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Abstract

The projection onto the intersection of sets generally does not allow for a closed form even when
the individual projection operators have explicit descriptions. In this work, we systematically an-
alyze the projection onto the intersection of a cone with either a ball or a sphere. Several cases are
provided where the projector is available in closed form. Various examples based on finitely gen-
erated cones, the Lorentz cone, and the cone of positive semidefinite matrices are presented. The
usefulness of our formulae is illustrated by numerical experiments for determining copositivity of
real symmetric matrices.
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1 Introduction

Throughout this paper, we assume that

*H is a real Hilbert space (1.1)
with inner product (- | -) and induced norm || - ||. Let K and S be subsets of H, with associated projec-
tion operator (or projectors)

PK and Ps, (12)

respectively. Our aim is to derive a formula for the projector of the intersection

Pkns. (1.3)

Only in rare cases is it possible to obtain a “closed form” for Pxns in terms of Px and Ps: e.g., when
K and S are either both half-spaces (Haugazeau; see [10] and also [3, Corollary 29.25]) or both sub-
spaces (Anderson-Duffin; see [1, Theorem 8] and also [3, Corollary 25.38]). Inspired by an example
in the recent and charming book [12], our aim in this paper is to systematically study the case when K is
a closed convex cone and S is either the (convex) unit ball or (nonconvex) unit sphere centered at the origin.
In [12, Example 5.5.2], Lange used this projector for an algorithm on determining copositivity of a
matrix; however, this projection has the potential to be useful in other settings where, say, a priori
constraints are present (e.g., positivity and energy). We obtain formulae describing the full (possibly
set-valued) projector and also discuss nonpolyhedral cones such as the Lorentz cone or the cone of
positive semidefinite matrices. We also revisit Lange’s copositivity example and tackle it with other
algorithms that appear to perform quite well.
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The remainder of the paper is organized as follows. Section 2 contains miscellaneous results for
subsequent use. In Section 3, we provide various results on cones and conical hulls. The description
of projections involving cones and subsets of spheres is the topic of Section 4. In Section 5, we turn to
results formulated in the Hilbert space of real symmetric matrices. Cones that are finitely generated
and corresponding projectors are investigated in Section 6. Our main results are presented in Section 7
(cone intersected with ball) and Section 8 (cone intersected with sphere), respectively. Additional
examples are provided in Section 9. In the final Section 10, we put the theory to good use and offer
new algorithmic approaches to determine copositivity.

We conclude this introductory section with some comments on notation. For a subset C of H, its
closure (with respect to the norm topology of H) and orthogonal complement are denoted by C and C*,
respectively. Next, N := {0,1,2,...}, Ry = [0,4+o0[, and R4 := ]0, +co[. In turn, the sphere and
the closed ball in H with center x € H and radius p € R are respectively defined as S(x;p) =
{yeH | |ly—x||=p} and B(x;p) = {y e H | |ly — x| < p}. The product space H = H SR is
equipped with the scalar product ((x, &), (y,7)) — (x|y) + &1, and we shall use boldface letters for
sets and vectors in H. The notation mainly follows [3] or will be introduced as needed.

2 Auxiliary results

In this short section, we collect a few results that will be useful later.

Lemma 2.1 Let {«;}ic; be a finite subset of R such that

(Viel)(Vjel) i;éj:wxizxj:O (2.1)
and that
szi =1. (2.2)
i€l

Then there exists i € I such that a; = 1and (Vj € I\ {i}) a; = 0.

Proof. Suppose that there exist i and j in I such that i # j, that a; # 0, and that a; # 0. Then a;a; # 0,
which violates (2.1). Hence, («;);c; contains at most one nonzero number. On the other hand, by (2.2),
(a;);c; must contain at least one nonzero number. Altogether, we conclude that there exists i € I such
thata; # 0 and (Vj € I\ {i}) a; = 0. Consequently, it follows from (2.2) that a; = 1, as claimed. W

Lemma 2.2 Let {x;},.; be a finite subset of H, and let {«;}, ., be a finite subset of R such that } ;jc;a; = 1.
Set x ==Y ;e a;x; and B := ||x||. Then the following hold:

() B+ L jyerxt wijllxi — xj[12/2 = Lieq il x|

(ii) Suppose that
(viel) [xl =8 (2.3)

that
(Viel) a; >0, (2.4)

and that the vectors {x;};c| are pairwise distinct, i.e.,
(Viel)(Viel) i#j=x;i#x;. (2.5)

Then (Ji € I) x = x;.



Proof. (i): See, for instance, [3, Lemma 2.14(ii)].
(ii): Since ;e a; = 1, we deduce from (i) and (2.3) that B2 + ¥ ; iy e 11 dittj||x; — Xj[|7/2 = Liep wif> =
B2, which yields Yo(ijyerxr il xXi — xj||* = 0 or, equivalently, by (2.4),
(VZ S I) (V] S I) ucizxiji — X]‘HZ =0. (2.6)

Thus, we get from (2.5) and (2.6) that (Vi € I) (Vj € I) i # j = |lx; — xj|| # 0 = w;a; = 0, and because
Yier®; = 1, Lemma 2.1 guarantees the existence of i € I such that #; = 1 and (Vj € I \ {i}) «; = 0.
Consequently, it follows from the very definition of x that x = x;, as desired. [ |

Lemma 2.3 Let a bein R, let B be in R, and let x = (x,¢) € H. Set!
Sap =5(0;B) x {a}. (2.7)
Then max(x | S, 5) = Bllx|| + Ga.

Proof. We shall assume that x # 0, since otherwise (x| S, ) = {Ca} and the assertion is clear. Now,
for every y = (y, &) € Sy, since ||ly|| = B, the Cauchy-Schwarz inequality yields

(xly) = (x|y) + G < [|xl[lly]l + Ga = Bl|x][ + . (2.8)
Hence sup(x | S, ) < Bl|x|| + ¢a. Consequently, because (Bx/||x||,a) € S, and

| Gre)) = Gl

we obtain the conclusion. [ ]

>+é‘oc—l3||x|!+c;‘oc 2.9)

3 Cones and conical hulls

In this section, we systematically study cones and conical hulls.
Let C be a subset of H. Recall that the convex hull of C, i.e., the smallest convex subset of H containing
C, is denoted by conv C and (see, e.g., [3, Proposition 3.4]), it is characterized by

convC = {Zoclxl

i€l

Lis finite, {a;};c; €]0,1] such that ) "a; =1, and {x;},.; C C } (3.1)

i€l

Next, Cisaconeif C = | rer,, AC. In turn, the conical hull of C is the smallest cone in ‘H containing
C and is denoted by cone C; furthermore, the closed conical hull of C, in symbol, cone C, is the smallest
closed cone in H containing C. Finally, the polar cone of C is

C®:={u e H|sup(u|C) <0}, (3.2)

and the recession cone of C is
recC:={xeH|x+CCC} (3.3)

Example 3.1 Let p € Ry, and set C := S(0; p). Then conv C = B(0; p).

Proof. Since B(0;p) is convex and C C B(0;p), we obtain convC C B(0;p). Conversely, take x €
B(0; p), and we consider the following two conceivable cases:

Case 1: x = 0: Fixy € C. Then clearly —y € Cand x =0 = (1/2)y + (1/2)(—y) € conv C.

Case 2: x # 0: Set x4 = (p/||x||)x, x- = (p/]|x||) (=x), and « = (1 + ||x||/p)/2. Then
{x1,x_} C C, and because ||x|| < p, we have a« € ]0,1]. Thus, since it is readily verified that
x =ax; + (1 —a)x_, wegetx € convC.

Hence, x € conv C in both cases, which completes the proof. |

Here and elsewhere, “x” denotes the Cartesian product of sets.
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For the sake of clarity, let us point out the following.

Remark 3.2 Let K be a nonempty cone in H. Then 0 € K, and if K # {0}, then (Vp € Ry;) KN
S(0;p) # 2.
Fact 3.3 Let C be a subset of H. Then the following hold:

(i) coneC = Uper, , AC.
(ii) cone C = coneC.
(iii) cone(conv C) is the smallest convex cone containing C.
Proof. See, e.g., [3, Proposition 6.2(i)—(iii)]. |

In general, for subsets C and D of #, CN D # C N D. However, the following result provides an
interesting instance where taking intersections and closures commutes.

Proposition 3.4 Let K be a nonempty cone in H, and let p € R . Then the following hold:
(i) KNS(0;p) = KNS(0;p).
(ii) KNB(0;p) = KNB(0; p).

Proof. We assume that

K # {0}, (34)

since otherwise the assertions are clear. B B
(i): Since we obviously have KN S(0; p) € KNS(0; p), it suffices to verify that KNS(0; p) € KN S(0; p).

