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Abstract

We prove that every semidefinite moment relaxation of a polynomial
optimization problem (POP) with a ball constraint can be reformulated
as a semidefinite program involving a matrix with constant trace property
(CTP). As a result such moment relaxations can be solved efficiently by
first-order methods that exploit CTP, e.g., the conditional gradient-based
augmented Lagrangian method. We also extend this CTP-exploiting
framework to large-scale POPs with different sparsity structures. The
efficiency and scalability of our framework are illustrated on second-order
moment relaxations for various randomly generated quadratically con-
strained quadratic programs.
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1 Introduction

This paper is in the line of recent efforts to promote first-order methods as a vi-
able alternative to interior-point methods (IPM) for solving large-scale conic optimiza-
tion problems, in particular large-scale semidefinite programming (SDP) relaxations
of polynomial optimization problems (POPs). We show that a wide class of POPs
have a nice property, namely the constant trace property (CTP), and that this prop-
erty can be exploited in combination with first-order methods to solve large-scale SDP
relaxations associated with a POP. So far, this property has been exploited only in a
few cases, the most prominent examples being the Shor’s relaxation of Max-Cut [45],
in which the authors are able to handle SDP matrices of huge size, and equality con-
strained POPs on the sphere [28].

Given polynomials f, g, hj, let us consider the following POP with n variables, m
inequality constraints and [ equality constraints:

Fremin{f(0 ;g0 >0, [m], h(x)=0,j€ll}, (11



Table 1: Complexity comparison of several methods for solving SDP. IP: interior
point methods; ADMM: the alternating direction method of multipliers; SBM: spectral
bundle methods; CGAL: conditional gradient-based augmented Lagrangian.

Method Software SDP Convergence The'most. expensive parts
type rate per iteration
IP [15] System of linear equations
(second- Mosek [T] Arbitrary [(ggog(l/s)) solving with O((s™)6)
order) [31, Table 1]
Positive definite system of
ﬁ:i?ll/IM Bl SCS [30], Arbitrary| O(c~") [I7] linear equations solving by
v COSMO [9] ary LDLT-decomposition with
order) O((smax)()‘)
SBM [14] ConicBundle | with O(log(1/2)/¢) Positive deﬁr'nte hn(.ear
(first- 3] CTP I system  solving  with
order) O((s™*)%)
CGAL [44] . Smallest eigenvalue com-
(first- [841{56])tChyCGAL vcvi;};, (9(5—:*1/ ) puting by the Arnoldi iter-
order) ation with O(s™**) [26]

where [m] := {1,...,m} and [l] := {1,...,{}. In general POP (L) is non-convex,
NP-hard. It is well known that under some mild condition, the optimal value f* of
POP (L) can be approximated as closely as desired by the so-called Moment-Sums
of squares (Moment-SOS) hierarchy [22]. There are a lot of important applications of
POP (LI) as well as the Moment-SOS hierarchy; the interested readers are referred
to the monograph [16].

Computational cost of moment relaxations. The k-th order moment relax-
ation for POP (1)) can be rewritten in compact form as the following standard SDP:

= inf {(C,X): (A;,X)=0b;,j€[]}, (1.2)
Xes+
where ST is the set of positive semidefinite (psd) matrices in a block diagonal form:
X = diag(X1,...,X.) with X; being a block of size s), j € [w] and ¢ is the number
of affine constraints. We denote the largest block size by s™** := max;¢[y s\,

We say that SDP (L2) has constant trace property (CTP) if there exists a positive
real number a such that trace(X) = a, for all feasible solution X of SDP (L2). We
also say that POP (II) has CTP when every moment relaxation of POP (LI} has
CTP.

Table[Tllists several available methods for solving SDP ([I2)). In particular, observe
that two of them, CGAL and SBM, are first-order methods that exploit CTP. In [45],
the authors combined CGAL with the Nystrom sketch (named SketchyCGAL), which
require dramatically less storage than other methods and is very efficient for solving
Shor’s relaxation of large-scale MAX-CUT instances.

Note that SDP-relaxation (L2) of POP (L) at step k of the Moment-SOS hi-
erarchy has w = m + 1 blocks whose largest size is s™* = (”:k) while the number

of affine constraints is { = O((":k)Q) Thus the computational cost for solving SDP

([T2) grows very rapidly with k. Fortunately, it is usually possible to reduce the size of
this SDP relaxation by exploiting certain structures of POP (LI)). Table [2lists some
of these structures.



Table 2: Several special structures for reducing complexity of the Moment-SOS re-
laxations.

