inducing norms). In the coming proposition, we recover this result but we add
the relation (I4]) which establishes links between rank-based norms and generalized coordinate and dual
coordinate-r norms.

Proposition 4. When the source norm ||-|| on My, », is unitarily invariant, with associated symmetric abso-

lute norm ||-|| on RY as in Proposition[3, then both the generalized dual r-rank matriz norms {||||||€11f) *} Ll
’ refl,d

and the generalized r-rank matriz norms {||||||El:)} [’ given by Definition[d, are unitarily invariant, with
refl,d

rk R rk R
-l = M-l Gy o s and Il = -l Gy . 055 Vr € [1,4] - (14)

Proof. We suppose that the norm ||| is unitarily invariant on M., ,, and that ||| is the associated symmetric
absolute norm. For any N € M,, ,,, we have that

NG, = sup Tr(MNT) (by definition (@) and property ()
lMfl=1, rk(M)<r
= sup Tr(UMVNT)
IM|=1,ck(M)<r,U€Om,VEO,
by change of variable M — UMYV, and using the properties that ||[UMV|| = ||M]| and that rk(UMV) =
rk(M)

= sup { sup Tr(UMVNT)}
IMlI=1,ck(M)<r \U€O,,,VED,

= sup (s(N), s(M)) (using Von Neumann inequality trace theorem ()
M l|=1,rk(M)<r

= sup (s(N), s(M)) (by () and (II))
[ls(M)]1=1,L0(s(M))<r

= sup (s(N), x)
[|z]|=1,£0(z)<rzeK



as easily seen from the definition (II) of the cone K = s(M,, ), which is in one-to-one correspondence with
the image of the singular values mapping s

— s (s(N), @)
[|z]|=1,£0(x)<r

because s(N) € K, hence the supremum is achieved on the cone K by the well-known Hardy-Littlewood-
Pélya rearrangement inequality

= Tesas)) (s(N))

by definition (IZa) of the level sets £5", and as Sj.; € R% is the unit sphere of the norm ||-||

R R
= ||5(N)||(r),* : (as ||'||(r),* = TesTos)) by {@3)
Thus, we have proven that ||||||’8f)* = ||||Zi)* o s, that is, the second equality in (I4)).

Now, it is easily established by (I3)) that the vector norm ||||Zi) , Is a symmetric absolute norm (hence

so is its dual norm ||||5)) As a consequence, the first equality in (I4]) easily follows by using ) (see [3]
Proposition 1V.2.11]), giving

0 = (10.) = (G 0s) = (IH1Gy.) s =IHIT o5 (15)

By Proposition Bl we obtain the unitarily invariance of both the generalized dual r-rank matrix norms
rk . . rk
: and the generalized r-rank matrix norms { : } . O
{3 g IS}

Because the symmetric absolute norm ||-|| in Proposition@lis a symmetric monotonic norm [I, Theorem 2],
it is an orthant-monotonic norm [I0, II]. As a consequence, by [5, Proposition 13], we get that, for any
r € [1,d], the generalized r-rank matrix norm ||||Zi) is equal to the so-called r-support dual norm ||'||:SFT),
and the generalized dual r-rank matrix norm ||||Zi) , is equal to the top-r dual norm ||~||in(r) as introduced

in [5, Definition 3].

2.3.3 The case of Schatten and Ky Fan source norms

1
For any p € [1, 00, we define the £, norm on R? by ||z||¢, = (Ele |zi|P) 7, as well as ||#]|¢,. = max;er,qp @4,
for any vector x € R%. The Schatten p-norm on the space M., ,, of matrices is defined (see [3, TV.31]) as
the unitarily invariant norm

lIMllls, = [ls(M)lle, » VM € Mupmn, Vp € [1,00] . (16)

In particular, the Schatten 1-norm is the nuclear norm given by

a2]ls, = [ls(M)]]e,

d
> si(M), VM € My, (17a)
=1

the Schatten 2-norm is the Frobenius norm given by

V Te(MMT) = [[M]lls, = [ls(M)][e,

and the Schatten co-norm is the spectral norm given by

d
ZSZ(M)Q , VM € Mm,n ) (17b)
=1

M5 = [ls(M)]leee = s1(M) ; VM € Moy, . (17¢)