To do so, take x € KN S(0; p). Then, because x € K, there exists a sequence (xy),, .y in K such that
Xp — X. (3.5)
In turn, by the continuity of || - || and the fact that x € S(0;p),
lull =[xl = p € Ryy, (3.6)

and therefore, we can assume without loss of generality that (Vn € IN) ||x,|| # 0. Hence, for every
n € N, since x, € Kand ||px,/||x.|||| = p, the assumption that K is a cone implies that px,, /|| x,|| lies
in KNS(0;p). Thus, (0x,./||xnl|),cn is @ sequence in K NS(0; p); moreover, (3.5) and (3.6) assert that
X/ ||xn|| = px/p = x. Consequently, x € KNS(0; p), as announced.
(ii): First, it is clear that KN B(0;0) € KNB(0;p). Conversely, fix x € KN B(0;p), and we shall
consider two conceivable cases:
(A) x = 0: By (3.4), there exists
y € K~ {0}. (3.7)

In turn, set

- P
(VneN) y, = my. (3.8)

Then, for every n € IN, since K is a cone, (3.7) and (3.8) assert that y, € K and thus, since ||y,| =
p/(n+1) < pby (3.8), we deduce that y, € KN B(0;p). Hence, because y, = py/[(n+1) |ly||]] = 0=
x, we infer that x € KN B(0; p).

(B) x # 0: Since x € K, there is a sequence (x; ), in K such that

Xy — X. (3.9)



In turn, by the continuity of || - ||,
lall = l1x]) € R, (310

and we can therefore assume that (Vn € IN) ||x,|| # 0. Now set

(VneN) y,:= Xp. (3.11)

For every n € IN, because x, € K and ||x|| < p, the assumption that K is a cone and (3.11) yield y,, €
KNB(0; p). Consequently, since y, — ||x||x/||x]| = x due to (3.9) and (3.10), we obtain x € KN B(0; p).
To sum up, in both cases, we have x € KN B(0; p), and the conclusion follows. |

We shall require the following notation.
Notation Let C be a nonempty subset of H. Define its positive span’ by

posC = {Z Q;iX;

iel

Iis finite, {&;},.; € Ry, and {x;},.; C C}. (3.12)

We observe that if C is finite, then pos C coincides® with the Minkowski sum of the sets (R .c) ie.,

ceC’

posC =) Ric. (3.13)

ceC

Lemma 3.5 Let C be a nonempty subset of H, and set K := pos C. Then the following hold:
(i) x € K® < sup(x|C) <0.
(ii) K = cone(conv(CU{0})) = cone({0} Uconv C) = cone(conv C) U {0} .
(iii) K is the smallest convex cone containing C U {0}.

Proof. (i): This follows from the definition of polar cones and (3.12).
(ii): Set D := cone(conv(CU{0})), E := cone({0} UconvC), and F := cone(convC) U {0}. We
shall establish that
KCDCE=FCK. (3.14)

First, take x € K, say x = ) ;c; &;x;, where I is finite, {«;},.; € Ry, and {x;},.; C C; in addition, set
a = Y0 If & = 0, then, because {a;};.; € Ry, we obtain (Vi€ I) a; = 0 and thusx = 0 € D;
otherwise, we have &« > 0 and x = a ) ;;(a;/a)x; € cone(convC) C D. Next, fix y € D. Then
Fact 3.3(i) and (3.1) yield the existence of A € R, , a finite subset {$;},.; of R, and a finite subset
{xi}ic; of Csuch thaty = A Y c; Bix;. Inturn, if }c; B; = 0, then (Vi € ]§ Bi=0andsoy =0 € E;
otherwise, };c; B; > 0 and, upon setting  := Y ;c; B;, we gety = ABY.;c;(Bi/B) x; € cone(convC) C
E. Let us now prove that E = F. To do so, we infer from Fact 3.3(i) that

E= [J A({0}UconvC) = {0} U ( U AconvC) = {0} Ucone(convC) = F. (3.15)
AERL 4 AER 4

Finally, take z € F. If z = 0, then clearly z € K; otherwise, z € cone(conv C) and, by Fact 3.3(i) and
(3.1), there exist y € R, 4, a finite subset {¢;},.; of |0,1], and a finite subset {x;},. of C such that
z=uYcr0ixi = Yicr(udi) x; € K. Altogether, (3.14) holds.

(iii): Since K = cone(conv(C U {0})) by (ii), the conclusion thus follows from Fact 3.3(iii). [ |

2Technically, this should be called the “nonnegative span” but we follow the more common usage.
3This readily follows from (3.12).



Example 3.6 (Lorentz cone) Let « and Bbein R, , set

Ky ={(x,0) e H=HOR| ||x]| <al}, (3.16)
and set
Cop=5(0;8) x {B/a} CH. (3.17)
Then K, is a nonempty closed convex cone in H and
K, = pos C, g = cone(conv C, ) U {0}. (3.18)
Proof. Since K, is the epigraph of the function || - || /«, which is continuous, convex, and positively

homogeneous*, we deduce from [3, Proposition 10.2] that K, is a nonempty closed convex cone in H..

Next, let us establish (3.18). In view of Lemma 3.5(ii), it suffices to show that K, = cone(conv C, ) U
{0}. Towards this aim, let us first observe that, due to [3, Exercise 3.2] and Example 3.1,

conv Cp g = (convS(0; B)) x (conv{B/a}) =B(0;B8) x {B/a}. (3.19)

Now set K = cone(conv C, ) U {0}, and take x = (x,8) € K,. If { = 0, then (3.16) yields x = 0
and so x = 0 € K. Otherwise, ¢ > 0 and we get from (3.16) that ||f(ag) 'x|| = B(a&) | x| < B or,
equivalently, B(a&)~x € B(0; B); therefore, it follows from (3.19) that

(x,¢8) = n (f@' 5) B ( (0;8) x {B/a}) = —conv Cap C cone(conv C,5) C K. (3.20)

Altogether, K, C K. Conversely, take y € cone(conv C, g). Then, by Fact 3.3(i) and (3.19), there exist
A € Ryyandy € B(0;B) such thaty = A(y, B/a) = (Ay, AB/a). In turn, since ||[Ay|| < AB = a(AB/w),
we obtain y € K,. Hence cone(conv Ca,ﬁ) C K,. This and the fact that 0 € K, yield K C K,. Hence
K, = K, as claimed. |

Here is an improvement of [3, Corollary 6.53].

Proposition 3.7 Let C be a nonempty closed convex set in H. Suppose that there exists a nonempty closed
subset D of C such that 0 ¢ D and that one of the following holds:

(@) (coneD)U {0} = (coneC)U{0}.
(b) cone D = coneC.
Then the following hold:
(i) (coneC) U (recC) = coneC.
(ii) Suppose that recC = {0}. Then cone(C U {0}) is closed.

Proof. Let us first show that (a)=(b). To establish this, assume that (a) holds. Then, since 0 € cone D
and 0 € cone C due to Remark 3.2, we infer from Fact 3.3(ii) that

cone D = cone DU {0} = (cone D) U {0} = (coneC) U {0} = coneCU {0} = coneC, (3.21)

which verifies the claim. Thus, it is enough to assume that (b) holds and to show that (i)&(ii) hold.

(i): Clearly coneC C coneC. We now prove that recC C coneC. To this end, take x € recC.
Then [3, Proposition 6.51] ensures the existence of sequences (x,),cp in C and («),, o in |0, 1] such
that a,x, — x. Hence, because {«,x,},.n € coneC by Fact 3.3(i), we deduce from Fact 3.3(ii) that
x € coneC = coneC. Thus (coneC) UrecC C cone C. Conversely, fix y € cone C = cone D. It then

A function f: H — |—oo, +0o] is positively homogeneous if (Vx € H)(VA € Ry4) f(Ax) = Af(x).



follows from Fact 3.3(ii) that y € cone D, and therefore, in view of Fact 3.3(i), there exist sequences
(Bn)yeny N Ryt and (yu),,op in D such that

Buyn — Y. (3.22)
After passing to subsequences and relabeling if necessary, we assume that
Bn — B € [0, +00]. (3.23)

In turn, let us establish that f € IR} by contradiction: assume that 8 = +oc. Then it follows from (3.22)
that [|y.|| = (1/Bx) ||Buynl|| — O or, equivalently, y, — 0. Hence, since {y,},.n € D, the closedness
of D asserts that 0 € D, which violates our assumption. Therefore § € R, and this leads to two
conceivable cases:
(A) B = 0: Then, by (3.23), we can assume without loss of generality that {B,},.n € |0,1]. In
turn, since {y,}, . € D C C, we infer from (3.22)&(3.23) and [3, Proposition 6.51] that y € rec C.
(B) B > 0: Then, in view of (3.22)&(3.23), y» = (1/Bn) (Buyn) — y/PB. Therefore, because
{¥n},en € Cand Cis closed, we obtain /B € C. Consequently, y € C C cone C.
To sum up, (cone C) U (rec C) = cone C, as announced.
(ii): Since C = conv C by the convexity of C, we derive from (i) and Lemma 3.5(ii) that coneC =
(cone C) U {0} = cone(C U {0}), which guarantees that cone(C U {0}) is closed. [ |

Corollary 3.8 Let C be a nonempty subset of H, and set K := pos C. Suppose that 0 ¢ conv C and that
conv C is weakly compact. Then K is the smallest closed convex cone containing C U {0}.