Structure Software POP type
CS 23,3 SparsePOP f =2 e fi and fj,(gi)ic;, (hi)iew, share the
’ [35] same variables for every j € [p] and p > 1
TS [38[39] | TSSOS f, gi, h; involve a few of terms
CS-TS [1] | TSSOS Both CS and TS hold
CTP 28] SpectralPOP qu‘.lih]t%y C(l)‘r)l(sﬁ;;uned POPs on a sphere (m = 0 and
1:=R— 2

e Correlative sparsity (CS), term sparsity (TS) and their combination (CS-TS) are
applied to POPs ([II)) in case that the data f, g;, h; are sparse polynomials. The
main idea of CS, TS and CS-TS is to break the moment matrices and localizing
matrices (which are the psd matrices in the Moment-SOS relaxation) into a lot
of blocks according to certain sparsity patterns derived from the POP. If the
largest block size is relatively small (say s™** < 100), then the corresponding
SDP can be solved efficiently. But if the largest block size is still large (say
™8 > 200), then the corresponding SDP remains hard to solve.

e In the previous work [28], the first three authors exploited CTP for equality
constrained POPs on the sphere and converted the resulting SDP relaxations
to spectral minimization problems which could be solved by LMBM efficiently.
This method returns approximate optimal values of SDP relaxations involving
2000 x 2000 matrices for which Mosek encounters memory issues and Sketchy-
CGAL is much less efficient. Importantly, the moment SDP-relaxation of an
equality constrained POP has a single psd matrix. In contrast, for a POP
involving a ball constraint (with possibly other inequality constraints), the re-
sulting moment SDP-relaxations include several psd matrices. Unfortunately
for such SDPs, LMBM usually returns inaccurate values even when CTP holds
because of ill-conditioning issues. LMBM only updates the dual variables, so
it is hard to ensure that the KKT conditions hold. We can overcome the lat-
ter ill-conditioning issues by relying on a primal-dual algorithm such as CGAL.
It turns out that CGAL (without sketching) is suitable for this type of SDP.
For an SDP involving a single matrix, SketchyCGAL stores updated matrices
by means of Nystrom sketch. In our experimental setting, we rather consider
CGAL without sketching, which boils down to relying on implicit updated ma-
trices. It turns out that this strategy is much faster than the one based on
Nystrom sketch, but does not provide the primal (matrix) solution.

SDP relaxations of non-convex quadratically constrained quadratic
programs. A non-convex quadratically constrained quadratic (QCQP) program is
a special instance of POP (L)) for which the degrees of the input polynomials are at
most two. Famous instances of non-convex QCQPs include the MAX-CUT problem
and the optimal power flow (OPF) problem [19]; in addition we recall that that LCQPs
have an equivalent MAX-CUT formulation [25]. They also have applications in deep
learning, e.g., the computation of Lipschitz constants [6] and the stability analysis of
recurrent neural networks [8]. In practice, non-convex QCQPs usually involve a large
number of variables (say n > 1000) and their associated SDP relaxations (L2 can be
classified in two groups as follows:



e The first order relaxation: & = 1 (also known as Shor’s relaxation in the
literature). In this case the number of affine constraints in SDP ([.2) is typically
not larger than the largest block size, i.e., ( < s™**. It can be efficiently solved
by most SDP solvers, in particular with SketchyCGAL [45]. Nevertheless the
first order relaxation may only provide a lower bound for the optimal value
of POP (). In this case, one needs to solve the second and perhaps even
higher-order relaxations to obtain tighter bounds or achieve the global optimal
value.

e The second and higher-order relaxations: k£ > 2. In this case the number
of affine constraints in SDP ([[2]) is typically much larger than the largest block
size (¢ > s™*). Then unfortunately most SDP solvers cannot handle large-
scale SDPs of this form. In our previous work [28], we proposed a remedy
for the particular case of second-order SDP relaxations of equality constrained
POPs on the sphere, by relying on first-order solvers such as LMBM.

Common issues of solving large-scale SDP relaxations. When solving the
second and higher-order SDP relaxations, SDP solvers often encounter the following
issues:

e Storage: The interior-point methods (IPM) are often chosen by users because

of their highly accurate output. These methods are efficient for solving medium-
scale SDPs. However they frequently fail due to lack of memory when solving
large-scale SDPs (say s™** > 500 and ¢ > 2 x 10° on a standard laptop). Then
first-order methods (e.g., ADMM, SBM, CGAL) provide an alternative to IPM
to avoid the memory issue. This is due to the fact that the cost per iteration of
first-order methods is much cheaper than that of IPM.
At the price of losing convexity one can also rely on heuristic methods and
replace the full matrix X in SDP (2] by a simpler one, in order to save memory.
For instance, the Burer-Monteiro method [4] considers a low rank factorization of
X. However, to get correct results the rank cannot be too low [36] and therefore
this limitation makes it useless for the second and higher-order relaxations of
POPs. Not suffering from such a limitation, CGAL not only maintains the
convexity of SDP (I.2) but also possibly runs with implicit matrix X as described
in Remarks [A.7 and

