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Abstract

Low-rank inducing unitarily invariant norms have been introduced to convexify prob-
lems with a low-rank/sparsity constraint. The most well-known member of this family
is the so-called nuclear norm. To solve optimization problems involving such norms
with proximal splitting methods, efficient ways of evaluating the proximal mapping
of the low-rank inducing norms are needed. This is known for the nuclear norm, but
not for most other members of the low-rank inducing family. This work supplies a
framework that reduces the proximal mapping evaluation into a nested binary search,
in which each iteration requires the solution of a much simpler problem. The simpler
problem can often be solved analytically as demonstrated for the so-called low-rank
inducing Frobenius and spectral norms. The framework also allows to compute the
proximal mapping of increasing convex functions composed with these norms as well
as projections onto their epigraphs.
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1 Introduction

Non-convex optimization problems with a rank or cardinality constraint appear in
many data driven areas such as machine learning, image analysis and multivariate
linear regression [6,8,13,26,40] as well as areas within control such as system identi-
fication, model reduction, low-order controller design, and low-complexity modeling
[2,15,18,35,47]. Besides the low-rank constraint, these problems are often convex and
therefore one of the most common techniques for solving such problems is to convex-
ify them by using regularizers or taking convex envelopes [8,15,17,19]. A promising
class of such regularizers and convex envelopes is the class of so-called unitarily
invariant low-rank inducing norms [17], i.e., convex envelopes of unitarily invariant
norms whose domain is restricted to matrices with prescribed bounded rank. As many
common loss functions, e.g., squared distance in the Frobenius norm, contain terms of
unitarily invariant norms, these norms have the attractive feature to exactly convexify,
i.e., the convexified problem in terms of the low-rank inducing norm coincides on
with the original at all low-rank matrices of prescribed bounded rank. Therefore, if
the convexified problem has a low-rank solution, it is guaranteed to be a solution to
the non-convex one.

Although low-rank inducing norms often admit a representation as semi-definite
programs (SDP) [17], proximal splitting algorithms [9] are often used for large-scale
problems, where standard interior-point method solvers have too costly iterations
[39]. The main objective of this work is to efficiently compute the needed proximal
mappings of low-rank inducing norms that are composed with increasing convex
functions. To this end, we develop a generic nested binary search algorithm, which
in each iteration solves a simple problem. While for well-known low-rank inducing
norms such as the nuclear norm [38] and the low-rank inducing Frobenius norm
[1,14,29,30], our algorithm will recover the same efficiency, for other norms such as
the low-rank inducing spectral norm [46], our approach improves the computational
complexity significantly, especially in the vector-valued case. Finally, [45] proposes a
non-analytic approach for an extended class of not necessarily unitarily invariant low-
rank inducing norms (see [27]). This approach, however, depends on the complexity
and convergence rates of other optimization algorithms.

The paper is organized as follows. We start by introducing some preliminaries
on norms and convex optimization. Subsequently, a formal definition of the class of
low-rank inducing norms, including their application to rank constrained optimization
problems is outlined. Then, we discuss and derive our main results, the binary search
framework and outline an algorithm for evaluating their epigraph projections. For the
low-rank inducing Frobenius and spectral norms, we make these computations explicit
and arrive at implementable algorithms for which the computational cost is analyzed.
Subsequently, a case study is performed in order to illustrate the performance of our
algorithm through proximal splitting. Finally, we draw a conclusion and point the
reader to our freely available implementations of these algorithms in MATLAB and
Python.

@ Springer



170 Journal of Optimization Theory and Applications (2022) 192:168-194

2 Preliminaries

The set of reals is denoted by R, the set of real vectors by R”, the set of vectors with
nonnegative entries by R” ; and the set of real matrices by R”*". In the remainder of the
paper, we assume without loss of generality that n < m. The singular value decom-
position of X € R"*" is denoted by X = Y/, 0;(X )uiviT with non-increasingly
ordered singular values o1(X) > --- > 0,(X) (counted with multiplicity). The cor-
responding vector of all singular values is given by o (X) := (01(X), ..., on(X)).
For all x = (xy,...,x,) € R", we define the £, norms with 1 < p < oo by
Lp(x) = (Z?:l |x,~|”)% and £,o(x) := max; |x;|, where | - | denotes the absolute
value.

A matrix norm || - || : R"*™ — Ry is called unitarily invariant if for all unitary
matrices U € R"*" and V € R"™*™ and all X € R"*™ it holds that |[UXV| = || X||.
Equivalently, unitary invariance can be characterized by symmetric gauge functions
(see e.g., [25, Theorem 7.4.7.2]):

Definition 1 A function g : R” — R is a symmetric gauge function if

i. g is a norm.

ii. Vx € R": g(]x|) = g(x), where |x| denotes the element-wise absolute value.
iii. g(Px) = g(x) for all permutation matrices P € R"*" and all x € R”".

Proposition 1 The norm | - || : R"™ — Rsq is unitarily invariant if and only if
|-l =g(o1(),...,0n(), where g is a symmetric gauge function.

Throughout this work, we use the notation || X ||, := g(o(X)). For X, Y € R"*™ the
Frobenius inner product is defined as (X, Y) := Y/, >i_, xijyij = trace(X'Y)
with Frobenius norm || X ¢, = €2(0(X)) = /(X, X). The nuclear norm and the
spectral norm are given by || - [l¢, :=€1(o(-)) and || - |l¢y, := £oo(0(-)) = 01(-). The
dual norm to || - ||¢ is defined as

. = LX) = b B T ). 1
- llgp ”}Igh?él( ) =:8"(01() on () ey
Dual norms inherit the unitary invariance as well as the duality relationship for £,
norms, i.e., g = £, implies gl = £, with p, g € [1, 0o] satisfying % + é =1.We
will also make use of truncated dual gauge functions. Lety € R",r € {1, ..., n}, and
gP : R" — Rq. The truncated dual gauge function is then defined as

g2 () == gP(sort(y)1, . .., sort(y),, 0, ..., 0), )

where sort : R” — R” denotes sorting in descending order.