Proof. According to Lemma 3.5(iii), it suffices to verify that K is closed. Since conv C is weakly com-
pact, it is weakly closed and bounded. In turn, on the one hand, since conv C is convex and weakly
closed, we derive from [3, Theorem 3.34] that conv C is closed. On the other hand, the boundedness
of conv C guarantees that rec(convC) = {0}. Altogether, because K = cone({0} U convC) due to
Lemma 3.5(ii) and because 0 ¢ conv C, applying Proposition 3.7(ii) to conv C (with the subset D—as
in the setting of Proposition 3.7—being conv C) yields the closedness of K, as required. n

The following two examples provide instances in which the assumption of Proposition 3.7 holds.

Example 3.9 Let C be a nonempty closed convex subset of H such that C \ {0} # @. Suppose that
there exists p € R satisfying
(coneC)NS(0;p) CC, (3.24)

and set D := (cone C) N'S(0; p). Then the following hold:
(i) D is a nonempty closed subset of C and 0 ¢ D.
(ii) (coneD)U {0} = (coneC) U {0}.

Proof. (i): The closedness of D is clear. Next, since 0 ¢ S(0; p), we have 0 ¢ D. In turn, since C \. {0} #
@, we see that @ # coneC # {0}, and since cone C is a cone, Remark 3.2 yields D # @. Finally,
it follows from Fact 3.3(ii), Proposition 3.4(i) (applied to cone C), (3.24), and the closedness of C that
D = cone CNS(0; ) = (coneC) NS(0;p) C C = C, as claimed.

(ii): Because D C C, we get (cone D) U {0} C (coneC) U {0}. Conversely, take x € coneC. We
then deduce from Fact 3.3(i) the existence of A € R, and y € C such that x = Ay. If y = 0, then
x = 0 € (coneD) U {0}. Otherwise, |ly|| # 0 and, since py/|y|| € (coneC)NS(0;p) C D, we
obtain x = Ay = (A||y||/p) (py/||lyl|) € cone D. Therefore (coneC) U {0} C (cone D) U {0}, and the
conclusion follows. |




Before we present a new proof of the well-known fact that finitely generated cones are closed (see
[17, Theorem 19.1, Corollary 2.6.2 and the remarks following Corollary 2.6.3]), we make a few com-
ments.

Remark 3.10 Let {x;};c; be a finite subset of #, and set C := conv{x;};c].

(i) Since C = conv Ujc {x;}, [3, Proposition 3.39(i)] implies that C is compact, and so it is closed
and bounded. In turn, the boundedness of C gives recC = {0}.

(ii) The geometric interpretation of the proof of Example 3.11 is as follows. If y lies in C \. {0}, then
the ray IRy must intersect a “face” of C that does not contain 0.

(iif) Example 3.11 illustrates that the assumption of Proposition 3.7 is mild and covers the case of
finitely generated cones.

Example 3.11 Let {x;},.; be a finite subset of # and set
K=Y R x. (3.25)

iel
Then K is the smallest closed convex cone containing {x;};.; U {0}.
Proof. We derive from (3.13) and Lemma 3.5(iii) that K is the smallest convex cone in H containing

{xi}ier U {0}. Therefore, it suffices to establish the closedness of K. Towards this goal, we first infer
from Lemma 3.5(ii) (applied to {x;}c;) that

K = cone({0} Uconv{x;}ic;). (3.26)
Furthermore, we assume that
because otherwise the claim is trivial. In turn, set C := conv{x;} il
I:={@#]C1]|0¢conv{xi}ics}, (3.28)
and
D := | J conv{x;}ie; C C. (3.29)
JeT

Then, by (3.27), Z is nonempty,” and thus, 0 ¢ D # &. Moreover, D is closed as a finite union of closed
sets, namely (conv{x;}icj) ez. We now claim that

(cone D) U {0} = (coneC) U {0}. (3.30)

To do so, it suffices to verify that (coneC) U {0} C (cone D) U {0}. Take x € (coneC) \ {0}. Then
Fact 3.3(i) ensures the existence of A € R, and

yeC~ {0} (3.31)
such that x = Ay. Since y € C = conv{x;};c], there exist a nonempty subset ] of I and
{aitie; €10,1] (3.32)

such that Y ;c;a; = Tand y = Y aix;. If | € Z, theny € conv{x;}ic; € D and hence x = Ay €
cone D. Otherwise, 0 € conv{x;}c;, and there thus exists {;}ic; C [0,1] such that };; B;x; = 0 and
Jy:={ie]|Bi>0}# 2. Inturn, set

v = min & (3.33)

i€y Pi

5We just need to pick a nonzero element xj of {x;}ier and set ] := {j}.
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and (Vi € J) J; := a; — vpi. By (3.32) and (3.33),
(Vie]) &0 (3.34)

Now fix j € ], such that a;/B; = 7. Then we get §; = 0 as well as ] \ {j} # @ (since otherwise,
] ={j} and y = ajx; = yB;x; = 0, which is absurd), and hence,

y=y—0=Y) axi—y) Bixi= Y. (3.35)
€] i€ ie]~{j}

Therefore, in view of (3.34), (3.35), and (3.31), we must have };c; (3 6 > 0. In turn, if ] \ {j} € Z,
then set  := ) ic; (j) 0i and observe that y = Y ic;. (j1(di/6)x; € cone D, which yields x = Ay €
cone D. Otherwise, we reapply the procedure to y = } ;. (;) dix; recursively until y can be written
asy = Yy 7i%i, where | € T and {7i}icy € R, satisfying = Y,cpv; > 0. Consequently,
y = puYicp(7i/n)x; € cone D, from which we deduce that x = Ay € cone D. Thus (3.30) holds, and
since rec C = {0} (see Remark 3.10(i)), it follows from Proposition 3.7(ii) (applied to C = conv{x;};cs)
and (3.26) that K is closed, as desired. |

4 Projection operators

Let C be a nonempty subset of H. Recall that its distance function is

dc: H — R:x— inf|jx —y/| 4.1)
yeC

while the corresponding projection operator (or projector) is the set-valued mapping
Pe:H = 2" x s {ueC||x—ul|=dc(x)}. 4.2)

Furthermore, if C is closed and convex, then, for every x € H, Pcx is a singleton and we shall identify
Pcx with its unique element which is characterized by

Pex e C and (YyeC) (y— Pex|x— Pcx) <0; (4.3)
see, for instance, [3, Theorem 3.16]. We start by recalling some known results.
Fact 4.1 Let K be a nonempty closed convex cone in H, and let x and p be in ‘H. Then
p=Pkxs [peK x—pLlp andx—peK”]. (4.4)
Proof. See, e.g., [3, Proposition 6.28]. [ |
Let us recall the celebrated Moreau decomposition for cones; see [15].

Fact 4.2 (Moreau) Let K be a nonempty closed convex cone in ‘H. Then
(Vx € H) x=Pxx+Pgex and |x||* = di(x) + dxe(x). (4.5)
Lemma 4.3 Let K be a nonempty closed convex cone in H, and let x € H. Then the following hold:
(i) Pxkx #0 < x € H~K°.

(ii) Suppose that Pxx # 0. Let p € R, and set p .= (p/||Pxx||) Pxx. Then

lx = pll = /& (x) + (1 Prx]| - p)2. (4.6)
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Proof. (i): We deduce from Fact 4.2 that x € K® < x — Pxex = 0 & Pgx = 0, and the claim follows.
(ii): Set B := p/||Pxx||. Then, because x — Pxx L Pxx by Fact 4.1, the Pythagorean identity implies
that

lx = pl* = Ilx — BPxx|)? (4.7a)
= |I(x — Pxx) + (1 = B) Pxx|? (4.7b)
= [|lx — Pgx||* + (1 — B)* || Pxx|® (4.7¢)
= di(x) + (1 — p/|| Pex||)* || Pex||? (4.7d)
= d%(x) + (||Pxx] — p)*, (4.7e)

and thus (4.6) holds. |

We now turn to projectors onto subsets of spheres.

Lemma 4.4 Let C be a nonempty subset of H consisting of vectors of equal norm, let x € H, and let p € C.
Then the following hold®:

(i) p € Pcx < (x| p) = max(x|C).
(i) Pcx # @ ifand only if (x| - ) achieves its supremum over C.