Now, We build upon Proposition 4] to obtain expressions for the generalized dual r-rank matrix norms

{||| ||| ), *} cra and the generalized r-rank matrix norms {||||||21; } , given by Definition 2] when the

) rel1,d]
source norm is a Schatten p-norm as follows. For this purpose, we use the following properties [5]. With
the notation of §2.3.2 if ||-|| is the ¢, norm, the associated generalized coordinate-r norm ||- ||R) is the (p,r)-

support norm ||x|[}),., and the generalized dual coordinate-r norm |[- ||(T) . is the top-(q,r) norm ||-||t",., where

1/p+1/q = 1. For y € R4, letting v denote a permutation of {1,.

1
o= )

|Yu(a)|, we have that ||y

.,d} such that [y,

) = Yyl = >

source norm |||

rk
-y € [1,4d]

1) 7 € 11,

Schatten 1-norm
= nuclear norm

Schatten 1-norm
for all r € [1,d]

Schatten co-norm
for all » € [1,d]

Schatten 2-norm

= Frobenius norm [s(M)][3; s(N)I[55 = 4| 22 si(N)?
=1
Schatten p-norm [[s(M)][[>",. [[s(N)[5. = (Z si(N)q) ‘
i=1
Schatten co-norm || ||s(M)| o = s1(M) [|s(IN)] 'inr =5 si(N)
i=1

= spectral norm

Schatten co-norm

Ky Fan k-norm

Schatten 1-norm

Schatten oo-norm

ke [1,d] for all r € [1,k] for all r € [1, k]
Table 1: Generalized r-rank matrix norms {||||||rk)} [l and generalized dual r-rank matrix norms
re|l,
{||| ||| ), *} ] associated with by Schatten and Ky Fan source norms ||-|| (for p € [1,00], and where
e[t,
1/p+1/q=1).

Table [[l summarizes our findings. The well-known Ky Fan k-norms on the space M
defined by

m,n Of matrices are

k
s =" si(M), VM € My, Vk € [1,d] .

=1

3 CAPRA-conjugacies and the rank function

In §3T1 we adapt the definition of CAPRA-couplings in [4] to the case of matrices instead of vectors. In §3.2
we provide a variational lower bound of the rank function.

3.1 CAPRA-couplings and conjugacies for matrices
We adapt the definition of CAPRA-couplings in [4] to the space M,, , of matrices.

Definition 5. Let ||-|| be a source matriz norm on M, .
M n, associated with |||, is defined by:

The CAPRA-coupling ¢, between My, , and

Tr(MNT) .
VM,N € My, ¢(M,N)= { . AL if M #0,

otherwise.

(18)



For any function F' : My, , — R, the ¢-Fenchel-Moreau conjugate, or CAPRA-conjugate, is the function
F¢ . M — R defined by

FE(N) = s (¢(M, N) + (—F(M))) YN € Mo (19)

and the ¢-Fenchel-Moreau biconjugate, or CAPRA-biconjugate, is the function FOee My — R defined by

F (M) = S (¢(M, N) + (—F¢(N))) L VM € Moy, - (20)

Then, we show below that the CAPRA-conjugate and biconjugate of the rank function are expressed in
k

function of the generalized dual r-rank matrix norms {||||||ET) .

} and the generalized r-rank matrix
re[l,d]

norms {||||||El:)} wa’ given by Definition 2l We do not give the proof as it is a simple adaptation, to the
refl,d

matrix case, of the proofs of [4, Propositions 11, 12].

Proposition 6. Let ||-|| be a source matriz norm on My, n, and ¢ be the associated CAPRA-coupling as in

Definition [4. _
For any function ¢ : [0,d] — R, we have that (with the convention that ||||||€15))* =0)

(pork)*(N) = sup {INII.. = ¢()} . YN € Mun (21)
1€[0,d]

and, for any function ¢ : [0,d] — Ry (that is, with nonnegative finite values) and such that p(0) = 0, we
have that

d

S eMIMD ey VM € My \ {0} (22)

r=1

¢ oy L -
pork M) = min
(o™ (M) = 1307 srovenn, B ren,.

d ) itk
S MO <l
3 MM=m

r=1

3.2 Variational lower bound of the rank function

Now, thanks to Proposition [6] we obtain a variational lower bound of the rank function.