Next, we introduce some standard notation and results from convex optimization
[5.,41]. For f : R"™ — R U {oco}, we denote by dom( f) and epi(f) the effective
domain and epigraph of f, respectively. Its subdifferential at X € R"*™ is written as
d f(X). In particular, by [24, Example VI.3.1]

NXllg ={G e R : (G, X) = IXllg, IGllgp = 1}. 3
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Further, f is said to be proper if dom f # (J and closed if epi(f) is a closed set.
The conjugate (dual) function of f is denoted by f* and f** := (f*)* is called the
biconjugate function or convex envelope of f.For f : R — R U {oco}, we say that
f increasing if x <y = f(x) < f(y) forall x,y € dom(f) and if there exist
x,y € Rsuch that x < y and f(x) < f(y). Moreover, its monotone conjugate is
defined as [41] f1(y) := sup,~( [xy — f(x)] forall y € R. The O-infinity indicator
(or characteristic) function of a set S C R™*™ is denoted by xs, which we also use
for the indicator function of the set of matrices with at most rank r, i.e., Xrank(.)<r-
For any Z € R"*"™, the proximal mapping of a closed, proper and convex function
f i RP™" — R U {oco} is defined as

. 1
prox, ;(Z) := argmin (f(X) + 51X = Z||%2) . 4)

In particular, prox,,, ,(Z) coincides with the unique Euclidean projection

Y Xc

c(Z) := argmin | X — Z]|g,
XeC

onto C for any closed, non-empty, convex set C C R"*™, Moreover, by the extended
Moreau decomposition it holds for all f : R"*" — RU {oc}, Z e R"*™ and y > 0
that (see [4, Theorem 6.29])

prox, ((Z) = Z — )/pI'OXy—lf*(]/_IZ). (®))

Finally, we denote compositions of two functions f and g by (f o g)(-) := f(g(-)).

3 Low-Rank Inducing Norms

This section introduces the family of unitarily invariant low-rank inducing norms,
which has been discussed in [17]. Besides recapping some elementary properties,
we briefly motivate the usefulness of these norms as convex envelopes or additive
regularizers in optimization problems to promote low-rank solutions.

Low-rank inducing norms are defined as the dual norm of a rank constrained dual
norm

||Y||gD,r = max (X,Y). (6)
rank(X)<r
I Xllg=<1
This means that the low-rank inducing norms corresponding to || - ||, are
I Xllgr«:= max (Y,X). @)
ST lp, <1
For r = n, the rank constraint in (6) is redundant and || - ||¢ = |- I| ¢, Some important

properties of these norms are summarized next [17].
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Lemmal Let X,Y € R™™ r € Nbe suchthat1 <r <n,and g : R" — Rx¢ be a

symmetric gauge function. Then || - ||y , is a unitarily invariant norm with
1Yllgp, = g" @), ®)
where g,D is defined in (2). Its dual norm || - || r« satisfies
I Ngrse = (- llg + Xranky<r ()™ )

In this work, we especially consider the so-called low-rank inducing Frobenius and
spectral norms, i.e., the cases when g = £, and g = £~. Since 65) = {7 and Ego =/,

it follows from (8) that || X |y s := max|yy,,, <1 With [[Y[l;p , = I aAT)
and [|X|l¢, s = maxyyy,, ,<1(Y, X) with |Yl¢, , = D51 0: ().

The following motivates the main interest in low-rank inducing norms (see [16,17,
19] for details).

Proposition 2 Assume that foy : R™*" — RU{oo} is a proper closed convex function,
and that r € N is such that 1 < r < min{m, n}. Let f; : R>o - R U {oo} be an
increasing, proper closed convex function, and let 6 > 0. Then

(frol-llgr)* = £l llgn ) (10)

and

inf [0 +6AUXI] =~ inf [f5D)+07 @ DI, (A1)
rank(X) < e

= _inf [fo(X)+0f1IXlgr)]- 12)
XeRVle

If X* solves (12) such that rank(X™) < r, then equality holds and X* is also a solution
to the problem on the left of (11).

In other words, Proposition 2 shows that low-rank inducing norms can be used both
as additive regularizers and direct convex envelopes to find (approximate) solutions to

minimize L(X)
X (13)
subject to rank(X) <r.

For regularization as in [15,42], we set fo = L and choose a suitable fi and 6 to find an
approximate solution. In the second case, when L can be splitinto L = fo+ fi (|l - Ilg)
as in Proposition 2, then

min [ foX) 4+ fi(I1Xllg,ro)] (14)

XecRnxm

may return an (exact) solution to (13).
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4 Proximal Mappings

For problems of small dimensions, it is often convenient to solve (14) through semi-
definite programming (SDP). However, conventional SDP solvers are typically based
on interior-point methods (see [39]) with an iteration cost that grows unfavorably with
the problem dimension. For large-scale problems, proximal splitting methods can
be used [4,9]. To efficiently solve (14), proximal splitting methods require efficient
computation of the proximal mapping of f1(|| - [lg,r+)-

In this section, we present our main results on developing a nested binary search
framework for computing this proximal mapping for simple choices of f1, efficiently.
Explicit and implementable steps for these computations will be shown for the common
cases f1 = (-) and f = (~)2 with g = ¢ and g = € [3,17,19,37]. In Sect. 4.3, the
computational complexity of our generic algorithm as well as these particular cases is
derived. In cases where f] is not simple, we can write (14) as

min  fo(X) + f1(2) + Xepi(|-[¢.) (X 1), (15)
teR, XeRnxm
where Xepi(|-|,.,.) is the indicator function of the epigraph to || - [|¢ r«. Then a con-

sensus formulation for proximal splitting methods (see [9]) requires an evaluation of
the proximal mappings for fi and xepi(|-|,..)- Since fi is one-dimensional, convex,
proper and increasing, its proximal mapping is fast to evaluate. We will see as part

of our complexity analysis in Sect. 4.3 that computing PIOXy ke > PTOX and
g, r* N

Prox .2 ie., fi = () and f; = (-)2, is equally costly.
Note that in contrast to || - ||4 -+, its dual norm | - || oPor is explicitly known by its
definition (8), which is why we derive our search framework for

ProX -1 iy, p ) (2 and Teepiq p (2, 20), (16)
with
—epi(|l - llgn ) :=={(¥, —w) : |Yllgp , < w}

which by (5) and (10) yields the sought proximal mappings

PIOX, i (1,0 (Z) = Z = VYPYOXy 1 iy (7 2) (17a)
PIOXy g (£ 20) = Mepi(l 10 (£, 20) = (2, 20) = Mepiqf p ) (£ 20)-
(17b)

4.1 Search Framework

Next, we present our main result, which shows that (16), and hence Egs. (17a) and
(17b), can be computed by a nested parameter search. Since the computations of (16)
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Table 1 Example choices for f and y in (18) for the computation of (16) and thus Egs. (17a) and (17b).
Xl p <y stands for the indicator function of the set {X : \|X||g1) <vy}
¢D=

Solution (Y*, w*) to (18) f(w) y Via Eqgs.(17a) and (17b)
*, —w*) = H—epi(\wg,)_r)(Z, ) Fw +20)? 1 Tepi(-fl g0 (Z: 20)

Y* = prox%”_”zpj (Z) w >0 prox%”_llg,r* (2)

Y* = proxX"AHgD’rSV (2) X[0,y1(w) >0 ProXy |, .. (%)

can be compactly unified as

s 14 2
=Y -Z
minimize fw) + > Il Iz,

(13)
subjectto w > [Ylen,, ¥ € R

where f is closed, proper and convex, our results are stated for all such problems.
Table 1 summaries common choices for f and its relationship to Egs. (17a) and (17b)
via (16).

