J Optim Theory Appl (2017) 172:156-178 @ CrossMark
DOI 10.1007/s10957-016-1023-x

Exact Conic Programming Relaxations for a Class of
Convex Polynomial Cone Programs

Vaithilingam Jeyakumar! - Guoyin Li!

Received: 1 November 2015 / Accepted: 4 October 2016 / Published online: 17 October 2016
© Springer Science+Business Media New York 2016
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convex system. In many cases, the sum-of-squares representation can be numerically
checked via solving a conic programming problem. Consequently, we also show that
a convex set, described by a conic sum-of-squares convex polynomial, is (lifted) conic
linear representable in the sense that it can be expressed as (a projection of) the set of
solutions to some conic linear systems.
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1 Introduction

The class of conic convex polynomial optimization problems is an important subclass
of conic convex programming problems. It covers broad classes of convex programs
such as inequality constrained convex polynomial programs [1], the SOS-convex
polynomial programs [1-3], convex semidefinite programs [4,5], second-order cone
programs as well as p-order cone programs [6,7]. It frequently appears in robust
optimization [8]. For instance, a robust counterpart of a convex quadratic program-
ming problem with a second-order cone constraint under (unstructured) norm-bounded
uncertainty can equivalently be written as a conic convex quadratic optimization prob-
lem with the positive semidefinite cone (see Theorem 6.3.2 [8]).

Moreover, many basic control problems are modeled as conic polynomial opti-
mization problems. In particular, static output feedback design problems [9] are
formulated as polynomial matrix inequality optimization problems. These conic poly-
nomial problems are solved by approximating them with the Lasserre hierarchy of
conic programming relaxation problems such as semidefinite linear programming
(SDP) relaxation problems [2,9], which can efficiently be solved by interior point
methods.

In particular, for an inequality constrained convex polynomial programs, the
Lasserre hierarchy of SDP relaxations is known to converge finitely [10-12] under
suitable assumptions. An exact SDP relaxation has been shown to hold for the special
class of SOS-convex programs [2,3] and for some other classes of robust SOS-convex
programs [1]. Due to the importance of exact SDP relaxations to conic convex pro-
grams, it has recently been shown that SOS-convex programs with semidefinite linear
constraints [4] exhibit exact SDP relaxations under appropriate regularity conditions.

The purpose of this piece of work is to show that a broad class of conic convex poly-
nomial programming problems exhibits exact conic programming relaxations under
suitable conditions. As an outcome, we give the following key unified results that
apply to many classes of important convex cone programs, such as the second-order
cone programs, p-order cone programs, semidefinite programs, and polyhedral cone
programs.

(i) By generalizing the notion of sum-of-squares convexity (SOS-convexity) of real
polynomials [4,13-20] to conic SOS-convexity of vector-valued polynomial
mappings, we show that the class of conic SOS-convex polynomials includes
various classes of conic convex polynomials such as the matrix SOS-convex
polynomials [21] and conic convex quadratic maps. We establish that the pos-
itivity of an SOS-convex polynomial over a conic SOS-convex system can be
characterized in terms of a sum-of-squares polynomial representation under a
regularity condition. Related recent results for SOS-convex inequality systems
with applications to robust optimization can be found in [1, 16]. In many cases, the
sum-of-squares representation can be numerically checked via solving a conic,
such as semidefinite linear program. This representation also paves the way for
deriving exact conic programming relaxation results.

(i) We prove that the class of SOS-convex cone programs enjoys exact conic pro-
gramming relaxations under suitable regularity conditions. In the case, where
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the cone involved in the program is a convex polyhedral cone, we show that
our exact relaxation result collapses to an exact semidefinite linear programming
relaxation without any regularity condition. We further show that the relaxation
problem attains its maximum under a generalized Slater condition.

(iii) Consequently, we also show that a convex set, described by a conic SOS-convex
polynomial, is (lifted) conic linear representable in the sense that it can be
expressed as (a projection of) the set of solutions to some conic linear systems.

The outline of the paper is as follows. Section 2 introduces the notion of conic
SOS-convexity and provides various dual characterizations of solvability of conic
SOS-convex systems, including a sum-of-squares representation result on positivity
of polynomials. Section 3 presents exact conic programming relaxation results. Sec-
tion 4 present results on conic linear representability of some convex sets.

2 Conic SOS-Convexity and Positivstellensatz

In this section we introduce the notion of conic SOS-convexity for polynomial
mappings and present various first- and second-order characterizations of conic SOS-
convexity. Consequently, we establish characterizations of positivity and nonnegativity
of SOS-convex polynomials over conic SOS-convex polynomial systems.

We begin with some preliminaries on polynomials. We say that a real polynomial
f is sum-of-squares [11,22] if there exist real polynomials f;, j =1, ..., r, such that
f= Z;: 1 sz. The set consisting of all sum-of-squares real polynomials is denoted

by X?[x]. Moreover, the set consisting of all sum-of-squares real polynomials with

degree at most d is denoted by Z‘g [x].Ifeach G;,i = 1,2, ..., m,is apolynomial on
R", then the degree of the polynomial map G, defined by G(x) = (G1(x), ..., Gy),
is denoted by deg G. It is defined as the maximum degree of each G;,i =1, ..., m.

In this paper, R denotes the Euclidean space with dimension m. Forany x, y € R™,
the inner product between x, y is denoted by (x, y) and the norm induced by the
inner product is defined by ||lx|| = /{x, x). We also use B (resp. B) to denote the
closed (resp. open) unit ball of R™. Throughout the paper, we assume that K is a
closed and convex cone in R™. Its dual cone of K, denoted by K@, is given by
K® ={yeR":(y,k)>0forallk € K}.

The set S” denotes the space of symmetric (n x n) matrices with the trace inner
product and > denotes the Lowner partial order of S”, thatis,for M, N € S", M = N
if and only if (M — N) is positive semidefinite. Let S} := {M € S, : M > 0} be
the closed and convex cone of positive semidefinite (n x n) matrices. Note that for
M, N € §', the inner product, (M, N) := Tr[M N], where Tr [.] refers to the trace
operation. Note also that M > 0 means that M is positive definite.