Theorem 7. Let||-|| be a source norm on the space M, , of matrices, with associated sequence {||||||€1;)} [l
rell,

of generalized r-rank matrixz norms as in Definition[d. Then, we have the following variational lower bound
of the rank function

d

1 rk
k(M) > —— min rl| M , VM e M 0}. 23
D 2 0T wvers, B wenr, Z (sl mon \ {0} (23)
SO MO, <l
S,
Moreover, if the source norm ||-|| is the Frobenius norm (D), the inequality in 23) is an equality.

Proof. From the expression (22)) of rk¢¢/, with ¢ the identity function, and from the (true for any coupling)
inequality rk > k&< , we readily deduce (23)).



In the rest of the proof — which follows that of [6, Theorem 11] — ||-|| denotes the Frobenius norm ([I7H]).

We consider a fixed matrix M € M,, ,, \ {0} and we are going to show that rk(M) = g (M). We denote
by r = rk(M) > 1 the rank of M. By Table[] and as s;(M) =0 <= i > r, we have that

=/ 2 si(M)? =M, VE =7,

MG o = lls(M)][87, = - (24)
<[ 2 s = (M|, k<.
=1
We consider the mapping ¢ :]0, +oo[— R defined by
Tr(AMMT) k
(N = — — sup (M, — k), vA> 0, (25)
T 2, VAR — 5}
and we will show that limy_, 4 ¢(A) = r. We have that
B(N) = A M|| —sup (0, sup A|M[X ., —k
() = Al = sup (0. sup {NIMI . - k})
by definition (25) of ¢, by the convention that |||M|||(0) . =0and by ||M]|? = Tr(MMT)
. rk
= NI+ int {0~ sup [AIMIE,. — A] (as M1 = MY, . by @)
. rk
= it {AIMIIGS . MM, + dnf (= [AIMIIG,. — #]) }
. rk
inf QMG Lo ot (MM, — UM ) + ) |
. rk . rk
=it (NI, it (MM, = IMG,) + k), inf (M, = IMII),.) + ) }

= inf {AIMIZS o int (UM L ~ MU ) + ).}

as |||M|||(k) L = |||M||| (r).« for k > 1 by (I?ZI) Let us show that the two first terms in the infimum go to +oo
when A — +00. The first term )\|||M||| = ||M]| > 0 by assumption (M # 0).
The second term infyepy —1] (/\(|||M|||(T))* - |||M|||El,;)*)) + k also goes to +oo because rk(M) = r, so that

M| = |||M||| (M) > |||M|||(k) , for k € [1,7 — 1] as shown in (24)). Therefore, we get that limy_, ;. ¢(X) =
inf{+4o00, +00,7} = r. This concludes the proof since

(r),+ 80€s t0 +-00 because |||M||| (),

Tr(MNT)
= 1 < — e — N —k by definiti £
r= tim B(A) Neskl/l?nn< Tl k:&t?dﬂ{||| |||(k)* }) (by definition (28) of ¢)
Tr(MNT) ¢ )
= ) k%N
Nesh%,n< . W)

by the formula (21]) for the conjugate rk¢

— k¢ (M) (by the biconjugate formula (20))
< rk(M) (as kS < rk)
=r. (by assumption)

Therefore, we have obtained that r = k¢ (M) = rk(M).
This ends the proof. O



4

Conclusion

As recalled in the Introduction, since the mathematical expression of the rank makes it difficult to handle in
optimization problems, one often resorts to surrogate expressions like matrix norms. In this paper, we have
shown how such surrogates can be obtained as variational lower bound of the rank function (Theorem [T).
Interestingly, the formula depends on a (source) matrix norm and on the derived generalized r-rank matrix
norms, that we introduce (Definition 2). This is made possible by the versatility of the CAPRA-couplings,
themselves depending on a matrix norm (Definition B]). Thus, we hope to offer a general framework to
derive matrix norms suitable for optimization problems involving the rank function, as well as variational

formulations.
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