Before we state the main theorem on how to solve (18) with a nested binary search
method, we outline the steps that give rise to this algorithm. It is well-known that the
solution Y* to (18) and Z have a simultaneous SVD [31,36] and, therefore, only the
singular values of Y* need to be computed. Let y; = 0;(Y) and z; = 0;(Z), then it
follows that (18) reduces to the vector-valued problem

n
minimize f(w) + Y Z(yi —z)?
y.w 2 = (19)

subjectto  w > gP(y), y € R".

Since z € RZ, is monotonically decreasing, it can be shown that the minimizer of
(19) is nonnegative. The problem is, therefore, equivalent to solving

n
minimize  f(w) + % Z()’i —z)?

y’w .
i=l (20)
subjectto  w > g”(y1,...,y.,0,...,0), y e R",

Y= yu

Since only the r first elements in y are included in the norm constraint, the solution
may have a chain of equalities around y,, i.e., there exist integers t > 1 and s > 0
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such that

n
S 14 . 32
mn}'l’lz}}lze f(w) + 5 Z;()’z —Zi)
i=
subjectto w > g2 (y1, ..., y-,0,...,0), y e R", (21)
V1= 2 Vr—t42 > Vr—t+1 = - = Yr

== Yr4s > Vrs+1 = = Y-

The base case t = 1 and s = 0 implies that y._1 > y, > y,41, i.e., the chain has
length one. Thus, if we can solve (21) for an arbitrary, but fixed pair (¢, s), an optimal
(t*, s*) could be determined by comparison with all pairs. As this would be very
inefficient, the proposed search rules are devised to find (z*, s*) by only considering
a few pairs.

To state these rules, we need to introduce the truncated gauge function of gP as

8rsy () = g" ((Tx)l, o (Tt (Tt oy (TX)r—141, 0, ,o>,

t times

where x € R” and the truncation operator 7 : R” — R+l js defined for all

l<r<nand(t,s)ef{l,...,r} x{0,...,n—r}as
sort(x);, ifl<i<r-—t,
e +s .
(Tx)i = i sort(x),’ i1 (22)
JE+S

Note that gf 5.1 1s indeed a gauge function with dual gauge function [23, Lemma 2.2.2])

o (Tx) g, T 630 0640 (),

g s ey 7

8gr.sa(x) == g((Tx)1, ..

t times

For the special case (¢, s) = (1, 0), it reduces to g,D in (2). We are now ready to state
our main theorem.

Theorem1 Let Z = )7, a,'(Z)uiviT eR™ > 0,1<r<ng:R"— Rbe
a gauge function, and f : R — R be proper, closed and convex. For each (t,s) €
(1,...,r} x{0,...,n—r} let ("9, w®9) € R be defined as

Vi, fl<i=<r—t,
(,5) Vi . .
= ——, ifr—t+1<i<r+s, 23a
0i(Z) ifi>r+s+1.
w® = (23b)

@ Springer



176 Journal of Optimization Theory and Applications (2022) 192:168-194

where (3, W) € R"+2 solves

r—t+1

mlnlmlze f(w) + = Z i — 7i)?

P (24)

subjectto W > g,D!S’t(y), je R

and 7 := To(Z) is given by (22). Then (Y*,w*) = O i_ lyl(t s )u, vl.T, wY) s
the solution to (18), where

£ := min l{t y0 sy g {r}] (25a)
s; = min {{s : yr(+§) > yr(ivll} Ui{n — r}}
T = sh (25b)

In particular, (t*, s*) can be found by a nested binary search over t and s with the
following rules for increasing/decreasing t and s:

(t.s7) (t.s7)
Loy " =y" t’-H
(t.s7) (s
1. y <y_ t+1f0rallt<t

r—t

I It < 1* and y*° ST _ yr(t S¢’+1 then ( 157, w(z,s;)> — (y(z*,m, w(z*,m)_

V. yr(t;s) > yr(t+s)+1f0’" all s > s;.
ts) . ,(@9)
Voyly s yr+ +1

VI If s < s} and yr(sz) = yr(;?H then (y©9), w()) = (y(”st*), w(”st*)).

forallt > t*.

foralls < s}.

A few words on Theorem 1 may be helpful. The first part simply makes explicit that
(y®9), w®9) in Egs. (23a) and (23b) is the solution of (21) with fixed ¢ and s, i.e., it
solves

n
S 14 N2
mlg{?yllze f(w) + > ;()’1 Zi)
= (26)
subjectto  w > grD(y), y eRY,
Vr—t4+1 = " = Yr+s;

via the solution of the lower-dimensional problem (24). For fixed ¢ in (21), the search
rules for s (Items IV. to VI.) can be used to find an optimal s = s/ that minimizes

the cost in (21) among all choices of s that fulfil the constraint y,(f;“;) yr(iri)Jr] >

- > Y (9 Since yl.([’s) = z; fori > r + s + 1 by (23a), it suffices to check that

y,(t:S) > yr(li)ﬂ, where by (25b) s; is the smallest of such s. Similarly, the search

rules for finding an optimal + = ¢* minimize the cost in (21) among all choices

(t,s) = (¢, s}) that do not violate the constraint y,( t’) > yr( B le Using nested binary

search (see [28]) over s (inner loop) and ¢ (outer loop), an optimal (¢*, s*) can be found
efficiently under the assumption that (24) has an efficiently computable solution for
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all choices (t, s). For more details, see the derivation of the proof to Theorem 1 in
Appendix 2 and our explicit implementation for determining H—epi(\l-l\gn )(Z, 20) in
Algorithm 1. *

Algorithm 1 Binary search for determining H—(epi(||-||g ) (Z, zv)