Positive semidefinite cones, second-order cones, and polyhedral cones are some
important closed and convex cones K that arise in numerous applications of optimiza-
tion.

Recall that a real polynomial f on R” is called SOS-convex [13] if for any o €
[0,1], h(x,y) == af(x) + (1 — @) f(y) — f(ax + (1 — a)y) is a sum-of-squares
polynomial on R” x R”. An equivalent notion of SOS-convexity was first introduced
in [15]. Clearly, a SOS-convex polynomial is convex. However, the converse is not
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true, that is, there exists a convex polynomial which is not SOS-convex [13]. It is
known that any convex quadratic function and any convex separable polynomial is
a SOS-convex polynomial. Moreover, the class of SOS-convex polynomials is much
larger than the convex quadratic functions and convex separable polynomials. For
instance, f(x) = x? + xl2 + x1x0 + x% is a SOS-convex polynomial (see [15]) which
is nonquadratic and nonseparable.

We now introduce the new notion of conic SOS-convexity of a polynomial map,
extending the notion of the scalar SOS-convex polynomial.

Definition 2.1 (Conic SOS-convexity) Let K be a closed and convex cone in R™.
Let G : R" — R™ be a polynomial vector-valued mapping, that is, G(x) =
(G1(x), ..., Gp(x)) where each G; is a polynomial on R"”. We say G : R" — R is
a K -SOS-convex polynomial if and only if, for any o € [0, 1] and for any » € K®

h(x,y) =%, aGx)+ 1 -a)G(y) — Glax + (1 —a)y))

is a sum-of-squares polynomial on R" x R”.

The following equivalent characterization for scalar SOS-convex polynomial from
[13] will be useful for us.

Lemma 2.1 [13] Let f be a real polynomial on R". Then, the following statements
are equivalent:

(a) f is a SOS-convex polynomial on R";

®) (x,y) — %f(x) + %f(y) - f(%) is a sum-of-squares polynomial on R" x R";
©) (x,y) = f(x)—f()=V f(y)(x—y)isasum-of-squares polynomial on R" x R";
d (x,y) — yTV)%xf(x)y is a sum-of-squares polynomial on R" x R";

Itis easy to see that, if K = R}, then G is R’} -SOS-convex if and only if G; is SOS-
convex foreachi = 1,2, ..., m. In particular, if m = 1 and K = R_, then our notion
of conic SOS-convexity collapses to the definition of an SOS-convex polynomial [13].

We now present simple first- and second-order characterizations of conic SOS-
convexity.

Lemma 2.2 (First- & second-order characterizations of conic SOS-convexity) Let K
be a closed and convex cone in R™; let G; : R" — R, i =1, ..., m, be polynomials.
Let G : R" — R™ be a polynomial mapping, given by G(x) = (G1(x), ..., Gp(x)).
Then, the following statements are equivalent:

(i) G is a K-SOS-convex polynomial;
(ii) forany » € K9,

1
hx,y) = [5G0 + G0N - G (%»

is a sum-of-squares polynomial on R" x R".
(iii) foranyr € K9, (x,y) — (A, G(x) —G(y) — VG () (x —y)) is a sum-of-squares
polynomial on R" x R";
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(iv) forany » € K9, (x,y) — yTV)%x((X, G (x)))y is a sum-of-squares polynomial
on R" x R";

(V) forany A € K9, (x,y) — (A, (VG(x) — VG()(x — y)) is a sum-of-squares
polynomial on R" x R".

Proof From the definition, we see that G is a K-SOS-convex polynomial if and only
if for any « € [0, 1] and for any XA € K°,

h(x,y) = (A aGx)+ (1 —a)G(y) — Glax + (1 —a)y))

is a sum-of-squares polynomial on R" x R", which is further equivalent to x
(A, G(x)) is a scalar SOS-convex polynomial for any A € K®. Thus, the equivalences
between (i), (ii) (iii) and (iv) follow immediately from Lemma 2.1.

[(iii) = (v)] Assume that (iii) holds. Fix an arbitrary A € K®. Then, h(x, y) =
(A, G(x)—G(y) —VG(y)(x —y)) is a sum-of-squares polynomial on R” x R". Then,

(A, (VG(x) = VG(y)(x —y))
=X, Gx)=G(y) = VG x =)+ A, G(H) —Gx) = VGx)(y —x))
hl(-x» J’)+h1(y9x),

is a sum-of-squares polynomial. Thus, (v) follows.

[(v) = (iv)] Assume that (v) holds. Fix an arbitrary A € K®. Letd be the degree of
G.Then, hy(x,y) := (X, (VG(x) — VG (y))(x — y)) is a sum-of-squares polynomial
on R" x R" with degree at most d. It follows that, for any € > 0

(1, (VG(x +€y) =VG))(€y)) = ha(x + €y, x)
is also a sum-of-squares polynomial with degree at most d on R" x R”". Since

(A, (VG(x +€y) = VG(x))(ey))
€2

Y V(G Gy = lim

is a polynomial with degree at most d, it follows from the closedness of the cone
consisting of all sum-of-squares polynomials with degree at most d (see [10]) that
the function (x, y) — yTV)%x((X, G(x)))y is also a sum-of-squares polynomial with
degree at most d. O

In the special case where K is the positive semidefinite cone in the space of symmet-
ric matrices, by exploiting the structure of the positive semidefinite cone, we obtain a
simplified characterizations in terms of vectors (instead of semidefinite matrices). This
also allows us to compare the known notion of matrix SOS-convexity introduced in
[15] with our notions in the following corollary. We note that the equivalence between
(i1) and (iii) of the following corollary has been established in [23]. For the sake of
convenience of a reader and for completeness, we provide a simple proof here.

Corollary 2.1 (Conic SOS-convexity and matrix SOS-convexity) Let G : R" — §9
be a matrix polynomial, and let S(j_ be the positive semidefinite matrix cone. Then, the
following statements are equivalent
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(i) Gisa Si—SOS—convex polynomial;
(ii) for any z € RY, (x,y) > yTV)%x zT G(x)z2)y is a sum-of-squares polynomial
on R" x R";
(iii) G is matrix SOS-convex in the sense that, for any 7 € R, there existl € Nand a
matrix polynomial F, : R" — R such that, for all x € R", V%x 'G)z) =
F ()T F,(x).