e Accuracy: Nevertheless, first-order methods have low convergence rates com-
pared to the interior-point methods. Their performance depends heavily on the
problem scaling and conditioning. As a result, in solving large-scale SDPs with
first-order methods it is often difficult to obtain results with high accuracy. In
contrast the relative gap of the value returned by first-order SDP solvers w.r.t.
the exact value is usually expected to be less than 1%.

The goal of this paper is to provide a method which returns the optimal value of
the second-order moment SDP-relaxation and which is suitable for a class of large-
scale non-convex QCQPs with CTP. Ideally (i) it should avoid the memory issue, and
(ii) the resulting relative gap of the approximate value returned by this method w.r.t.
the exact value, should be less than 1%.

Contribution. We show that (i) (a large class of) POPs have a very nice constant
trace property and (ii) that this property can be exploited for solving their associ-
ated semidefinite relaxations via appropriate first-order methods. More precisely our
contribution is threefold:

1. In Section we show that if a positive real number belongs to the interior of
every truncated quadratic module associated to the inequality constraints, then
the corresponding POP has CTP. Moreover, we prove that this condition always
holds when a ball constraint is present.



2. In Section [3.3] we provide a linear programming approach to check whether a
POP has CTP. With this approach we prove in Section [3.4] that several special
classes of POPs (including POPs on a ball, annulus, simplex) have CTP.

3. Our final contribution is to handle sparse large-scale POPs by integrating sparsity-
exploiting techniques into the CTP-exploiting framework.

For practical implementation we have provided a software library called ctpPOP. It
consists of modeling each moment SDP-relaxation of POPs as a standard SDP with
CTP and then solving this SDP by CGAL or the spectral method (SM) with nons-
mooth optimization solvers (LMBM or PBM).

In Section 5l we provide extensive numerical experiments to illustrate the efficiency
and scalability of ctpPOP with the CGAL solver. In all our randomly generated POPs
with different sparsity structures, the relative gap of the optimal value provided by
CGAL w.r.t. the optimal value provided by Mosek is below 1%. Because of its very
cheap cost per iteration, CGAL is more suitable for particularly bulky SDPs (such as
moment SDP-relaxations of POPs) than other solvers (e.g. COSMO).

For instance for minimizing a dense quadratic polynomial on the unit ball with
up to 100 variables, CGAL returns the optimal value of the second-order moment
SDP relaxation within 6 hours on a standard laptop while Mosek (considered state-
of-the-art IPM SDP solver) runs out of memory. Similarly, for minimizing a sparse
quadratic polynomial involving thousand variables, with a ball constraint on each
clique of variables, CGAL spends around two thousand seconds to solve the second-
order moment SDP-relaxation while Mosek runs again out of memory. The largest
clique of this POP involves 41 variables.

Classical Optimal Power Flow (OPF) problem without constraints on current mag-
nitudes (as in [I0}I8]) can be formulated as a POP with ball and annulus constraints.
In many instances Shor’s relaxation usually provides the global optimum. However,
for illustration purpose we have compared CGAL and Mosek for solving the second-
order CS-TS relaxation for one instance “case89_pegase__api” from the PGLib-OPF
databasd]. The largest block size and the number of equality constraints of this SDP
are around 1.7 thousand and 8 million, respectively. While Mosek failed because of
memory issue, CGAL still returns the optimal value in 2 days, and with the relative
gap w.r.t. a local optimal value less than 0.6%.

2 Notation and preliminary results

With x = (z1,...,2n), let R[x] stand for the ring of real polynomials and let
¥ [x] € R[x] be the subset of sum of squares (SOS) polynomials. Their restrictions to
polynomials of degree at most d and 2d are denoted by R[x]4 and X[x]4 respectively.
For a = (aa,...,an) € N" let |a| == a1+ + an. Let Nj := {a € N" : |a| <
d}. Let (x*)aenn be the canonical monomial basis of R[x| (sorted w.r.t. the graded
lexicographic order) and v4(x) be the vector of monomials of degree up to d, with
length s(d,n) := (”Id). when it is clear from the context, we also write s(d) instead of
s(d,n). A polynomial p € R[x]4 can be written as p(x) = ZaeNg Pa X = pTvd(x),