Input: Let Z € R"*"™ 7z, e Randr € {1,...,n}.
Compute SVD Z =Y, U'i(Z)MjU;r and let z = o (Z).
HLet f = (w+zp)? andy = 1.
//Find (t*, s*) in Theorem I through binary search over (t, s).
Set fin = 1, fmax = r, and ¢ = | minFmax |
//Binary search over t to find t*: each iteration solves (21) for fixed t with optimal s = s} and updates t
based on the search rules for feasibility and optimality in Theorem 1
while 71hin 7# fmax do
Set smin = 0, Smax =n —r,and s = Lismi“+‘ymax ]
//Binary search over s to find s}': each iteration solves (21) for fixed (t, s) and updates s based on the
search rules for feasibility and optimality in Theorem 1
while spin # Smax do
Determine (yr({;_i,), yr(:’_i)_H) in eqs.(23a) and (23b) via solving (24) (see Propositions 3 and 4 for the
the cases g = €5 and g = {1, respectively).
if yy_;? < y(t’x) then

r4s+1
Smin = § + 1
else
Smax = §
end if
end while

Set s; = Smin
* *
Determine (yyft’ ), yr([j’: 1) in egs.(23a) and (23b) via solving (24) (see Propositions 3 and 4 for the
the cases g = €5 and g = {1, respectively).

o (2, 1,5
if yr(ii) < y;_;:_l then

Imin =1+1
else
fmax = 1
end if
end while
Set 1* = tyjn and p.r.n. binary search for s* = s,

Output: (v*, w*) = (X7, vV upl, —wsh) with (y0*5" w5y given by egs. (23a) and

(23b).

4.2 Low-Rank Inducing Frobenius and Spectral Norms

Next, we exemplify solutions to (24) for the instances in Table 1 with g = ¢, and
g = loo. A general result on the solvability of (24) is given in Appendix 3.

In particular, we will discuss solutions to (24) forall g = tér and g = 7€, T > 0,
because this enables us to handle the first two cases in Table 1 simultaneously through
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the identity

g, r*

prox ., 2|H|2 (Z2)y=7Z— pl‘OX]lle (Z2)y=7Z— HY(“ep1(|||g (Z,O)),

g0,
T

where [Ty (Y, w) := Y and 7 > 0. It is easy to adjust these computations for the third
case, because ProXe . ., (Z) = ProX .. (2).

Proposition3 Let Z = )}, ai(Z)uivl.T ERVM g =1lywitht >0,1<r <n,
y =1,zy € Rand 7 := To(z). Then, H—epi(ll-llgu r)(Z,zv) can be computed via

Theorem 1 with f(w) = %(w + ZU)Z, where the solution to (24) is characterized by
one of the following three distinct cases:

r—t
(3, w) = (2, z0) & 74— A 2, < -T2, (27a)
i=1
- . s +1 . z
G, ) =0 Z — =T (27b)
and otherwise
Fi= o l<i<r—t (27¢)
1+ s
- z 1
Vr—t+1 = 1 r— f+ (27d)
+ Zae T w(s—H)
W=p—2y (27e)

where the unique > 0 is a solution to the fourth-order polynomial
2 2 2
|:(II)‘L' + E) — cl] [(t +s)Tw + ﬁt] - tc% (LT)T + E) =0 (27f)
T T T

. r—t =2 . =
cri= i jZrandcy =t + 541

Similarly, prox,, Iy (Z) can be determined by setting f(w) = xjo,,1(w), where

it suffices to conszder the two cases: (27a) with z, = —1, and Egs. (27c), (27d) and
Q7)) with w = 1.
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Proposition4 Let Z = ) 7_, ai(Z)u,-viT ER™M o =1lowitht >0,1<r <n,
y =1,zy € Rand 7 := To (z). Further, let

t

- <217‘-'5Zj7 mzr*1+laz‘]’+lv"

2>
1

. zi‘l) € Rr_t"l‘l’

l‘2
a=1,...,1, S, 1 eRTHL
~—— (t +S)
length j
where j is chosen such that
~ +s) » 5 - VFs) -
Zj > (t Dz i1 = Zj1 o Zr—y > (t Dttt (28)

Then, H—epi(ll-\lgn r)(Z, zy) can be computed via Theorem 1 with f(w) = %(w +2)3,
where the solution to (24) is characterized by one of the following three distinct cases:

r—t
-~ - - t -
Oy, w) =(zZ,z2v) ; |zi] + ﬁ|zr_;+1| < -T2y (29a)
- - BV Z
O, w) =0 < max <Z1, TZrt«H) < ?U (29b)

and otherwise

yi:max(zi—%,()),lfifr—l‘, (29¢)
ot = max (Zrpi1 — S, 0), (29d)
W=p—2zy (2%)

Zu+zf=| 2[ *
S and k
the following rules for increasing/decreasing k:

where (L = [Lix with i = can be identified by a search over k with

L k* = max{k : Z — ogjix > 0}
I Z; —apfiy > 0 forallk < k*
Hl. Zy —agfix < Oforallk > k*

Similarly, prox - (Z) can be determined by setting f(w) = x0,y](w), where

Xl ,p ..
gt
it suffices to consider the two cases: (29a) with z,, = —1 and Egs. (29c) and (29d),
"N
where L = [iy~ can be found with the search rules from above and 1y, = %
i=1%i

Propositions 3 and 4 are proved in Appendixces 4 and 6, respectively, and implemen-
tations for the user are available for MATLAB and Python at [20,21].
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Table 2 Complexity of computing nepi(”,”zz_r*)(z, zp) and l'lepi(”,”z] ) (Z, zv) given a pre-computed
SVD of Z in comparison with others

Source Mepi(ll-llgy i) (2 20) Mepil-llg; 40 (£ 20)

[14,29] O(log(r)log(n —r + 1) +n) n/a

[46] wa O(r(n—r+1)

This work O(log(r)log(n —r + 1) +n) O(rlog(r)log(n —r 4+ 1) +n)

4.3 Computational Complexity

In the following, we evaluate the computational complexity, i.e., counting all flops
(see [44]) of the discussed approaches for computing

PIOXy e (£ 20) = Mepi(fg 10 (2, 20) = (Z, 20) = Hepi(l p ) (£ 20)-

Since the same analysis also applies to the other cases discussed in Table 1, this will
allow us to compare our approach to existing methods. Our evaluation starts with
a discussion of Algorithm 1 for a general gauge function, followed by an explicit
discussion for the cases of g = ¢ and g = £ in Sects. 4.3.1 and 4.3.2 of which a
summary is given in Table 2.