Proof. (i): Indeed, since p € C and (Vy € C) |ly|| = ||p|| by our assumption, we see that

pePx e (Vyel) x—pl*<|x—yl? (4.82)
& (VyeC) —2(x|p) < —2(x|y) (4.8b)
< (Ve C) (x|y) < (x|p) (4.8¢)
< (x| p) = max(x|C), (4.8d)
which verifies the claim.
(ii): This follows from (i). |

The following example provides an instance in which Pcx # &, where C and x are as in Lemma 4.4.

Example 4.5 Consider the setting of Lemma 4.4 and suppose, in addition, that C is weakly closed.
Then Pcx # @.

Proof. Since, by assumption, C is bounded and since C is weakly closed, we deduce that C is weakly
compact (see, for instance, [3, Lemma 2.36]). Therefore, because (x | - ) is weakly continuous, its supre-
mum over C is achieved, and the assertion therefore follows from Lemma 4.4(ii). ]

Lemma 4.6 Let C be a nonempty subset of H, let p € Ry, and let u € posC, say u = Y ;c;&;X;,
where {w;}icr and {x;}ic; are finite subsets of Ry and C, respectively. Suppose that |u|| = B and that
(My € C) |ly|| = B. Then the following hold:

(i) Yierai > 1.

(ii) Let x € H, and set x == sup(x | C). Suppose that x € |—o0,0] and that x < (x| u). Then the following
hold:

(@) Pex # @ and (x |u) = max(x|C) = «.
(b) u € S(0; B) N cone(conv Pcx).

6The characterization in item (i) plays also a role in [7, Corollaries 2 and 3].
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(c) Suppose that k < 0. Then u € Pcx.

Proof. (i): Since, by assumption, (Vi € I) ||x;|| = B, it follows from the triangle inequality that

B=llull = ||} wixi|| <) willxil =B) wi (4.9)
iel iel iel
Therefore, because B > 0, we obtain ) ;c;a; > 1.
(ii): Let us first establish that
(Viel) x;€¢ C\Pcx=a;=0 (4.10)

by contradiction: assume that there exists iy € I such that
xj, € C\ Pcx (4.11)

but that
a;, > 0. (4.12)

Then, because the vectors in C are of equal norm, we deduce from Lemma 4.4(i) and (4.11) that
(x| xj,) <sup(x|C) =«, and so, by (4.12), a;, (x | xj,) < a;,x. Hence, since

x <0,
K< (x| u) (4.13)
(Viel)0<a;and (x|x;) <k,

it follows from (i) that

< (xfu) =) wix|x;) (4.14a)
icl
= (x| x,) + ) ai{x|x) (4.14b)
iel{io}
< @K + Z aK (4.14¢)
iGI\{io}
=K) & (4.14d)
iel
S K (4.14¢)

and we thus arrive at a contradiction, namely x < x. Therefore, (4.10) holds.

(ii)(a): If Pcx were empty, then (4.10) would yield (Vi € I) a; = 0 and it would follow that u = 0
or, equivalently, B = |lu| = 0, which is absurd. Thus Pcx # &, and so Lemma 4.4(i) implies that
x = max(x | C). Furthermore, we infer from (4.13) and (i) that

<x|u)y =Y wilx|x) <) ax=x) o <k, (4.15)

i€l iel iel

and the latter assertion follows.
(ii)(b): In the remainder, since u # 0, appealing to (4.10), we assume without loss of generality
that
(Vl S I) X; € Pcx (4.16)

and that (Vi € I)(Vj € I) i # j = x; # xj. Hence, upon setting & := Y, a; > 1, we deduce from (4.16)
that "
u= ocz ~x; € aconv Pcx C cone(conv Pcx). (4.17)
i€l
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Consequently, since ||u|| = B, the claim follows.
(ii)(c): Invoking Lemma 4.4(i) and (4.16), we get (Vi € I) (x| x;) = max(x | C) = k. Thus, by (ii)(a),
k= (x|u) =Yerai(x|x;) = xY;c;a;, and since « # 0, it follows that } ;c; ; = 1. To summarize, we
have
U= Yicr &iXi,
(Vi e 1) [Jxi]l = |[ull = B,

isfvi 4.18
{ai}ier C Ry satisfying Y ;0 =1, (4.18)
(Vie)(Vjel)i#j= x #x;.
Lemma 2.2(ii) and (4.16) therefore imply that (Eli e I) u = x; € Pcx, as desired. -

The following example shows that the conclusion of Lemma 4.6(ii)(c) fails if the assumption that
u € pos C is omitted.

Example 4.7 Suppose that H = R3 and that (e1, ez, e3) is the canonical orthonormal basis of H. Set C :=
{e1,e2}, x = (—1,-1,0),and u := (1/2,1/2, \/5/2). Then u is not a conical combination of elements
of C and, as in the assumption of Lemma 4.6, (B, x) = (1, —1). Moreover, a simple computation gives
lul| =1, (x|u) = =1 =x,and ||x —e1|| = ||x — e2|| = V/5. Hence, Pcx = C # @ while u ¢ C.

5 Projectors onto sets of real symmetric matrices

In this section, N is a strictly positive integer, and suppose that H = S is the Hilbert space of real
symmetric matrices endowed with the scalar product (-|-): (A,B) +— tra(AB), where tra is the
trace function; the associated norm is the Frobenius norm || - ||[r. The closed convex cone of posi-
tive semidefinite symmetric matrix in  is denoted by S¥, and the set of orthogonal matrices of size
N x Nis UN := {U € RN*N | UU" = 1d}, where Id is the identity matrix of RN*N. Next, for ev-
ery x = (&1,...,&n) € RV, set x4 = (max{¢;,0})1<i<n and define Diag x to be the diagonal matrix
whose, starting from the upper left corner, diagonal entries are ¢1,...,in. Now, for every A € H,
the eigenvalues of A (not necessarily distinct) are denoted by (A;(A))1<i<y with the convention that
M(A) = -+ = AN(A). In turn, the mapping A: H — RN : A — (A1(A),...,An(A)) is well defined.
Finally, the Euclidean scalar product and norm of RY are respectively denoted by (- |-) and || - ||.

Remark 5.1 Let A € H, U € UV, and x € RV. Then it is straightforward to verify that
IUAUT[|r = [|Aflr = [[A(A)]] (6.1)

and that
|U(Diag x)U'||r = ||Diag x||¢ = [|x]. (5.2)

Lemma 5.2 Set K := SY. Let A € H, and let U € UN be such that A = U(DiagA(A))U". Then
PeA — U(Diag(A(A))-)UT and [[PeAlle = [[(A(A))].

Proof. 1t is well known that PxA = U(Diag(A(A))+)U" (see, e.g., [13, Theorem Al] or [3, Exam-
ple 29.32]). In turn, since U € UV, it follows from Remark 5.1 that || Pk A|lr = ||(A(A))+]]. [ |

Fact 5.3 (Theobald) (See [18].) Let A and B be in H. Then the following hold:
() {A|B) < (A(A)|A(B)).

(ii) (A|B) = (A(A)|A(B)) if and only if there exists U € UN such that A = U(DiagA(A))U" and
B = U(Diag A(B))U".
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Lemma 5.4 Let p € Ry, and set
Co = {AESﬁ ’rankAzland HAHF:p}. (5.3)
Then the following hold:
i) Sﬂ = pos C,.
(i) C, = {A € H|(3U € UN) A = U(Diag(p,0,...,0))U"}.
(iii) Let A € H. Then max(A |C,) = pA1(A) and

Pc, A = {u(Diag(p, 0,...,0)U" | U € U such that A = U(Diag/\(A))UT} #£a.  (54)
Proof. (i): Set I := {1,...,N}, and let (e;);c; be the canonical orthonormal basis of RY. First, since
C,U{0} C S and SY is a convex cone, we infer from Lemma 3.5(iii) that pos Co C S, Conversely,
take A € SY, and let U € UY be such that A = U(DiagA(A))U"; in addition, set (Vi € I) D; :=
Diag(pe;) € SY. Then, for every i € I, since rank D; = 1 and ||UD;U"||¢ = ||Di||¢ = ||pei]| = p, we get
from (5.3) that UD;U" € C,. In turn, because {A;(A)}ic; € R+ and

A= (Dlag)\ <ZDlag > u'=u (Z /\ZE)A)DZ> u' = Z

M(UDZ-UT),

i€l i€l iel

(5.5)
we deduce that A € pos C,. Hence, S = pos C,..
(ii): Recall that, if A is a matrix of rank r in S¥, then

/\1(A) Z 2 Ar<A> > )\r+1(A) = ')\N<A) =0. (5-6)