Proof As §9 and RY @+1/2 have the same dimensions, there exists an invertible linear
map L : §9 — R2@+1/2 guch that

LM)TL(M>) = Tr(M{ M) forall My, M, e S1.

We now identify S9, that is equipped with the trace inner product, as RZ(@+1/2 with
the usual Euclidean inner product by associating each symmetric matrix M to L(M).
LetK = Si. Note that any positive semidefinite matrix can be written as sum of rank-
one matrices and Tr((zz7 )G (x)) = z7 (G(x))z for any x € R”" and z € RY. Then,
forany A € S7, (x,y) — yTV)%x (Tr(AG(x))y is a sum-of-squares polynomial is
equivalent to the condition that, for any z € RY, (x,y) > yTV)%x T G(x)2)y is
a sum-of-squares polynomial. Then, the equivalence of (i) and (ii) follows from the
preceding lemma with K = S7.

To finish the proof, we only need to show the equivalence of (ii) and (iii). Suppose
that (iii) holds. Then, for any y € R",

VIV GET G2y =y (F.(0)T F.(0)y = [ F.(0)y > = D (F-(x)y)3,
j=1
which is a sum-of-squares polynomial. So, (ii) hold§. Conversely, if (ii) holds, then

for any z € R™, there exist/ € N and polynomials f/ : R* xR" - R, j =1,...,1,
such that

YIV2 TGy = Z £
j=1

As, foreach fixedz € R” andx € R”, y7T fo (zT G(x)z)y is ahomogeneous quadratic

function with respect to the variable y, we can assume that fJ(x, y) is linear with
respectto y foreach j = 1,...,/. Let

(fL @) fi ) = F(0)y,
where F, : R" — R!*" is a matrix polynomial. It follows that
yIV2 TGy =y (F.(0) T F.(x))y forall yeR"

This shows that (iii) holds. O
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Example 2.1 (Classes of conic SOS-convex polynomials) We now provide some sim-
ple examples of conic SOS-convex polynomials.

(a) Let K = R}. Then, K ® = K, and so a polynomial vector-valued mapping
G = (Gy,...,Gp) is a K-SOS-convex polynomial if and only if each G; is a
scalar SOS-convex polynomial.

(b) Let K = {x € R™ : aij > 0,j = 1,...,s} be a convex polyhedral
cone where a; = (aji,...,ajn) € R", j = 1,...,s. Then, we see that
K® = {Z‘}Zl wja; : wj > 0} and a polynomial vector-valued mapping
G =(Gy, ..., Gy)is K-SOS-convex if and only if /2 (x) := > ajiGi(x)1is
a scalar SOS-convex polynomial forall j =1, ..., s.

In particular, if each G; is a quadratic function of the form
Gix)=o; + viTx —l—xTA,-x,

where ; € R,v; € R"and A; € §",then G = (G4, ..., G;;) is K-SOS-convex
ifand only if >i" ; a;;A; = Oforall j =1,...,s.

(¢) LetK = Si be the cone consisting of all the (¢ x ¢) positive semidefinite matri-
ces. Then, by corollary 2.1, G : R* — S? is a matrix SOS-convex polynomial
[21] if and only if G is K-SOS-convex polynomial.

(d) Let K = SOC,, :={x e R" : x; > />, |x; |2} be the second-order cone in
R™. Then, the dual cone K® = K. Let G;(x), fori = 1,2, ..., m, be defined
by

n n d oo
a1+zj:1a]jxj+zj:1,3jxj, if i =1,
a,'+z;'~:1a,~jxj, if i >2,

Gi(x) =[

where ;, a;; € R, 8; > 0and d is an even number. Then it can easily be checked
that the map G, defined by G(x) = (G (x), ..., G, (x)), is a K-SOS-convex
polynomial because for any A = (Aq, ..., Ay) € K® =K,  >0and

n
YIVE (L Gy = rdd — D) [ D BxI 7]
j=1
which is a sum-of-squares polynomial.
For instance, the map G, defined by
G(x) = (14 2x; — x2 + x5 +3x3, x1 + x2),

satisfies the condition above and so is an SOC,-SOS-convex polynomial.

Remark 2.1 (Conic SOS-convexity vs conic convexity) Let G; be real polynomials
with degree d on R” and let G = (G, ..., Gy).
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— Inthe case where K = Rﬂ, G = (Gy, ..., Gy)isa K-SOS-convex polynomial if
and only if each G; is a scalar SOS-convex polynomial. So, the recent characteri-
zation of scalar SOS-convexity [13] implies that R"-SOS-convexity is equivalent
to R -convexity if and only if either one of the following holds (1) n = 1; (2)
d=2;3) (n,d)=(2,4).

— Letm = g(q + 1)/2 and identify S¢ with R?@+1D/2 We now consider the case
where K = Si. Note that any bivariate quartic nonnegative polynomial is sum-
of-squares, and G is a Si-SOS-convex polynomial if and only if for any z € RY,
x,y) — yTV)%X (zT G(x)z)y is a sum-of-squares polynomial on R” x R”. This
shows that, if (n, d) = (1, 2), G is §1-SOS-convex if and only if G is S -convex.

In the case where the cone K has specific structure, we obtain new tractable class
for conic SOS-convexity. To do this, let o be a bilinear operation from R” x R" — R™
satisfyingaob = boa forall a, b € RY. Let K be a closed and convex cone which is
self-dual in the sense that K® = K. We say K is generated by the bilinear operation
o if and only if

K={aoa:aecR").

We note that many important and widely used closed and convex cones can be gener-
ated in this way. For example,

— The nonnegative orthant K = R’} = {aoa : a € R™}, where the bilinear operation
is defined by a o b = (a1by, ..., ambm)T forall a, b € R™.
— In the case where K is the second-order cone, that is,

K={(r eRxR" 1 ir>|....zu-0l2},

we see that K = {a o a : a € R™} where bilinear operation is defined by («, u) o
(B,v) = (@B +u’v, av+pu) € Rx R" ! forall (o, u) and (B, v) € R x R~

— As 87 and R9@*tD/2 have the same dimensions, there exists an invertible linear
map L : §9 — R4@+TD/2 guch that

LM L(My) = Tr(M; M>) for all My, M» € S4.