In order to apply the binary search rules in Theorem 1, we only need to determine
o, yr('fgll, yo yr(;i)Jr 1), whose computational cost we assume to be bounded
by C(n, r). Then, the complexity of Algorithm 1 is the sum of:

1. SVDfor Z providing all o; (Z) and u,-viT suchthat Z = Z?:l o; (Z)u,'viT (see [44)):
O(mn?).
2. Binary search rules (see [28]) in Theorem 1 for ¢ and s:

O(C(n, r)log(r)log(n —r))

3. Determine the final full solution: O(n).
4. Compute POy e (Z, z) from H—epi(lngD,,)(Z’ zp): O(n)

In practise, the first cost may be significantly reduced by employing sparse SVD
solvers (see e.g., [32,34]). In particular, for the vector-valued case, this corresponds
to a simple sorting of the entries. The second cost is determined by the coordinate
transformation (23a), i.e.,

ts) () ) ) N _ [« [ [
Or s Yoyt Yeds > Yogsa1) = (yr—n \/S—Tyr—tﬂv «/S—Tyr_[-’_l’ 0r+s+1(Z)>

and therefore the cost for C(n, r) equals the cost C(n,r) for solving (24) to find
(Fr—t+ r—1+1). To compute the full solution y“*"), once an optimal pair (r*, s*) is
found, the cost for these pre- and post-computing steps is at most O(n). Finally, com-
puting PrOX ) (Z, zy) from H—epi(lngD,,) (Z, zy) only contributes an additional
n + 1 subtractions.
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Remark 1 The cost for computing Z, _ 1 is given by the cost forknowing 7 410i(Z)
(fors > 0)and Y ;_,_,. | 0;(Z). Both sums could be computed a priori for all 7 and s
through incremental summation with cost O (n). However, in practice it may be cheaper

. . . . r r4s
to store and re-use the intermediate sums, when deriving » /_, . ;z;and ) ;T | z;.
This means we only need to compute additional intermediate sums whenever ¢ and s
get increased within the binary search.

4.3.1 Low-Rank Inducing Frobenius Norms

In order to determine the computational cost C (n, r) for g = £», we need to analyze
the complexity of the three cases in Proposition 3. All cases require the evaluation
of 12172 = Y121 0?(Z) as either part of the inequalities Eqs. (27a) and (27b)
or as coefficients in polynomial (27f). These sums can be computed once for all
t € {1,...,r} with cost O(r). Then testing Egs. (27a) and (27b) as well as solving
the fourth-order polynomial (27f) are of cost O(1). Our generic approach, there-
fore, recovers in this special case the same complexity as the algorithms in [14,29]
(see Table 2).

4.3.2 Low-Rank Inducing Spectral Norms

As in the previous case, determining C(n,r) for g = Lo requires us to compute the
complexity of the three cases in Proposition 4. The cases Eqgs. (29a) and (29b) require
the evaluation of Y /_| Z; = Y "'_{ 0;(Z). This can be done once forall t € {1, ...,r}
with cost O(r), and verifying the corresponding inequalities is then of complexity
oQ).

Determining p in the third case of Proposition 4 requires:

a) Find j in (28): O(log(r —t + 1)), because 7| > -+ > Z,_;.
b) Determine ugx = p through binary search: O(r —t 4 1), because Z;;i“ Z; may
need to be computed.

Thus, C(n, r) is dominated by the complexity of determining 1, which by the pre-
ceding analysis is at most O(r). Compared to [46], our approach reduces the overall
cost significantly (see Table 2), which is especially important for the corresponding
vector-valued problem.

5 Case Study: Matrix Completion

In the following, we will see how the binary search parameters (z, s, k) from Algo-
rithm 1 and Proposition 4 evolve when solving an optimization problem with a
proximal splitting method. We consider the convexified low-rank matrix completion
problem (see, e.g., [7,8,17] for motivation and examples)

minimize || M ||¢y,r«
M (30)
subjectto m;; =n;j, (i,j) el
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=
“.
R e e
0 2,000 4,000 6,000 8,000 10,000 12,000 14,000
Iterate
Fig. 1 Parameter path of (. fymm-S, k) from Algorithm 1 and Proposition 4 when computing

PIOX|[.[lp 0 within the Douglas—Rachford iterations (32). There are no values for the first iterate, because
PrOX |, (Zp) = 0 and the iterations are stopped when || X; — Y;||fr < 108, Strict inequalities in
Algorithm 1 are determined to be valid if the corresponding nonnegative difference is above the relative
threshold 10~12 ZL] 0;(Z). The local plateauing after relatively few iterations suggests to use (z, s, k)
from the previous iterations as an initial guess for the current iteration as well as to employ sparse SVD
solvers in order to save computational time

with r = 50, Z := {n;; : n;; > 0} and N = Y_/_, u;u] being defined through the
SVD of

1111
1 500
Hi=| : o0 [ =) eitHuu] e R0, (31)
S0 i=1
10---00

Note that a smaller version of this example has been solved successfully in [17]
by using an SDP-solver, but this larger example is far out of the scope of typical
SDP-solvers [39,43]. Therefore, we apply the following Douglas—Rachford splitting
scheme (see [9,11,33]):

Xi =proxy,  (Zi-1), Yi=MQXi—=Zi1), Zi=Zi1+Y:i—X; 32

with £ := {X € R3O0 . . = nyi, (i, ) € T}, Zo = 0 and lim;, 00 X; =
lim;_, » ¥; being a solution to (30). By the construction of N, it can be shown that
lim; » X; = N (see [17]).

The parameter path of (z, s, k) for computing X; is shown in Fig. 1. We observe
that as X; approaches N, the values of ¢, s and & start plateauing. Thus, by using the
values from one iterate in the subsequent iterate, the practical computational cost may
reduce significantly. Finally, after the initial transient, the variance of each parameter is
small compared to the overall 500 singular values. As a result, sparse SVD algorithms,
which only compute a small predefined number of largest singular values (see, e.g.,
[32,34]), can be effectively applied. This emphasizing that our complexity analysis is
important to both, vector- and matrix-valued problems.
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6 Conclusion

This work presents a binary search framework for computing the proximal mappings
of all unitarily invariant low-rank inducing norms and their epigraph projections.
In particular, complete algorithms for the low-rank inducing Frobenius and spectral
norms are presented. Our framework unifies and extends the known proximal mapping
computations in the following sense: (i) So far, only proximal mappings for the squared
low-rank inducing Frobenius norm [14] and the (non-squared) low-rank inducing
spectral norm [46] have been derived. This framework is independent of the particular
unitary invariant norm and its composition with a convex increasing function. (ii)
Excluding the cost for an SVD, i.e., the cost for the analogous vector-valued problem,
we recover the same complexity for the squared low-rank inducing Frobenius norm as
in [14,29], but significantly decrease the complexity for the (non-squared) low-rank
inducing spectral norm. Further, we show that these costs also transfer to compositions
with simple functions.