Now set D := {A € H | (3U € UN) A = U(Diag(p,0,...,0))U"}. First, take A € C,, and let U € UN
be such that A = U(DiagA(A))U". Then, since rank A = 1 and A € SY, it follows from (5.6) that
AA) = (M(A),0,...,0) and A1(A) > 0O; therefore, because ||A||[r = p, we obtain p = ||A|f =
|A(A)]| = A1(A). Hence, A = U(Diag(A1(A),0,...,0))U" = U(Diag(p,0,...,0))U", which yields
A € D. Conversely, take B € D, say B = V(Diag(p,0,...,0))VT, where V € UN. Then, since
p > 0, we have B € Sﬂ . Next, on the one hand, because V is nonsingular and p # 0, we have
rank B = rank Diag(p,0,...,0) = 1. On the other hand, since V € UY, it follows that ||B|f =
|V (Diag(p,0,...,0)VT|[r = ||(0,0,...,0)|| = p. Altogether, B € C,, which completes the proof.
(iii): First, it follows from (ii) that

(VBEH) BeC,< A(B) = (p,0,...,0). (5.7)
Next, denote the right-hand set of (5.4) by D. Then, by (ii), @ # D C C,. Now, for every B € C,,
since A(B) = (p,0,...,0), we infer from Fact 5.3(i) that (A |B) < (A(A)|A(B)) = pA1(A). Thus,
sup(A | Cy) < pAi(A ) Furthermore by (5.7), Fact 5.3(ii), and the very definition of D, we see that
(VB € Cp) (A|B) =pAi(A) & (A[B) = (A(A)[A(B)) (5.8a)
Ny [ A= U(DiagA(A))UT,
< (U e UY) { B — U(Diag A(B))U (5.8b)
Ny | A =U(DiagA(A)UT,
& @UeUT) { B = U(Diag(p,0,...,0)U’ (58¢)
< BeD. (5.8d)

Therefore, because D # &, we deduce that max(A | C,) = pA1(A) and (VB € C,) (A| B) = max(A|Cp) <
B € D. Consequently, since the matrices in C, are of equal norm by (5.3), we derlve from Lemma 4. 4(1)
that Pc,A = D, as desired.
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6 Projectors onto cones generated by orthonormal sets

We start with a conical version of [3, Example 3.10].

Theorem 6.1 Let {e;}ic; be a nonempty finite orthonormal subset of H, set

K = ZR+ei, (6.1)
icl

and let x € ‘H. Then K is a nonempty closed convex cone in H,

Pxx =) max{(x|e;),0}e;, and dg(x \/||x||2 Y (max{(x|e;),0})2. (6.2)
iel

iel

Proof. We first infer from Example 3.11 that K is a nonempty closed convex cone. Thus, it is enough to
verify (6.2). To this end, set

(Viel) a;:=max{(x]|e),0} € R: (6.3)
and
p = Zociei. (64)
iel

Then, by (6.3)&(6.4)&(6.1), we have p € K, and by assumption, we get

2
Ipl> = || wiei|| =) a2 (6.5)
i€l i€l
Furthermore, (6.3) implies that
(Viel) [wi=(x|e)ora;=0]c a((x|e) —a;) =0 a(x|e) = af, (6.6)

and therefore, we get from (6.4) that

= >

In turn, on the one hand, (6.5) and (6.7) yield (x — p|p) = (x| p) — ||p||> = 0. On the other hand,
invoking (6.4), (6.3), and our hypothesis, we deduce that

Y a el> =) ai(x|e;) :Z(xiz. (6.7)

iel iel iel

(Viel) (x—ple) = (x]e) —<sz]e]

JEI

el> (x|e) —a; <0, (6.8)

and hence, by (6.1), x — p € K®. Altogether, we conclude that Pxx = p = Y ;c;max{(x|e;),0}¢; via
Fact 4.1. Consequently, (6.5)&(6.7)&(6.3) give

dic(x) = [lx = plI* = x| = 20x [ p) + llpl* = llx[|* — }_aF = [[x]|* — Y} _(max{{x[e;),0})*,  (6.9)

i€l icl
which completes the proof. |
Remark 6.2 Here are a few comments concerning Theorem 6.1.

(i) In the setting of Theorem 6.1, suppose that {e;},.; is a singleton, say e. Then K = R e is a ray
and (6.2) becomes

Pgx = max{(x|e),0}e and dg(x \/||x||2 (max{ (x| e),0})?, (6.10)

which is precisely the formula for projectors onto rays (see, e.g., [3, Example 29.31]).
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(ii) Consider the setting of Theorem 6.1. Suppose that N is a strictly positive integer, that I =
{1,...,N}, that H = RV, and that (ei);c; is the canonical orthonormal basis of H. Then K = ]Rf
is the positive orthant in . Now take x = ({;);.; € H. Inthelight of (6.2), since (Vi € I) (x|e;) =
¢i, we retrieve the well-known formula

Pxx = (max{¢;,0});c;; (6.11)

see, for instance, [3, Example 6.29]. Moreover, upon setting I := {i € I | {; < 0}, we derive
from (6.2) that

\/||xr|2 Y(max{Z,00) = Y. &2— Y &= [y & 6.12)
iel

i€l ieINI iel_
with the convention that } ;. 61-2 =0.
Corollary 6.3 Let {e;}ic] be a nonempty finite orthonormal subset of H. Set
Ki={ye#H[(Viel) (y|e) <0}, (6.13)

and let x € H. Then K is a nonempty closed convex cone in H,

Pxx =x— ) max{(x|e;),0}e;, and dg(x Y (max{(x|e;),0})2. (6.14)
i€l i€l
Proof. Since
K={e}", (6.15)
iel

we see that Kis a nonempty closed convex cone. Next, by (6.15), [3, Proposition 6.27] implies that K =
Nier (Rye))® = (Lje; Rye;)”, and since Y;c; R s ¢; is a nonempty closed convex cone by Example 3.11,
taking the polar cones and 1nvok1ng [3, Corollary 6.34] yield K© = (Ljc;Rie;)"° = ¥ic; Ry e;. Hence,
according to Moreau’s theorem (Fact 4.2) and Theorem 6.1, we conclude that Pxx = x — Pgex =
x — Y cymax{(x|e;),0} ¢; and that

dic(x) = ||x[|* = die (x) = [|x]* - (!l?f!l2 - Z}(max{@ | €i>,0})2> = Z}(max{@ le:),0})?,  (6.16)

as claimed in (6.14). [ |

7 The projector onto the intersection of a cone and a ball

Our first set of main results is presented in this section. It turns out that the projector onto the inter-
section of a cone and a ball has a pleasing explicit form.

Theorem 7.1 (cone intersected with ball) Let K be a nonempty closed convex cone in ‘H, let p € R4, and
set C := KNB(0;p). Then

— p 2 2
Vx e H) Pcx= Pxx and dc(x d (max{||Pxx| — p,0})>. (7.1)
(vx € H) — )= /& (x {IPex]) = p,0})
Proof. Take x € H, set f := p/ max{||Pxx||,p} € R4, and set p := BPxx. Then, since K is a cone and
Pxx € K, we get p € K, and thus, since ||p|| = B||Pxx|| = p(||Pxx||/ max{||Pxx||,p}) < p, it follows
that p € KNB(0;p) = C. Hence, because C is closed and convex, in the light of (4.3), it remains to
verify that (Vy € C) (x — p |y — p) < 0. To this end, take y € C, and we consider two alternatives:
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(A) ||Pxx|| < p: Then B = p/p = 1. It follows that p = Pxx, and so
I = pll = llx = Prx|| = di (). (7.2)

Next, because y € K, (4.3) asserts that (x —p |y — p) = (x — Pxx |y — Pxx) < 0.
(B) || Pxx|| > p: Then B = p/||Pxx|| € ]0,1[, and so Lemma 4.3(ii) implies that

lx = pll = /& (x) + (I1Pex] — p)>. 7.3)

In turn, on the one hand, since y belongs to the cone K, it follows that (1/8)y € K, from which and
(4.3) we deduce that

(x — Pxx |y — BPxx) = B{x — Pxx | (1/B)y — Pxx) < 0. (7.4)
On the other hand, because y € B(0;p) and B = p/||Pxx||, the Cauchy-Schwarz inequality yields
(Prx |y — BPxx) = (Pxx | y) — pl[Pxx|| < [|Pxx]l[|yll — ol Pxx[| < 0. (7.5)

Altogether, combining (7.4)&(7.5) and using the fact that f € ]0, 1], we obtain

(x—ply—p) = (x — BPxx |y — BPxx) (7.6a)
= (x — Pxx |y — pPxx) + (1 — B) (Pxx |y — pPxx) (7.6b)
<0. (76C)

Hence, in both cases, we have (x — p |y — p) < 0. Thus p = Pcx, and it follows from (7.2)&(7.3) that

2
de(x) = [|x = Pex| = [|x = pl| = \/d%(x) + (max{|[Pex]| ~ p,0})?, (7.7)
as stated in (7.1). [ ]
Here are some easy consequences of Theorem 7.1.

Example 7.2 In the setting of Theorem 7.1, suppose that K = H. Then C = B(0;p), Px = 1Id, dx =0,
and (7.1) becomes

0
VxeH) Pex=————=x and dc(x)=max{| x| —p,0}. (7.8)
( ) C maX{HXH,p} C( ) {H H % }

We thus recover the formula for projectors onto balls.