We now identify S, that is equipped with the trace inner product, as R4@+1/2
with the usual Euclidean inner product by associating each symmetric matrix M
to L(M). Then, the cone of positive semidefinite matrix satisfies Sj_ ={aoa:
a € R9@*D/2} where bilinear operation is defined by aob = 1 (L~! (@)L~ (b) +
L=Y ()L™ (a)) for all a, b € RI@+D/2,

Definition 2.2 (SDP tractable class of conic SOS-convex mappings: uniformly K-
SOS-convex) Let K be a closed and convex self-dual cone which is generated by
the bilinear operation o, that is, K = {a oa : a € R™}. We say G is uniformly
K-SOS-convex whenever

x,y,a) = ¥y V2 (laoa, G(x)))y
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is a sum-of-squares polynomial on R” x R" x R™.

Now, it follows from the definition that, uniformly K-SOS-convex mappings must
be K-SOS-convex for any closed and convex self-dual cone K generated by a bilinear
operation o. Moreover, an important feature of the uniformly K -SOS-convexity is that
checking whether a mapping G is uniformly K-SOS-convex or not is equivalent to
solving a semidefinite programming problem.

Example 2.2 (Classes of uniform conic SOS-convex polynomials)

— Let K = R{. Then, any K-SOS-convex polynomial is uniformly K-SOS-convex.
To see this, note that K = R’jﬁ = {a oa : a € R™} where bilinear operation is
defined by a o b = (a1by, ..., ambm)T for all a,b € R™, and any polynomial
mapping G = (Gq,...,Gp) is R’jf-SOS-convex if and only if each G;, i =
1, ..., m,is a scalar SOS-convex polynomial. Then,

m

YIV2(laoa, G)))y =D a?(y"V2Gi(x)y)
i=1

is a sum-of-squares polynomial.
— LetK = Si be the cone consisting of all the (¢ x ¢) positive semidefinite matrices.
By identifying §9 as R7@+D/2 we define G : R" — 59 as

n P
G(x) = Ao+ D xiAi+ > fix)By,

i=1 =1

where for each I = 1,...,p, fi(x) is an SOS-convex scalar polynomial,
Ag, Ay, ..., A, € S? and B; > 0. Recall that the positive semidefinite cone
can be written as Si = {aoa :a e RIUHD/2} where bilinear operation is

defined by a o b = 1LY (@)L~ (b) + L~' ()L™ (a)) for all a, b € RIG+D/2,
Then, G is a uniform K-SOS-convex polynomial. To see this, we note that, for
any a € R7(@+D/2,

P
YIVE(l@oa. G))y =D Tr(IL™ (@) B)y" Vi, fi(x)y.
=1
As each f; is an SOS-convex scalar polynomial, (x,y) +—> yTV)%X fix)y is a
sum-of-squares polynomial. Moreover, note that B; > 0 and [L™!(a)]*> > 0.

So, a — Tr([L~Y(@)]*B)) is a nonnegative quadratic function and so is also a
sum-of-squares polynomial. This implies that

(x,y,a) — yTV)%)C ((a oa, G(x)))y

is also a sum-of-squares polynomial. Thus, G is a uniform K-SOS-convex poly-
nomial.
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As a simple example, consider the map G, defined by

Glx) = 1+x2+x§+(x1+x2)4 —1+x;1+x
—l+x;+x x x84 (e +xp)?

1 —1 1 1 1 1
=<_1 O)—l—xl((l) 0)+x2(1 l)+(x§+(x1+x2)4)(0 (1))

Then, G satisfies the condition above and so is a uniform Sf_—SOS—convex poly-
nomial. =

2.1 Solvability of Conic SOS-Convex Systems

We now establish characterizations of positivity or nonnegativity of SOS-convex poly-
nomials over sets described by conic SOS-convex polynomial systems. To do this,
for x € R™ and G : R" — R™, we define the function (A, G) by

(A, G)(x) :== (A, G(x)) forall x € R".

Moreover, the following existence result for solutions of a convex polynomial opti-
mization problem will also be useful for our later analysis.

Lemma 2.3 [24, Theorem 3] Let fy, fi1,..., fm be convex polynomials on R". Sup-
pose that in£ fo(x) > —ocowhere C = {x e R": fi(x) <0,i=1,...,m}. Then,
X€

argmin, .- fo(x) # 9.

Proposition 2.1 (Strict solvability) Let K be a closed and convex cone in R™ with
nonempty interior. Let G : R" — R be a K-SOS-convex polynomial. Then, exactly
one of the following statements holds:

(1) there exists xo € R" such that G (xg) € —intK;
(i) there exists A € KO\{0} such that (\, G) € X*[x].

Proof [(ii) = Not (i)] Suppose (ii) holds. Then,
(A, Gy > 0. (1)

By construction and by the definition of K®, both systems (i) and (1) cannot have
solutions simultaneously.

[Not(i) = (ii)] Suppose that (i) fails. Then, O ¢ int({G(x) cx € R} + K),
where {G(x) : x € R"} 4+ K is a convex set. Now, it follows by a convex separation
theorem that A € K®\{0}and (A, G(x)) > O for all x € R". As G isa K-SOS-convex
polynomial, we see that H (x) := (A, G(x)) is aconvex polynomial. From Lemma 2.3,
we obtain that argmin, . {H (x)} # #. Now, let x* € argmin, g, {H (x)}. Then,
H(x*) > 0and VH (x*) = 0. This implies that for any 4 € R", (A, VG(x*)h) = 0.
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Moreover, from Lemma 2.2, we see that h(x, y) := (A, G(x)—G(y) —VG(y)(x —))
is a sum-of-squares polynomial on R” x R”. It follows that

hix,x*) =, Gx) — Gx*) —VGE™)(x —x*) = (A, G(x)) — H(x™)

is an SOS-convex polynomial. It follows that (A, G(x)) = h(x, x*) + H(x*) is also
a sum-of-squares polynomial. O

We now provide a characterization of positivity of an SOS-convex polynomial over
a set described by conic SOS-convex systems, under the condition that the set

Q2 :=(f,G)R")+ Ry x K)
={(s,y) eRxR":3x e R", s > f(x),y € G(x) + K},

is closed. It is easy to check that £2 is a closed set if; for instance, f is coercive in the

sense that lim |- oo f(x) = —+00. The set of the form §2 has played an important
role in the study of duality in convex optimization [25].