Finally, in our case study we have seen that within a proximal splitting method, the
computational cost of our proximal mappings may be reduced to approximately linear
cost, besides the singular value decomposition, after a small number of iterations and
is therefore roughly the same as in case of the nuclear norm/spectral norm. Further,
our example also demonstrates that sparse singular value decomposition (see e.g.,
[32,34]) can be effectively applied, underlining the importance of our analysis even
for the matrix case. Implementations for the low-rank inducing Frobenius and spectral
norms are available for MATLAB and Python at [20,21].
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Lemmas, Proofs and Additional Discussion
Search Rules

Lemma2 Let f be proper, closed and convex, z1 > --- > z, > 0 and
(y(t), w(’)) denote the t-dependent solution to
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n
.. )4 2
mlg{ru?lze f(w) + 5 Z(yi —2i)
i=1 (33)
subjectto  w > g,D(y), y € R",

Yr—t41 =" =Yr =2 Yn.

where 1 <t < r. Then there exists t* such that (y(m, w(’*)> is the solution to

n
S 14 . 32
mn}]’z}lze fw) + ) Z(yz —Zi)
i=l (34)
subjectto  w > g,D(y), y e R",

yiz--=y =0,

with y*) >y and y). =y ift* = r. Further,
i. t* =min [{f > yr(t—)H-l} U {V}}-

.. t t t t
ii. Ifyr(_)t, > yr(_)t,_H then yr(_)l > y£2t+1f0r allt > t'.

iil. Ifyr(t_/)t, < yr(t_/)t,_H then yr(t_)t < yr(tlz+1 forallt <t'.

In particular, t* can be found by a search over t, where t is increased/decreased
according to the following rules:

I y,(’,), > y,(?t_Hfor allt > t*.

Vi yr(l_), < yr(ljt+1f0r allt < t*.
oI Ift < t* and yr(t_), = yr(L)IH then (y®, w®) = (y(’*), w(t*)).

Proof First we show the equivalence between Egs.(34) and (33). To this end note
that it is not necessary to explicitly restrict y to be nonnegative. The unique solution
(y*, w*) to (34) fulfills 0 < y? < z; for 1 <i < n. The upper bound holds, because
otherwise by [25, Theorem 7.4.8.4] g,D ) < g,D (y*) with y* := min{z;, y} and thus
y* is a feasible solution to (34) with smaller cost. Similarly, the lower bound holds,
because otherwise y* with y* = max{0, y*} is a feasible solution to (34) with smaller
cost by Definition 1 (ii). Then there exists /* such that y\_ . > y_ . | ==y
where t* = r if y] = y}, which implies that y, = > y, 41 is assumed to be inactive
and therefore can be removed from (34). Thus, also the constraints y; > --- > y,_;
can be removed, because the cost function and the sorting of z ensures that the solution
will always fulfill them. This yields solving (34) reduces to finding #* such that (33)
solves (34).

Next, we characterize t* in terms of solution to (33). In the following, we let p(¢)
denote the optimal cost of (33) as a function of ¢. Since adding constraints cannot
reduce the optimal cost, p is a nondecreasing function.

Item i.: By the same reasoning that led to the equivalence between Egs. (34) and

(33), it holds that y\”’ > ... > y 1 <1 < r, which is why the set {t : y”, >
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yr(t) ;411 U {r} contains all 7 for which the solution of (33) is feasible for (34). Since p

is nondecreasing and (y(’*), w(t')) is unique, the first claim follows.

Item ii.: The second claim is proven by contradiction. Let (y(t/) w®)) be such that

yr(’ )t, > yr(t )t - Further assume thaty(t —:1)1

another solution (y, w) € Rt (o (33) with t =t/ + 1, which has a cost that is no
larger than p (¢’ + 1). However, (33) has a unique solution due to strong convexity of
the cost function. This yields the desired contradiction. The contradicting solution is
constructed as a convex combination w = (1 — cx)w(’/H) +aw® with o € O, 1]
and a partially sorted convex combination of y(‘/) and y(’/“) with the same «. Let
$ =1 —a)y” ) + ay® and let

< y(t ™D Inthe following, we construct

i = (SOI't()All y oo )A’r—t/—Za )A’r—t/)a )A)r—t’—la )A’r—t’-i-l» ceey )A’q)

be the partially sorted convex combination. To select «, we note that by assumption,
y<r )t, | = yft )t, > y(t )ﬂ+1 and y(t;r,l)l < yr(’ﬁl) = yr(t_;r,lr)l Therefore, there exists

an o € (0, 1] such that

+1
Vr—tr = Yr—r—1 = —Ol)y(t ¢ )1 +01y([ ),/ 1

1
=(1—a)yft_j,+)l+06y,(t),+l —yr t'+1 = Yr— t'+1-

Since yr(t_,)l,+1 = = yr(t ) and r(t -:-,1)1 =...= y,(t,'H), it follows that y,_,y = - - =

Vr. Furthermore, the construction of y as well as the sorting yield that y, > --- >,
and y; > --- > y,_p_1, which is why y satisfies the chain of inequalities in (33) for
t=t+1

It remains to show that y satisfies the epigraph constraint and that the cost is not
higher than p(¢’ + 1). These properties are already fulfilled for y being a convex
combination of two feasible points with costs p(z') and p(¢t' + 1), respectively, where
p(t") < p(t' + 1). Therefore, it is left to show that the sorting involved in  maintains
these properties. First, we show that sorting of any sub-vector in ¥ does not increase
the cost. Suppose that z; > z;, J; < J;, i.e., J is not sorted the same way as z. Then

3 ((Zi — )+ (2 — 9,‘)2) =@ —2)@ —9)+ 3% ((Zi — )+ (2 — ﬁi)z)
3 ((Zi -3+ (z) — )75)2) ,

v

and thus the cost is not increased by sorting ¥ or any sub-vector of it. Further, a
permutation of the first r elements of y does not influence the epigraph constraint,
because g? () is permutation invariant by definition.

Next notice that ¥ is obtained from y by first swapping y,_,_1 and y,_,.. From the
choice of «, we conclude that

. 1 / 4]
S = 1=yt v oy = (1 =y ey = S = S
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Thus, this swap is a sorting which does neither increase the cost, nor does it violate the
epigraph constraint. Analogously, sorting the first  —¢’ elements of the resulting vector
to obtain y has the same effect and therefore we receive the desired contradiction.
’ 4
Item iii.: Suppose that there exist ¢ and ¢’ with ¢’ > ¢ such that yr(t_)t, < yr(’_)t, 41 and

y,(t_), > yr(’_)t 41+ Then Item ii. shows that yr(t_)t, > yr(t_)t, 41> Which is a contradiction.

Items I. to III.: The statements follow immediately from Items i. to iii.