Corollary 7.3 Let K be a nonempty closed convex cone in H, let p € Ry, and set C :== KN B(0;p). Then”
PC - PB(O; ) OPK.

Proof. Combine (7.1) and (7.8). Alternatively, set® f := IB(0;p) and x := ig in the equivalence (iii)<(iv)
of [19, Theorem 4]. (Note that IB(0;) t LK = LC- ) |

Remark 7.4 In the setting of Corollary 7.3, as we shall see in Example 7.5, Pc # Px o PB(OI.p), ie.,
Pg(g;0) © Px # Pk © Pg(0,p), in general.

"Here and elsewhere, “o” denotes the composition of operators.
8We use the symbol /¢ to denote the indicator function of a subset C of H: 1c(x) = 0, if x € C; 1c(x) = +o0,if x & C.
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Example 7.5 Suppose that H = R%. Set K := R% and x := (1, —1). Then (see also Figure 1)

(7.8) 1 1 ) (6.11) ( 1 >

Px o Pgio1y)x = Px(Pgioyx) = Px| —,— | =" | —,0 7.9
(Px o Pg(o1)) x (Ps(0;1)%) K(\/E 7 7 (7.9)

and (6.11) (7.8)
(Pg(o;1) © Px)x = Py(o;1)(Pxx) =" Pp(o;1)(1,0) =" (1,0). (7.10)

Hence
PB(O;I) o PK # PK o PB(O;])' (7.11)
R
KNB(0;1)

Figure 1 Example 7.5 illustrates that the projectors onto a cone and ball may fail to commute.

As will be seen in the next result, Example 7.5 is, however, not a coincidence.

Corollary 7.6 Let K be a nonempty closed convex cone in H, and let p € Ry . Then

_ [
(Vx € H) (PK o PB(O;p))x = max{|\x||,p}PKx' (7.12)

Proof. It follows from (7.8) and [3, Proposition 29.29] that

_ _ .
(€M) (o Poog = PeBoosy) = Pe (a3 = g P 719

as desired. [ ]

Remark 7.7 Consider the setting of Corollary 7.6. Using Corollary 7.6, Theorem 7.1, and Corollary 7.3,

we deduce that
max{ || Pxx||, o}

max{||x||, o}

(\V/X S H) (PK o PB(O;p))x = (PB(O;p) o PK>X. (714)
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8 The projector onto the intersection of a cone and a sphere

In this section, which contains our second half of main results, we develop formulae for the projector
onto the intersection of a cone and a sphere.

Theorem 8.1 Let K be a nonempty closed convex cone in H, let p € R, and set C := KN S(0;p). Suppose
that K # {0}. Then the following hold:

(i) (Vx € K*) Pex = Cand de(x) = /]| x> + p2.

(i) (Vx € H~K®) Pcx = {(p/||Pxx||)Pxx} and dc(x \/d2 + (|| Pxx]|| — p)?.

Proof. We first observe that, by assumption and Remark 3.2, C # @.

(i): Fix x € K*. Then, for every y € C = KNS(0;p), since x 1 y and |y|| = p, we get ||x —y||> =
x]1? + [[y]|? = ||x]|* + p?. It follows that dc(x) = +/[|x[|? + p? and that Pcx = C, as desired.

(ii): First, by the very definition of C, we see that

C consists of vectors of equal norm. (8.1)
Now take x € H ~ K7; set’ a := p/||Pxx|| € Ry, and
p = aPgx. (8.2)

Then, because Pxx belongs to the cone K, we obtain p € K, and because

HPH—HH P pex|| = p, (8.3)

it follows that
p € KNS(0;p) =C. (8.4)

Next, fixy € C. Sincey € C C K and K is a cone, we have a 'y € K. Therefore, since ||y|| = p, we
derive from (8.2), (4.3), and (8.3) that

(x|p)—{xly) ={xlp-y) (8.5a)
(x = Pxx|p—y) + (Pxx|p—y) (8.5b)

= (x — Pex|aPxx —y) +{a " 'p|p—y) (8.5¢)

w{x — Pxx | Pxx —a ty) +a Hp|p—vy) (8.5d)

>0by (4.3)

> (20) " (llpll? + e =yl = llyl?) (8.5€)

= (20) (0> + [lp — yII* — 0?) (8.5f)

= (2a) p—vl* (8.58)

To summarize, we have shown that (Vy € C)y # p = (x|y) < (x|p). Combining this, (8.4), and
(8.1), we infer from Lemma 4.4(i) that Pcx = {p}. This and Lemma 4.3(ii) yield the latter assertion,
and the proof is complete. u

Let us provide some examples.

9Due to Lemma 4.3(i), we have Pxx # 0.
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Corollary 8.2 (Projections onto circles) Let V be a nonzero closed linear subspace of H, let p € Ry, and
set C ==V NS(0;p). Then

C, ifx eVt
(Vx e H) Pex = 0 (8.6)
{ va} , otherwise.
[Py
Proof. Combine Theorem 8.1 and the fact that V© = V+. |

Remark 8.3 Letting V = # in Corollary 8.2, we see that C = S(0; p), that V+ = {0}, that Py = Id, and
that (8.6) becomes
C, ifx =0;

(VxeH) Pex = 0 (8.7)
)

otherwise.

Hence, we recover the well-known formula for projectors onto spheres.

Example 8.4 Leta« € Rand § € R4, and set

Sap = S(0;B) x {a}. (8.8)
Then
Sa,ﬁ, ifx = 0;
(Vx=(x,5) € H) Ps ,x= B ‘ (8.9)
{ (Hxnx, uc) } , otherwise.

Proof. Set V := H x {0}, which is a nonzero closed linear subspace of # by (1.1). Let us first observe
that
V={x=(x¢) eH|(x[(01)=0}={(01)}", (8.10)

and thus,
(Vx=(x,6) eH) xc Ve xcR(0,1) < x=0. (8.11)

Moreover, it is straightforward to verify that
Sog=VnN S(0;8) . (8.12)

Now fix x = (x,¢{) € #H. Then, appealing to [3, Example 3.23] and (8.10), we see that Pyx = (x,0),
Combining this, (8.12), and (8.11), we deduce from Corollary 8.2 that

So,6r ifx =0;
Ps,,x = Ps, ,(x,8) = (5132
0 0 { B Py x} , otherwise
| Pyx|
[SO,/S/ if x =0;
_ ; (8.13b)
{ <HXH X, 0) } , otherwise.

Consequently, since!® S, g = (0, &) + Sg 3, we derive from (8.13b) (applied to the point (x,¢ — «)) that

Ps, ,x = (0,a) + Ps,, (x — (0,a)) (8.14a)

10As the reader can easily verify.
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= (0,&) + Ps4(x, ¢ — a) (8.14b)

(0,a) + So 5, if x =0;

= B (8.14c)
(0,a) + { <HxHx, 0) } , otherwise
Sa,ﬁ, if x = O;

= B (8.14d)
{ (x, oc) } , otherwise,

x|
as announced in (8.9). [ ]

Next, we turn to the more complicated case when the point to be projected belongs to the polar
cone.

Theorem 8.5 Let K be a convex cone in H such that K~ {0} # &, let p be in Ry, and let x € K®. Suppose
that there exists a nonempty subset C of K such that

(yeC) llyll=p (8.15)
and that
K = posC. (8.16)
Set
D :=KnNS(0;p) and x:=sup(x|C). (8.17)
Then the following hold:

(i) Suppose that Pcx = &. Then Ppx = O.
(i) Suppose that Pcx # @, and set E := S(0; p) N cone(conv Pex). Then the following hold:

(a) Pcx C Ppx C E and max(x | D) = max(x|C).
(b) Suppose that k < 0. Then Ppx = Pcx.
(c) Suppose that k = 0. Then Ppx = E.

(ili) Pcx # @ < Ppx # 2.

Proof. We start with a few observations. First, since K # {0} by assumption, it follows from Re-
mark 3.2 that D # @. Next, in view of (8.15) and the assumption that C C K, we have

CCD. (8.18)
In turn, because x € K°, we get from (8.16) and Lemma 3.5(i) that
k< 0. (8.19)
Finally, by the very definition of D, we see that
the vectors in D are of equal norm. (8.20)
(i): We prove the contrapositive and therefore assume that there exists

u € Ppx. (8.21)
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Then, by (8.18), (8.20), (8.21), and Lemma 4.4(i), we obtain
k = sup(x|C) < sup(x|D) = (x| u). (8.22)

In turn, combining (8.15), (8.19), (8.22), and the fact that u € D = (posC) NS(0;p), we infer from
Lemma 4.6(ii)(a) that Pcx # @.