Theorem 2.1 (Positivstellensatz for conic SOS-convex systems) Let K be a closed
and convex cone inR™. Let f be an SOS-convex real polynomial and let G be a K -SOS-
convex polynomial. Let {x : G(x) € —K} # (. Ifthe convexset (f, G)(R")+ (R4 xK)
is closed, then the following statements are equivalent

(i) G(x) e =K = f(x)>0;
() @xeK®, § > 0) (Fog € T3[x]) (Vx € R") f(x) + (A, G(x)) = 8 + 0p(x).
Proof [(i1) = (i)] Suppose that there exist a sum-of-squares polynomial o9, » € K®
and §o > O such that f = 89 + 09 — (A, G). Then, for each x with G(x) € —K,
f(x) =380+ o00(x) — (A, G(x)) = & > 0.

[(1) = (i1)] Suppose that f is positive on F' := {x : G(x) € —K}. Then, we see
that

Om+1 ¢ 82 := (f, GORY) + R4 x K).

Thus, strict separation theorem (cf. [26]) shows that there exist « € R, ¢ > 0 and
(o, U1y -+ o5 ) # (0,0, ..., 0) such that, for all y = (yo, y1,..., ym) € §2,

O§a<(¥+€§(()’O,YI,‘u,Ym),(I/«O,,U«],'n,ﬂm))'

As 2+ (Ry xK) € 22, weseethat (r, ) € (R4 x K®)\{0}. Since, for each x € R”,
(f(x), G(x)) € £, it follows that

rf(x)+{u,Gx)) >a+e>¢ forall xeR".
As F # ), we see that r # 0, and so » > 0. So, we obtain that

Fx)+ (A, G(x)) =8, forall xeR",
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where 2. = £ € K® and §) = € > 0. This implies that
r= inf {f(x) + (&, G(x))} = do.
xeR?

Now, by Lemma 2.3, we can find x* such that f(x*) 4+ (A, G(x*)) = r. Let
h(x):= f(x)+(x,Gx)) —r, foreach xeR".

Then £ is a SOS-convex polynomial with 2(x*) = 0 and VA (x*) = 0. The SOS-
convexity of f and K-SOS-convexity of G together with Lemma 2.2 give us that
fx) — f(x*) = V™) (x — x*) = 6p(x) for some sum-of-squares polynomial
6p and (A, G(x) — G(x™) — VG (x*)(x — x*)) = 6;(x) for some sum-of-squares
polynomial 6;. So, we see that, for all x € R"

O+, G@) = (fO) + (4, GOM)) = 0(x) + D 2i6i (x).

i=1

As f(x™) + (A, G(x™)) = h(x™) + r = r, we see that

h(x) = f(¥) + (1, G(x)) —r = 60(x) + D _ 1 (x)

i=1
which is a sum-of-squares polynomial. Hence,
J@) + &, Gx)) =hx) +r = (h(x) +r — ) + o = oo(x) + o,

where r —§p > 0 and og(x) := h(x) + (r — §p) is a sum-of-squares polynomial. Thus,
the conclusion follows. O

In passing, we note that the sum-of-squares representation (i7) of Theorem 2.1 can,
in many cases, be numerically checked by solving arelated conic, such as a semidefinite
linear program. Now, as a consequence, we obtain a characterization for nonnegativity
of an SOS-convex polynomial over a set described by a conic SOS-convex system.

Corollary 2.2 (Nonnegativity characterization) Let f be an SOS-convex scalar poly-
nomial. Let K be a closed and convex cone, and let G : R" — R™ be a K-SOS-convex
polynomial with {x : G(x) € —K} # (. If the convex set (f, G)(R") + (R4 x K) is
closed, then the following statements are equivalent:

) Gx) e =K = f(x)=0;
(i) (Ve > 0) @A € K®) (Fog € Z?[x]) (Vx € R") f(x) + (A, G(x)) + € = 0p(x).

Proof [(ii) = (i)]. Suppose that for each € > 0 there exist a sum-of-squares polyno-
mial 0g, A € K9 such that f + € = o9 — (A, G). Let x be such that G(x) € —K.
Then, f(x) +¢€ = op(x) — (A, G(x)) > 0. Letting ¢ — 0, we see that f(x) > 0 for
all x with G(x) € —K.
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[(1) = (i1)] Assume that (i) holds. Then, for any € > 0, f + € is positive on F.
So, Theorem 2.1 implies that there exist a sum-of-square polynomial o9, » € K®
and 89 > O such that, for all x € R", f(x) 4+ (A, G(x)) + € = §y + 0¢. Hence, the
conclusion follows. O

3 Exact Conic Programming Relaxations

In this section, we present exact conic relaxations for a class of conic convex nonlinear
programming problems. We consider the problem

inf (f(x) : G(x) € =K}, (P)

where f is a SOS-convex polynomial with degree dp on R” and G : R" — R" is a
K -SOS-convex polynomial with degree d;. Let d be the smallest even number such
that d > max{dp, d}. We assume throughout that the feasible set F := {x : G(x) €
—K} # 0.

It is easy to see that the program (P) is equivalent to the program

sup{u : f(x) —u =0, Vx € F}.
neR

The conic programming relaxation of (P) based on certificate of nonnegativity on F
(see Corollary 2.2) is given by

sup  {uw: f+ (A, G)—pe Tjlxl, he K%, (RP)
neR, LeR™

where 23 [x] denotes the sum-of-squares polynomial with degree no larger than d.
Note that the sum-of-squares condition, f + (A, G) — u € Z“%[x], can equivalently
be reformulated as a linear matrix inequality [10]. In particular, if K = S is the
positive semidefinite matrix cone (or more generally, if K is a linear matrix inequality
representable closed and convex cone), then (RP) can equivalently be written as a
semidefinite linear programming problem. Moreover, if K is the p-order cone, then
(RP) can also be equivalently reformulated as a tractable conic involving semidefinite
constraints and norm constraints.