Lemma 3 Let f and z be as in Lemma 2 and (y("s), w(”s)) denote the (t, s)-dependent
solution to

n
L Y ) N2
mlg{rglze fw) + 5 Z(y: —2i)

i=1 (35)
subjectto  w > g,D(y), y e R",

Yr—t+1 = " = Vr+s-

where 0 < s <r —n andt is fixed within 1 <t < r. Then, there exists s* such that

(y(“*), w(m*)> is the solution to (33) with yr(l;s:) > yr(ﬁr“;:i] and yr(fs:) = yr(ﬁis,ﬂ if

s* =n —r. Further,
i $* = min {{s : yr(t_FSS:) > yr(:’_i?_irl} Ufn — V}}-

.. t,s t,s t )
ii Ifyr(J:Y,) > yr(+§,)+1 then y,<+§) > yr(+i,)+1f0r alls > s'.

iii Ifyr(tjri,) < yr(t_:v,)Jrl then yr([_;i) < yr(tfs:_lfor alls <s'.

In particular, s* can be found by a search over s, where s is increased/decreased
according to the following rules:

1 yr(tfs) > yr(:;ss)_Hfor all s > s*.

s t,
Vi yr(t_s_xs) < yr(Jr?Hfor all s < s*.

I Ifs < s* and y(") = yr<t+,§>+1 then (y9), @) = (y(z,m’ w(z,m)_

The proof of Lemma 3 goes analogously to the proof of Lemma 2 and is therefore
omitted.

Lemma4 Let f and z be as in Lemma 2, 1 <t <rand0 < s < n — r. Moreover,
let 7 := Tz € R'"F1 be defined by (22) and be (3%, w9 the (¢, s)-dependent

solution to
r—t+1

L. 14 ~ =32
mlny{l;lvllze f(w) + 5 Z i — i)

i—1 (36)
subjectto w > gP; ,(5), § e R7'!
Then (y9), w %)) is a solution to (35), where
~(1,5) . .
P ifl<i<r—t,
(t.5) 5
Vi i=my T ee—, fr—r+1<i<r+s, (37)
l VTR
Zis ifi>r+s+1.
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Proof Letting § € R"~/*+! be defined as

~ yi, ifl <i <r—t,

= 38
Vi N4 Syr—t41, fi=r —t+1, (38)

and notice that

r+s r+s | r+s 2
2 I = 2 2
E —2i)" = Pret41 — L + E ;= E zi) s
(yr i) (yr t+1 r I-H) i (m ' 1)

i=r—t+1 i=r—t+1 i=r—t+1

yields the reduced dimensional problem (36).

Proof to Theorem 1

By Lemma 2, (34) can be solved by performing a search over the ¢-dependent solutions
to (33), where by Lemma 3 these solutions can be determined for each ¢ by a search
over the s-dependent solutions to (35). In order to solve (35), we apply Lemma 4 to
reduce (35) to solving (24) in Theorem 1. Hence, the remainder of the theorem is a
direct application of Lemmas 3 and 2 and thus a nested search with the stated rules
succeeds in finding (¢*, s*).

General Solution to (24)

In every step of the binary search (24) must be solved. Provided a very mild constraint
qualification holds (which it does for our functions of interest), the solution will fall
into one of three cases, depending on f and the singular values of Z. The different
cases are described in the following.

Proposition 5 Suppose that there exits (y, w) such that w € relint(dom f) and w >
g,?s,l(y). Then (y, w) is a solution to (24) if and only if one of the following cases
applies:

Case1: y=7 < w =argmin f and w > g,D’s,,(Z) (C1)
w
Case2: (y,w) =0 = gr5.:(2) < g and v € 9 f(0) (C2)

YV~ - ~ ~ - -
Case 3: 7= §) € dgP /(3) wedf() NRxo and b =gP ,(5)  (C3)
where 7 == To (Z) is given by (22).
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Proof A solution (y, w) to (24) fulfills0 € 9(f(w)+ % Iy _Z”2+Xepi(gD, ) (y, w)) by
[24, Theorem VI1.2.2.1], which under the assumed constraint qualiﬁcatiofl is equivalent
to

0 (y;;(;;)) +'/\[epi(grly)w)(5;v w) (40)

where A denotes the normal cone to epi(gr[,’s,,) and the summation is understood
set-wise. Then by [24, Proposition VI.1.3.1]

- w6, = G eaghl (), w=0) ifw =gl ()
Nepi(gr[,)s,r)(y’ w) = {{O} if (¥, W) € int(epi(grl?s’,))
(41)

which is why we need to distinguish the cases y = z and w = grD’s’,(y). Thus, the
proof follows by invoking (3).

Remark 2 In the epigraph case with f(x) = %(w +2z,)%and y = 1, (C1) corresponds
to that (z, —z,) is in the cone given by the epigraph of gf?s’,, (C2) corresponds to that
(z, zv) is in the cone given by the epigraph of the dual gauge function g, s ;, and (C3)
covers the remaining cases.

The problem of solving (18) therefore reduces to checking Egs. (C1), (C2) and (C3)
within the nested binary search, which has been made explicit for g” = £, in
Appendix 4 and g? = ¢ in Appendix 6.

Proof to Proposition 3

For 7 > 0 and a gauge function g it holds that g = 73 is gauge function with g? = %

Setting y = 1 and f(w) = %(w + zp) in Theorem 1, Egs. (C1), (C2), and (C3) in
Proposition 5 then become

G.0) =G, z20) &= —12 280,03 (42a)
~ o~ ~ - Z

G,w) =0 & g3 < ?” (42b)
T~ = =D (= ~ ~ _ =D (=

;(z — ) €dgl (), m=w+z,>0 and T = g, ,(5). (42c)

For our particular case g = {3, it follows immediately that Eqs.(42a) and (42b)
correspond to Eqgs.(27a) and (27b). Furthermore, by taking the gradient of grl?”,
(42¢) becomes Egs. (27¢), (27¢) and (27d) with the constraints u > 0 and Tw =
grl?s’,( ¥). Thus, it is left to compute u > 0. Plugging Egs. (27¢), (27¢) and (27d) into
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2

292

= grDJ’ t(y)z and making some rearrangements yields

r—t =2 =2
Zl 1% 4 41

© +1 2
(b +4)* ( +(S+,)r)

Then defining ¢; := Y /_ 7 and ¢ := /7 + 5Z,—s+1, this can be rewritten as the
fourth-order polynomial equation (27f) which can be solved explicitly for unique © >
0 after the substitution (27¢) is performed. This proves the first part of Proposition 3.
For f(w) = x0,y1(w), Egs.(C1), (C2) and (C3) are

y=7 << 1> g”,(z) (43a)

;(z —§) €dgl (). n=0andt=g> (. (43b)

Note that (C2) is redundant here, because it coincides with (43a). Hence, for g = ¢,
(43a) becomes (27a) with z,, = —1 and (43b) is equivalent to Egs. (27f), (27¢) and
(27d) with w = 1.