(ii)(a): Let us first prove that Pcx C Ppx and that max(x | D) = max(x | C). To this end, take u € Pcx
and y € D. Then, because y € D C posC, there exist finite sets {a;};c; € Ry and {x;}ic; € C such
that y = Y ;c; a;x;. In turn, on the one hand, since ||y|| = p, we infer from (8.15) and Lemma 4.6(i) that
Y ic1 & = 1. On the other hand, since u € Pcx, it follows from (8.15) and Lemma 4.4(i) that

(x| u) = max({x|C) = «. (8.23)
So altogether, since (Vi € I) x; € C, using (8.19), we see that

(xly) =) wi{x|x) <) ik =x)_a; <x = (x|u). (8.24)

iel iel iel

Therefore, since u € C C D by (8.18), we derive from (8.24) and (8.23) that
max(x | D) = (x| u) = max(x|C). (8.25)

Also, appealing to (8.25) and (8.20), we get from Lemma 4.4(i) that u € Ppx, as desired. It now remains
to establish the inclusion Ppx C E. To do so, fix v € Ppx. Then, in view of (8.20), Lemma 4.4(i) and
(8.25)&(8.23)&(8.19) assert that

(x| v) = max(x| D) = max(x|C) < 0. (8.26)

Thus, since
ve D = (posC)NS(0;p), (8.27)

it follows from (8.15) and Lemma 4.6(ii)(b) that v € S(0; p) N cone(conv Pcx) = E, as claimed.

(ii)(b): Consider the element v € Ppx of the proof of (ii)(a). Combining (8.15)&(8.26)&(8.27) and
the assumption that x < 0, we derive from Lemma 4.6(ii)(c) that v € Pcx, and hence, Ppx C Pcx.
Consequently, since Pcx C Ppx by (ii)(a), the assertion follows.

(ii)(c): According to (ii)(a), it suffices to show that E C Ppx. Towards this end, take w € E and
y € D. By the very definition of E, there exist finite sets {8;};c; € Ry and {xj};c; C Pcx such that
w = Yey Bjxj. Inturn, since {x;}jc; C Pcx, we get from (8.15) and Lemma 4.4(i) that (Vj € ]) (x| x;) =
x = 0, from which and (8.25) it follows that

(x]w) =Y Bjlx|xj) = max(x | D). (8.28)

jel

Consequently, since w € E C D by the very definitions of E and D, invoking (8.20) and Lemma 4.4(i)
once more, we conclude that w € Ppx, as required.
(iii): Combine (i) and (ii)(a). |

We are now ready for the main result of this section which provides a formula for the projector of a
finitely generated cone and a sphere.

Corollary 8.6 (cone intersected with sphere) Let {x;}ic; be a nonempty finite subset of H, let p € Ry,
and let x € H. Set

K:=) Ryx;, C:=KNS(0;p), x:=max(x|x), andI(x):={iel|(x|x;)=x}. (829

iel i€l
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Suppose that (Vi € 1) ||x;|| = p. Then

P .
= Pkx ¢, ifx > 0;
) d
Pcx = S(0; 0) N cone (conv{xi}iel(x)), ifx =0; (8.30)
{xitic1(x), if e < 0.

Proof. Set X = {x;}ic;. First, it follows from Example 3.11 that K is a nonempty closed convex cone.
In addition, Lemma 3.5(i) (applied to {x;};c;) implies that

x €K& x= malx<x | x;) <0. (8.31)
e

Next, due to our assumption, Lemma 4.4(i) yields

Pxx = {xi}ici(x) # @- (8.32)

Let us now identify Pcx in each of the following conceivable cases:

(A) k > 0: Then, by (8.31), we have x € H ~ K“, and hence, Theorem 8.1(ii) asserts that Pcx =
{0/ |[Pix]) Pex}.

(B) x = 0: Using Theorem 8.5(ii)(c) (with the set C being X = {x;}ic;) and (8.32), we obtain
Pcx = S(0; p) N cone(conv{x; }icy(x))-

(C) x < 0: Invoking Theorem 8.5(ii)(b) and (8.32), we immediately have Pcx = {x;}ic(x)- [ |

Remark 8.7 Consider the setting of Corollary 8.6. Since {x;};ci(x) € S(0;p) N cone(conv{x;}icy(y)) by
the assumption that ||x;|| = p, we see that

pP Pxx, if max(x|x;) > 0;
s:H o Hox e { Pk el (8.33)
s(x) € {Xi}ici(x), otherwise

is a selection of Pc.

Example 8.8 Consider the setting of Theorem 6.1. Set

C:=KnS(0;1), x :=max(x|e;), I(x):={i €I|(x|e) =x}, and A := [} (max{(x|e;),0})%

iel

i€l
(8.34)
Then
)
{Alzmax{(x]ei>,0}ei}, ifx > 0;
iel
ch - { Z nie; {“i}iel(x) Q ]R+ such that Z 0(1-2 = 1}, ifx = 0,‘ (835)
icl(x) i€l(x)
{ei}iel(x)r if x < 0.
Proof. Since Pxx = Y ;c;max{(x |¢;),0} e; by (6.2), we obtain
2
[Pex||? = || Y _max{(x|e;),0}e;| =Y (max{(x]|e;),0})* =A% (8.36)
iel iel
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Next, let us show that

{ai}icrxy C Ry suchthat ) af = 1}. (8.37)
iel(x)

S(0;1) ﬂcone(conv{ei}iel(x)) = { Y we

iel(x)

To this end, denote the set on the right-hand side of (8.37) by D. Take y € S(0;1) Ncone(conv{e; }icx))-
Then there exist A € Ry and {a;}jcjx) € Ry such thaty = AYcp(y) aiei = Licr(x) (Awi)e;. Further-
more, since {e;};cj(y) is an orthonormal set, we get 1 = [ly[*> = [|Cicix)(Aai)eill* = Licpr) (Ami)*.
Hence y € D. Conversely, fixz € D, say z = Y ;e (x) Bi¢i, Wwhere {Bi}ici(x) C Ry satisfying Yicy(x) f7 =
1,and set B := Y icy(y) Bi- Itis clear that 8 > 0, and therefore z =B Yici(x (ﬁl/ﬁ)el € Cone(conv{e,}zel

In turn, because HZH = Yieiv) B7 = 1, it follows that z € §(0;1) N cone(conv{el}lel ))- Thus (8.37)
holds. Consequently, using (6 2)&(8 36)&(8.37), we obtain (8.35) via Corollary 8.6. |

The following nice result was mentioned in [12, Example 5.5.2 and Problem 5.6.14].

Example 8.9 (Lange) Suppose that # = RV, that [ = {1,...,N}, and that (e;)c; is the canonical
orthonormal basis of H. Set

K:=RY and C:=KNS(0;1). (8.38)
Now let x = (i)ier € H; setx :=max;e; &, I(x) = {i € I'| {; = x}, and x4 := (max{{;, 0} );c;. Then
( 1
X b, ifx > 0;
{ [ES +}
Pex = { Y. wiei | {ai}icrx) € Ry suchthat ) W = 1}, ifx =0; (8.39)
icl(x) icl(x)
\ {ei}iel(x)/ if x < 0.

Proof. Because (Vi € I) (x|e;) = & and |x4]|> = YLie;(max{¢;,0})?, (8.39) therefore follows from
Example 8.8. ]
9 Further examples

In this section, we provide further examples based on the Lorentz cone and on the cone of positive
semidefinite matrices.

Example 9.1 Let « and p be in R, ., let
Ke ={(x,¢) e HOR | [|x]| < al} ©.1)

be the Lorentz cone of parameter « of Example 3.6, set C := K, N S(0;p), and letx = (x,{) € H. Then

{Hsz}, if ||x]] <afand & > 0O;
0 ax . .
Pex = {ﬁ%—az (”xH,l)}, if ||x|| > max{ag, —¢/a} or [x #Oand ||x|| < —¢/a]; 9.2)
S(0; B) x {B/a}, if x=0and < 0;
C, if (x,&) = (0,0).
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Proof. Set

— px
B= Ata@)i2 € Ry, (9.3)
Cup =5(0;B) x {B/a}, and x := max(x | C, ). Then it is readily verified that
(Vy € Cup) lyll =p, (9.4)
and due to Lemma 2.3,
K = Bllx|| + B/ 95)
Furthermore, by Example 3.6,
K, = pos C, g = cone(conv C,g) U {0}, (9.6)

and by Example 8.4 (applied to C, ), we have

C(x,ﬁr ifx = 0;
bt P xm (9.7)
% { (ﬁ X, 'B> } , otherwise.