Theorem 3.1 (Exact conic programming relaxation) For problem (P), let f be a SOS-
convex polynomial with degree dy and let G be a K-SOS-convex polynomial with
degree dy. Let F := {x : G(x) € —K} # 0. If the set (f, G)(R") + (R4 x K) is
closed, then

inf(P) = sup {u:f+( G)—pueXix]l, re K,
neR, L eRm

where d is the smallest even number such that d > max{dy, d}.
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Proof Clearly, forany x € F, u € Rand A € K®, with f + (A, G) — u € Z2[x],
S —pn=fx)+ R, Gx)—pn=0.

So, infrer f(x) = sup,cgacxeln : [+ (. G) —pu € Tilx]}.

To see the reverse inequality, we assume without loss of generality thatinf e p f(x) >
—o0; otherwise, the conclusion trivially holds. As F # (), wehaver := inf,cr f(x) €
R. Then, for any € > 0, f — r + € is positive on F. So, our Theorem 3.1 implies that
there exists a sum-of-squares polynomial o, A € K® and §y > 0 such that

f+XG)—(r—e)=d+o00

is a sum-of-squares polynomial. Note that any sum-of-squares polynomial must have
even degree, f is of degree dy and G is of degree d; . It follows that f 4 (A, G) — (r —€)
is of degree at most d. This shows that, for any € > 0,

sup  {p:f+ (A G)—peIixl}>r—e
UER AeK®

Letting € — 0, we see that sup, cg yexein 1 f+ (A, G) —pn € Z‘j[x]} > r and so
the conclusion follows. O

As an easy consequence, we obtain the following exact SDP relaxation for SOS-
convex polynomial optimization problem over a SOS-convex polynomial matrix
inequality problem under the closedness condition.

Corollary 3.1 For problem (P), let f be a SOS-convex polynomial with degree dy and
let G : R" — S9 be a matrix SOS-convex polynomial with degree dy. Let F := {x :
G(x) € —Sﬁjr} 0. If (f, GYR") + (R4 x Si) is closed, then

inf(P)= sup {u:f+Tr(AG) —p e Zilx], r e S1},
neR, resq

where, for A € 89, Tr(AG)(x) := Tr(AG (x)) for all x € R" and d is the smallest even
number such that d > max{dy, d;}.

Proof By identifying §¢ as RZ@+D/2 Corollary 2.1 implies that G is indeed an
Si-SOS-convex polynomial. Thus the conclusion follows from Theorem 3.1 with
K =51 o

Now, we consider a conic SOS-convex polynomial optimization with quadratic
constraints involving the p-order cone:

min{f(x) : G(x) € —POC,,}, (PP)
xeR”
where f is an SOS-convex polynomial and G = (G1, ..., G,;) where each G; is a

quadratic function given by

Gi(x) =a; +a] x + xT Ajx, )
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witho; € R,a; € R"and A; € §",i =1, ..., mand POC,, is the p-order cone given

by POC,, = {(x1, ..., xn) € R™ 1 x; > 7>, |x;|P}. We now show that problem
(PP) admits an exact conic relaxation under easily verifiable conditions.

Recall that, for a symmetric matrix A, the minimum eigenvalue of A is denoted
by Amin(A) and [[All2 = sup{[|Ayll2 : [Iyl2 = 1} = v/Amax(AT A) is known as the
matrix 2-norm of A.

Corollary 3.2 (Exact relaxation with quadratic constraints and p-order cone) For
problem (PP), let f be a SOS-convex polynomial with degree dy and let G =
(G1,...,Gp) be a quadratic vector-valued mapping where each G; is given as in
(2). Let F := {x : G(x) € —POC,,} # 0. Ifoxf(xo) > 0 for some xy € R" and

kmin(Al) > 7

> 4ils, 3)
i=2

then
m
inf(PP) = sup wif+ (G — e glxl, = U Dk
HER,(A1,....Ap)€R™ i=2
where p* is a real number satisfies % + # = 1 and d is the smallest even number

such that d > max{dp, 2}.

Proof Let K = POC,,. Then, the dual cone K ® is the p*-order cone where p* satisfies
% + # =1.Let G(x) = (G1(x), ..., G, (x)) be a quadratic vector function where
each G; is defined as in (2).

We first verify that G is a P OC,,-SOS-convex polynomial. To see this, fix any

A=, ..., Am) € K@ Then, Ay > 2/3" 2|7 and

YIVE(( Gy = (Z A,-yTAiy)

i=1

which is a quadratic function of y only. As any nonnegative quadratic function is
a sum-of-squares polynomial, to show (x, y) > yTV)%x(()», G(x)))y is a sum-of-
squares polynomial, we only need to prove that > ;" | A; yl'A;jy > 0forall y € R™.
To verify this, note from (3) that, for all y € R",

m p m
YT ALY = Amin(AD 17 = 7 (Z 1A 112 ||y||§) > 7| Iy AP,

=2 i=2
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It now follows that

m m
D niy Ay =ay" Ary 4+ D iy Ay
i=1 i=2

m

m
> ay T Ary = Pl 0 D YT Ayl
i=2 i=2

IV

m
Dol )y Ay =0,
i=2

where the first inequality follows by the Holder inequality and the last inequality
follows from A; > O [thanks to (3)] and 1| > %/ >, AP, Thus, G is a POC,,-

SOS-convex polynomial.

Finally, as f is a convex polynomial with V)%X f(xp) > 0 for some xg € R", [12,
Lemma 3.1] implies that f is coercive. This shows that (f, G)(R") + (R4 x K) is
closed. Then, the conclusion follows from Theorem 3.1 with K = POC,,. O

Corollary 3.3 (Qualification-free exact SDP relaxation and polyhedral cones K) For
the problem (P), let K = {x € R™ : aij >0,j = 1,...,s} be the polyhedral
cone where aj € R™. Let f be a SOS-convex polynomial with degree dy and let
G = (Gy,...,Gy) be a K-SOS-convex polynomials with degree dy. Let F = {x :
G(x) € =K} # 0. Then,

m s
inf f(x)= sup M:f+22ujajiGi—u€2§[x], nj=0¢,
Yer neRLeR™ pujeR i=1 j=1
where aj = (aj1, ..., ajm)T € R™ and d is the smallest even number larger than
max{dy, d }.