Break Point Search

Lemma5 Ler (Z, zy) fulfill neither of Egs.(29a) and (29b), and 7z and a be as in
Proposition 4. Further, let u* be the solution to Zr t+1 max(Z; —a;u, 0)+z,—u =0
Zv"l‘z 1Zz
—1 Zk o Then
there exists k* € {1,...r —t + 1} such that Zj» — ojet* > 0, z; — oy u* < 0 for all
i > k* and

and [iy be the solution to (Zle Zi — (x,-;L) +zy—u=0,1ie, iy =

Lo = p*

ii. k* =max{k:Zp — ogx > 0}.
iii. IfZ — agfix >0, then Z; — a;ji; > Oforalli < k.
vi. If Zx —agfix <O, thenz; — o;jt; <O foralli > k.

In particular,

L Zy —agfix > O0forallk < k*.
Il Z) —appx < O forall k > k*.

Proof We first show some results needed to prove Items ii. and iii. Let gx(u) :=
Zle max(z; — a; i, 0) + z, — u, and let g be the unique solution to the equation
gk(n) = 0. Since all g; are strictly decreasing in x and gz (1) = gx—1 () + max(Zy —
ari, 0) > gr—1(n), we have

a Uk—1 = Mk
b. Zx —appr <0 & gro1(ui) = g(ur) =0 & g1 = .
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Moreover, the break point sorting in Z implies that if / and u are such that z; —oy . > 0,
then also Z; — aj 0 > O for all i < [. Thus,

k k

—aun=>0 & ZmaX(ii — i, 0) +2p — = (Zii —(xiu) + 2y — K.
i=1 i=1

In conjunction with the uniqueness of 1, this implies that

C. Zx —oppk = 00rZx —opfly =0 & fix = px.

Item i.: This has already been proven in the discussion before Lemma 5.
Item ii.: By the definition of k* and Item i. it holds that

Zier —aprflir >0 and  Z; — g < O forall i > k™. (44)

Thus, by Item c. figx = u* = upr and z; — a;u; < 0 for all i > k*. Then Item
b. implies that i = pu* = pr—s41 = My—y = -+- = up+. Therefore, if there
exists k > k* with Zx — agfir > 0, it will hold by Item c. that fix = ux = s,
which contradicts (44), because 0 < Zx — o fix = Zkr — axflix < 0. This proves that
k* = max{k : Zk — Olkﬂk > 0}

Item iii.: Assume that Zy — agjix > 0. Then, by the break point sorting it holds that

Zk—1 — ag—1j1x > 0 and by Items a. and c. that jixy = ux > ur—;. Thus, we conclude
that
0 < Zk—1 — og—1 ik = Zk—1 — -1k < Zh—1 — Ok—1J4k—1 = Zk—1 — Qk—1/bk—1,

where the last equality follows again by Item c. The other indices follow inductively.
Item iv.: Let on the contrary k be such that Z; — ax i < 0, but withi € {k,...,r —
t + 1} such that Z; — «;i; > 0. Then, by Item iii., Zx — oty > 0, which is a
contradiction.
Items I. and IIL.: Follow immediately from Items ii. to iv.

Proof to Proposition 4

Analogous to showing Proposition 3, Eqs. (42a) and (42b) correspond to Egs. (C1) and
(C2) in Proposition 5, which translate for g = £, to

r—t

- - - L
G w) =G ) = Y G+ ==l < -T2
i1 VA
~ ~ ~ VEEs Z
O wh) =0 <= max <IZ1|, ces lZr——al, |Zrt+l|> <=

Since z is nonnegative and decreasingly sorted, the second case simplifies to (29b).
For (42c), we need to note that y € Rgf *1 and therefore the conditions for yi=20
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and y; > 0 become
Ji=0&z€[0,%], y>0ey=u-%

foralli € {1, ..., r—t}. These equivalences also hold for y, ;4| with u multiplied by
t/+/s + t. Therefore, Egs. (29¢), (29d) and (29¢) follow together with the constraints
Tw = g,l?s,,(y) and p > 0. Then, plugging Egs. (29¢) and (29d) into Tw* = g,’?s,,(y)
yields

1 1
0= =Y 15il + ——=—=IFr—r1] — 0
z P |yl| m|yr [+1|

r—t ~ 2
Zi " t - [
= E max | — — —,0) +max | —2Z,_ 1——,0>+Z — U
P <y y? ) <«/t+sy T+ s)y2 !
(45a)

which determines the unique solution to & > 0. We solve the equation by using a
so-called break point searching algorithm, as it has been done for similar problems
in [10,12,22].

In our case, the break points are given by the smallest values of © for which each

max expressions as function of © becomes zero, i.e., (yZl, s VZr—ts y—V;HZ,_t_H).
t
Then we define 7 := 1 <21, ey Ly —————Tr 141> Zjhls s Zr—z>, to be the vec-
v P ST+ 9) !
1 ~ ~ t ~ . . . .
tor that sorts v (zl, oo Trets s dr-t by decreasing break points, i.e., j fulfills
~ t+s5) ~ ~ ~ 1+s) ~
Zj > (;”)erzﬂ > Zj+1 OF Zp—t > (t+Y)Zr7t+1~ (46a)
Therefore, (45a) can be equivalently written as
r—t+1
D maxC — i, 0) + 2z — =0 (46b)
i=1
£2
with ¢ = % 1,...,1,——,1,...,1). Hence, there exists an index k* €
Y t+s)

{1,...,r —t 4 1} such that the unique solution u > 0 to (46b) fulfills
Zir —oprepe >0 and  Z; —aju < 0 forall i > k¥, (46¢)

which is why p can be determined as

k* 4
_ Zy + Zi:l Zi

= - . (46d)
1+ Zf:l o
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Consequently, computing p equals a search for k* € {1,...,r — ¢ + 1} for which
(464) satisfies (46¢). This can be done with the search rules in Lemma 5.

Finally, if f(w) = x[0,;)(w), then Egs. (C1), (C2) and (C3) are given by Eqs. (43a)
and (43b). For g = £, this corresponds to (29a) with z, = —1, and Eqgs. (29¢) and

(29d) with the constraint that er;{ + max(Z; —o; i, 0) = 7, respectively. Therefore,

s
. kg i—1 Zi . . .
Lk = Z,’f‘ Sou = Z]‘{jl * and it is readily seen that k* obeys the same rules as in
i=1%i 7
i=1"
Lemma 5.
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