]

Let us now identify Pcx in the following conceivable cases:
(A) ||x]| > —&/a: Then x > 0 by (9.5), and so by (9.6) and Lemma 3.5(i), x € H ~\ K. In turn, it
follows from Theorem 8.1(ii) (applied to C = K, N S(0; p)) that

1Y
Prx =< ——P, . 9.8
cx {HPKaxn "} 08

To evaluate Pcx further, we consider two subcases:
(A1) [|x]| < ag: Then x € K, by (9.1), and so Px,x = x, which yields Pcx = {(p/||x||)x}.
(A.2) ||x|| > ag: Then, according to [3, Exercise 29.11],

ollx|| + ox
PKax:PKa(x/C) - QJ[XZ@(HJCH/l)/ (99)

and since «a|x|| + ¢ > 0, it follows that

2

TORRICES] ST [ETIES. _alfll+E g
LT+a? ||\ [[x]]" 1+a? [ x]] V1+a2
Hence, combining (9.8)&(9.9)&(9.10), we get
- ()
Pex=4—F (2 1)L, (9.11)
c { 1+a2 \llx]
(B) ||x]| = —¢/a: Then x = 0 by (9.5), and invoking (9.4)&(9.6)&(9.7), Theorem 8.5(ii)(c) asserts
that
Pcx = S(0; p) N cone(conv Pc, ,x). (9.12)

We consider two subcases:
(B.1) x = 0: Then ¢ = 0 and so x = (x,¢) = 0. Moreover, due to (9.7), Pc,,x = Cyp. Therefore,
by (9.6) and (9.12),

C = K, NS(0;p) (9.13a)
= (cone(conv C, ) U {0}) NS(0;p) (9.13b)
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= cone(conv C, ) NS(0;p) (9.13¢)
= cone(conv Pc, ,x) N S(0; p) (9.13d)
— Pex. (9.13¢)

(B.2) x # 0: Then (9.7) yields Pc,,x = {(Bx/||x[[, /a)}. In turn, since ||(Bx/[|x|, B/a)| = p
by (9.3) and a simple computation, we obtain from (9.12) and Fact 3.3(i) that

Pcx = S(0; p) N cone(conv Pc, ,x) (9.14a)
px B
(0;0) N <1R++ < R a)) (9.14b)

(=23 9.140)
HEeB) (9.14d)

o ax
{ N <||x||'1) } | ©.14e)

Q) ||x|]] < —¢/a: Then ¥ < 0 by (9.5), and so, in view of (9.4)&(9.6)&(9.7), we deduce from
Theorem 8.5(ii)(b) that Pcx = Pc, ,x. Hence, by (9.7) and (9.3), we get

Cupy if x = 0;
Pex = 9.15a
(2 e o
€[ a
Cupr if x = 0;
= 9.15b
{ P (“1)} if x # 0. 155
V14 a2 \lx]]
To sum up, we have shown that
{"x}, if — &/ < ||x]| < af
]l
{p ("‘x 1)} if ||x|| > max{a&, —¢/a} or [x # Oand ||x|| < —¢/a];
Pex =\ Vit \Ixl’ /[’ ’ (9.16a)
Cupr ifx=0and 0 < —;
L C, if (x,&) = (0,0)
{Hznx}, if ||x]| <adand ¢ > 0;
{ P ("‘x 1)} if || x|| > max{a¢, —&/a} or [x # 0and ||x|| < —&/a];
=\ Vizae\xl" /S’ ’ ' (9.16b)
S(0; B) x {B/u}, ifx=0and ¢ < 0;
C, if (x,&) = (0,0),
as announced in (9.2). |
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Example 9.2 Suppose that H = SY is the Hilbert space of symmetric matrices of Section 5. Set K :=
SI)F’, let p € R;, and set C := KNS(0;p). In addition, let A € H, and let U € UN be such that
A = U(DiagA(A))UT; set

D := {V(Diag(p,0,...,0))V" | V € U such that A = V(Diag A(A))V"} (9.17)
and
E :=5(0;p) N cone(conv D). (9.18)
Then
% . T} : .
——  _U(Diag(A(A u' s, ifA(A)>0;
D, if \(A) <0.
Proof. Set
C, = {Besfj]rankB:1and||B||F:p}. (9.20)
It then follows from Lemma 5.4(iii) that
max(A | Cp) = pM(A) and Pc,A=D. (9.21)

Let us now consider all conceivable cases:

(A) A (A) > 0: Then max(A |C,) > 0, and thus, by Lemma 5.4(i) and Lemma 3.5(i), we obtain
A € H ~ K®. Therefore, since {0} # K is a nonempty closed convex cone, we infer from Theo-
rem 8.1(ii) and Lemma 5.2 that

_ P — 7{) ia T . .
PCA‘{HPKAHFPKA} {II(A(A))+HU(D g“(“‘”””} 622)

(B) A1(A) < 0: Then max(A |C,) < 0. Since (VB € Cp) ||B||r = p and, by Lemma 5.4(i), K =
pos Cp, it follows from Theorem 8.5(ii)(b)&(ii)(c) and (9.21) that

Pc A if A ;
PeA = {7 if max(A|Cp) <0; (9.23a)
S(0;p) Ncone(conv Pc,A), if max(A[C,) =0
D, if A (A 0;
=D Hh(4)< (9.23b)
E, ifA(A) =0,
which completes the proof. |

Remark 9.3 Consider the setting of Example 9.2. Since U (Diag(p,0,...,0))U" € D C E, we see that
P _U(Diag(A(A)))UT, if Ar(A) > 0;
s:H —H: A IA(A)+]] (9.24)
U(Diag(p,0,...,0)U’, otherwise

is a selection of Pc.
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10 Copositive matrices: a numerical experiment

In this final section, N is a strictly positive integer and M is a symmetric matrix in RN*N. Recall that
M is copositive if (Vx € RY) (x| Mx) > 0; or, equivalently,

u(M):= min 1(x|Mx)>0. (10.1)
xeRYNS(0;1)

For further information on copositive matrices, we refer the reader to the surveys [6, 11] and references
therein. In view of (10.1), testing copositivity of M amounts to

minimize (x| Mx). (10.2)
xeRYNS(0;1)

Now, set C := RY NS(0;1),set f: RN — R : x — (1/2)(x | Mx), and set ¢ := ic which is the indicator
function of C. Note that neither f nor g is convex; however, Vf is Lipschitz continuous with the
operator norm || M|| (computed as the largest singular value of M) being a suitable Lipschitz constant.
The projection onto C is computed using (8.39). In turn, (10.2) can be written as

minimize f(x)+ g(x). (10.3)
x€RN

To solve this problem, we compared the Fast Iterative Shrinkage-Thresholding Algorithm (FISTA) (see
[4]), the Projected Gradient Method (PGM) (see [2, 5]), the algorithm presented in [12, Example 5.5.2] by
Lange, the Douglas—Rachford Algorithm (DRA) variant presented in [14] by Li and Pong, and the regular
DRA for solving (10.3) when N € {2,3,4}. For each N € {2,3,4}, using the copositivity criteria for
matrices of order up to four (see, e.g., [8, 16]), we randomly generate 100 copositive matrices (group
A) together with 100 non-copositive (group B) ones. For each algorithm, if (x,),en is the sequence
generated, then we terminate the algorithm when

1202 = xn1]]

<1078, 10.4
max{[xn1], 1) 104

The maximum allowable number of iterations is 1000. For each matrix M in group A (respectively,
group B), we declare success if u(M) > 0 (respectively, (M) < 0). We also record the average of the
number of iterations until success of each algorithm. The results, obtained using Matlab, are reported
in Table 1.

Size Copositive FISTA PGM Lange Li-Pong DR

succ avgiter succ avgiter succ avgiter succ avgiter succ avgiter

2% D Yes 100 5 100 5 100 89 100 94 96 23
No 97 15 99 12 91 92 93 87 53 89
33 Yes 100 27 100 24 100 91 100 232 95 63
No 96 30 98 24 86 93 95 162 31 214
44 Yes 100 60 100 62 100 90 100 482 85 126
No 100 51 100 45 94 95 100 264 11 114

Table 1 Detecting whether a matrix is copositive using a variety of algorithms.
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Finally, let us apply the algorithms to the well-known Horn matrix

1 -1 1 1 -1
-1 1 -1 1 1

H=|1 -1 1 -1 1|, (10.5)
1 1 -1 1 -1
1 1 1 -1 1

which is copositive with y(H) = 0 (see [9, Equation (3.5)]). For each algorithm, we record the number
of iterations and the value of f at the point that the algorithm is terminated. The results are recorded
in Table 2.

FISTA PGM Lange Li-Pong DR

fval iter fval iter fval iter fval iter fval iter

3.5230e—17 11 2.8297e—20 10 2.9979e—07 95 1.4912¢e—14 170 0.0584 13

Table 2 Detecting copositivity of the Horn matrix.

We acknowledge that these algorithms might get stuck at points that are not solutions and that
the outcome might depend on the starting points; moreover, a detailed complexity analysis is absent.
There are thus various research opportunities to improve the current results. Nonetheless, our pre-
liminary results indicate that FISTA and PGM are potentially significant contenders for numerically
testing copositivity.
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