Proof Let G(x) = (G1(x),...,Gp(x)) and denote a; = (ajl, .. .,ajm) e R™,
j=1,...,s. Then, the set £2 := (f, G)(R") 4+ (R4+ x K) becomes

2= [(yo,yl,...,ym) (dx eR" st f(x) < o,
m
> aji(Gi(x) —y) <0, j = 1,...,s}.
i=1

We now show that the set £2 is closed. To see this, take any (y’(§, y’f R y,’jl) e 2
be such that (yé, yll‘, e, y,];) — (¥0, Y1, - - -» Yym)- By the definition of £2, for each
k, there exists x* € R”" such that f(x*) < y& and 37" a;;(G;(x*) — yi) < 0,
j=1,...,s. Now, consider the optimization problem
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: o v2 - G () — P
min ;(zz )P f () <20, D ai(Gi(x) —z) <0, 1,...,s].

X,Z05ens -
1=

(Po)

Foreach j =1,...,s,lethj(x,z) = sz=1 aji(Gi(x) — z;). Note that, for each
J=1..5,a; € K®. As G is a K-SOS-convex polynomial, it follows that
Z:":l ajiG;i(x) = (a;j, G(x)) is an SOS-convex polynomial. This implies that each
h; is an SOS-convex polynomial, and so (Pg) is a convex polynomial optimization
problem and

m
0 <inf(Py) < > (vF = y)> = 0.
i=0
So, inf(Py) = 0. Moreover, Lemma 2.3 implies that inf (Py) is attained, and so there
exists x* € R” such that and fo(x*) < yp and >.7", a;i(G;(x*) —y;)) <0, j =

I,...,s.50, (Y0, Y1, ..., Ym) € §2. Therefore, 2 is closed.
Then, Theorem 3.1 gives us that

inf(P)= sup {u:f+xXG)—unce Z‘g[x], A e K9
HER, LeR™

As K is a polyhedral cone with the form {x : aij > 0}, one has

s
K® = Zujaj >0
=1

So, A € K9 if and only if A = Z;-:l wjaj for some ;> 0, and for all x € R”,
s m m N
r, Gx)) = Zﬂj ZajiGi(x) = ZZMjajiGi(x)-
j=1  i=1 i=1 j=1

Therefore, the conclusion follows. O
Corollary 3.4 Let f be a SOS-convex polynomial and let g;, i = 1, ..., m, be SOS-
convex polynomials with F = {x : gi(x) <0,i =1,...,m} # 0. Then,

m
inf f(x)= sup Tu:f+ D higi—peTgxl A =0i=1,2....mg,
xer neR, x;eR im1

where d is the smallest even number larger than max{deg f, max<;<n deg g;}.

Proof Leta; =ej, j = 1,...,m, where e; is the vector whose jth coordinate is one,
and zero otherwise. Then, {x : aij >0,j=1,....m} =R} and G = (g1,..., &n)
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is R-SOS-convex. Thus, the conclusion follows immediately from the preceding
corollary. O

We finish this section by establishing an exact conic relaxation with the solution
attainment under a strict feasibility condition. In the special case when G is an affine
function and K = S, this exact conic relaxation result collapses to the exact SDP
relaxation result for nonlinear semidefinite programming problems with SOS-convex
polynomial objective functions, established in [4].

Theorem 3.2 (Relaxation with attainment) Let K be a closed and convex cone with
nonempty interior. For the problem (P), f be a SOS-convex polynomial with degree
do and G be a K-SOS-convex polynomial with degree dy. Suppose that there exists
xo € R" such that G(xg) € —intK. Then

inf(P) = _max_ (w:f+ (0 G) —pue Xixl, e K®),
ne

where d is the smallest even number such that d > max{dy, d }.

Proof Without loss of generality, letr := inf,cr f(x) € Rbe finite. Then, the system
xeR", Gx)e—K, f(x)—r<0
has no solution. So the following system
x €R", G(x) € —intK, f(x)—r <0

has no solution. Now, by Proposition 2.1, there exists 0,41 # (,1) € Ry x K®
such that

©(f =)+ (h G) € Zglxl.
If t = 0,then A # 0 and (A,G) € Ez[x] This gives us a contradiction, by

Proposition 2.1, to the hypothesis that G(xo) € —intK for some xo € R". Hence,
T > 0 and so we get that f + (A,G) — r € 22[x] where A = % Thus,

max,crrexe{n : f+ (A, G) —un € Ez[x]} > r. The conclusion now holds as
the opposite inequality always holds by construction. O

4 Conic Representations of Some Convex Sets
In this section, we show that the sets described by conic SOS-convex polynomials
admit lifted conic representations. Let G : R" — R be a K-SOS-convex polynomial
with degree d. Its epigraph is given by

epiG ={(x,y) e R" xR" : y € G(x) + K}.

It is easy to verify that epi G is a convex set.
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Next, we show that the epigraph is lifted conic representable in the sense that it
can be rewritten as a projection of a convex set described by a conic linear system.
If the degree d = 1, then epi G can be trivially described by a conic linear system.
Thus, without loss of generality, we only consider the case where d > 2. To do this,
let Ry[xq, ..., x,] be the space consisting of all real polynomials on R” with degree
d and let C(d, n) be the dimension of R;[x1, ..., x,]. Write the canonical basis of
Rylx1, ..., xn] by

T
x@ .= (l,xl,xz,...,xn,xlz,xlxz,...,x%,...,x,zl,...,x{l,...,xg)

and let x(d) be the oz th coordinate of ¥, 1 < a < C (d, n). Then, we can write
f)y=>,° (d ") Jax a ). Let G :R" — R" be a polynomial mapping with degree d.
Then G = (Gl, ..., Gy)and

Gy= > Gux{"=| D Gux.... D (Gwaxl ).
1<a<C(n,d) 1<a<C(n,d) 1<a<C(n,d)
where
= ((Gl)a, -~-»(Gm)oc)- (4)

It is easy to see that [x @/D1[x@/D1T is a matrix whose entries are real polynomials on
R" with degree d. We then define A(d) 1 <a < C(n,d), to be symmetric matrices

such that
T = ST ALY, 5)
1<a<C(n,d)
Theorem 4.1 Let K be a closed and convex cone in R™. Let G : R" — R™ be a

K-SOS-convex polynomial with degree d > 2. Suppose that either K is a polyhedral
cone or K has a nonempty interior and G (xg) € intK for some xo € R". Then,

epiG = {(x,y) e R" xR™ :Elz:(za)E]RC(d’"), y— Z Gyza €K,
1<a<C(d,n)
Z A((xd)za >0, z1=1z20=2x1,..., Zntl =Xn f -
1<a<C(n,d)
In particular,

{xeR":G(x) € =K} = {x € R" : Iz = (2a) 1<a<C(d.n)- Z Gaza € —K,
1<a<C(d,n)

d
Z Afy)ZaiO, z1=lLz=x,..., Zntl =Xn (s
1<a<C(n,d)

where Gy, and Ag are defined as in (4) and (5) respectively.
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Proof Denote the degree of G be d > 2. Clearly d must be an even number. It follows
that

epiG =1 (x,y):y— Z Guzo € K, 2o = x@
1<a<C(n,d)
=1@»:y— D Gata €K, zg =x, xPNx WP =0
1<a=<C(n,d)

(x,y):y— z GazaeK,zazx(id), 2 Aff”zazo ,
l<a<C(n,d) I<=a<C(n,d)

where the last equality follows from the definitions of Aéd). This shows thatepi G € §
where

S=13(x,y) e R" x R™: 3z, such that y — Z Gyza € K,
1<a<C(n,d)

Z APz =0, 21 =1, 22 = X1, ..., Znt1 = Xn
l<a<C(n,d)

To see the converse inclusion, we proceed by the method of contradiction and suppose
there exists (x,y) € S but (x,y) ¢ epiG. Then, by the strict separation theorem,
there exist (a, b) € (R" x R™)\{0,4m}, r € Rand § > 0 such that

alx+b'y<r<r+28<a’x+bTyforally e G(x) + K.
Now, consider the following optimization problem

min _ {a’x+bTy— (G +8):Gx)—ye—K}, (P)
(x,y)eR? xR™

where val(P) := inf (. yyeRr xRm {aTx +bTy —(r +8) : G(x) —y € —K}. Then,
we see that val(P) > 8 > 0. From our assumption, either K is a polyhedral or K
has a nonempty interior and G(xg) € intK for some xg € R". We now claim that

under this assumption, one can find A € K ®ando € ¥ 2[x, y] such that, for all
(x,y) e R" x R™,

alx+bTy+ (0, Gx)—y)— (r+8) =o(x,y). (6)
Granting this, note that alx + bTy + (A, G(x) — y) — (r + &) + € is affine and any

sum-of-squares polynomial must be of even order. This implies thath = A € K®, and
SO

@ Springer



176 J Optim Theory Appl (2017) 172:156-178

alx+ (A, Gx))— (r+68) =o(x) and o € X?[x].

So, by the positive semidefinite representation of a sum-of-squares polynomial, there
exists W > 0 such that for all x € R”

a’x + (h, G(x)) — (r +8) = W HT wx @/

= > m (WAgf’)) . %)
1<a<C(n,d)

Leta € RE™4 Define a linear map L, : Ry[x] — R by

L.(f)= Zfaua for all f(x) = Zfaxéd)-

Note that (X, y) € S. There exists 7 € RE"+%:4) guch that

Y- D Gazwck, > APZ =0
I<a<C(n,d) 1<a<C(n,d)

andz; = 1,22 =X1,...,Zp41 = Xp.
Applying the linear map Lz to (7), we obtain that

al% + <)\, > Ga2a> —r+H = > T (WAgf”) > 0.

1<a<C(n,d) 1<a<C(n,d)

where the last inequality follows from the fact > _, (.0 APZ, = 0and W > 0.
Recall that . = b € K®. It follows that

aT)E+bT51+<A, > GuZa —y>—(r+a) > 0.
1<a<C(n,d)

This together with a”X + 57§ < randy — 3, _,—c(n.a) GaZa € K gives us that
—8 =r — (r +68) > 0, which is impossible.

To see our claim (6), we first consider the case where K is polyhedral. Note that
val(IS) > § > 0. Thus, Corollary 3.3 implies that

sup {uialx +bTy 4+ (A Gx)—y)—(r4+8) —peXZ}>8>0.
HER AeK®

Thus, there exist . € K® and 0 € X2[x, y] such that, for all (x, y) € R" x R",

alx +bTy + (A, G(x) — y) — (r +8) = o (x, y) + 80, for some 8y > 0. Thus, the
claim (6) holds.
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In the case Where_G (xo) € intK for some xo € R”, then strict feasibility condition
holds for problem (P) with (xg, 0). So, Theorem 3.2 implies that there exist A € K ®
and o € X2[x, y] such that, for all (x, y) € R* x R™,

alx+bTy+ (h, Gx)—y)— (r+8) =o(x,y) + val(P). 8)

Thus, claim (6) also holds.
The conic linear representation of the set S := {x € R" : G(x) € —K} follows as
{xeR":G(x) e =K} ={x e R": (x,0) € epi G}. O

5 Conclusions

In this paper, we extended the notion of SOS-convexity of a real-valued polynomial
to a more general notion of conic SOS-convexity for polynomial mappings. We then
established that conic sum-of-squares convex (SOS-convex) polynomial programs
exhibit exact conic programming relaxations under suitable regularity assumptions,
and so they can be solved by various numerical methods such as interior point methods.
As conic convexity and conic programming have found many applications in other
branches of mathematics, economics and engineering [7], our results point a way to
obtaining further computational tractable classes of conic convex programs and their
associated applications. This is a topic of further research and will be examined in a
forthcoming study.
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