where p = (pa) € R*? is the vector of coefficients in the canonical monomial basis.
For p € R[x], let [p] := [deg(p)/2]. For a positive integer m, let [m] := {1,2,...,m}.
The li-norm of a polynomial p is given by the l1-norm of the vector of coefficients p,
that is |p[|1 :== 3 [pa|. Given a € R™, the lz-norm of a is ||al|2 := (a? + - -- +a2)'/?
and the maximum norm of a is ||al|e := max{|a;|: j € [n]}. Given a subset S of real
symmetric matrices, let ST := {X € S : X = 0}. For I C [n], let x(I) := {z; : j € I}
and N} := {a € N% : supp(a) C T}.

Thttps://github.com /power-grid-lib/pglib-opf



Polynomial optimization problem. A polynomial optimization problem (POP)
is defined as

;= inf{f(x) : x€S(g)nV(h)}, (2.3)
where S(g) and V(h) are a basic semialgebraic set and a real variety defined respec-
tively by:

S(g) = {x€R":gi(x)=0,i€[m]}
V(h) = {xe€R": hj(x)=0,ic[l]}, (2.4)

for some polynomials f,g:,h; € R[x] with g := {gi}icim), b = {hj}jep. We will
assume that POP (Z3) has at least one global minimizer.

Riesz linear functional. Given a real-valued sequence y = (Ya)aenn, define
the Riesz linear functional Ly : R[x] — R, f — Ly(f) := >, faYa. Let d be a
positive integer. A real infinite (resp. finite) sequence (Ya)aenn (resp. (Ya)aenn)
has a representing measure if there exists a finite Borel measure p such that y, =
Jan x¥dp(x) for every o € N™ (resp. a € Njj). In this case, (ya)aenn is called be the
moment sequence of u. We denote by supp(u) the support of a Borel measure p.

Moment /Localizing matrix. The moment matrix of order d associated with a
real-valued sequence y = (Yo )aen» and d € N7 is the real symmetric matrix Mg(y)
of size s(d), with entries (ya+p)a,senn. The localizing matrix of order d associated
with ¥y = (Ya)aenn and p = 3° pya” € R[x], is the real symmetric matrix Ma(py) of
size s(d) with entries (3_ Pyyy+a+s)a,seny.

Quadratic module. Given g = {g; : i € [m]} C R[x], the quadratic module
associated with g is defined by Q(g) := {00 + > ;c(,, 0igi : 00 € Z[x], 07 € X[x]},
and for a positive integer k, the set Qx(g) := {00 + Zie[m] 0igi : 00 € XXk, 04 €
E[x]k—1g,1} is the truncation of Q(g) of order k.

Ideal. Given h = {h; : i € [[]} C R[x], the set I(h) := {3,y ¥sh; : ¥ € Rix]}
is the ideal generated by h, and the set Ix(h) :={>_ ;e ¥ihs : ¥j € R[x|ogern;7)} is
the truncation of I(h) of order k.

Archimedeanity. Assume that there exists R > 0 such that R — ||x]|3 € Q(g) +
I(h). As a consequence, S(g) NV (h) C Bg, where Bg := {x € R" : ||x|2 < VR}. In
this case, we say that Q(g) + I(h) is Archimedean [24].

The Moment-SOS hierarchy [22]. Given a POP (23), consider the follow-
ing associated hierarchy of SOS relaxations indexed by k € NZFmin with kmpin =

max{[f1, {[gi1}ictmp, {hi1}iem}:
pri=sup{{ €R : f—¢§€Qr(g)+Iu(h)}. (255)
For each ¢ € ¥[z]4, there exists G > 0 such that ¢ = vjGvg. Thus for each
k € N=Fmin ([@23F) can be rewritten as an SDP:
G; =0, f—¢t=v.Govy
pe= sup (& D icim IVi—191 GiVh-[g] ¢ - (2.6)
SEe + X e haVaie-ra; W
For every k € NZFmin | the dual of (Z6) reads as
Mi(y) =0, 90 = 1

T = irsl(f%) Ly(f) My, —14,1(9i y) = 0,4 € [m] . (2.7)
yeR M —n;1(hj y) =0, 7 €[]



If Q(g) +V(h) is Archimedean, then both (pr), c>kmin a0 (Tk)j cy>kmin CONVerge
to f*. For details on the Moment-SOS hierarchy and its various applications the
interested reader is referred to [24].

3 Exploiting CTP for dense POPs

This section is devoted to developing a framework to exploit CTP for dense POPs.
We provide a sufficient condition for a POP to have CTP, as well as a series of linear
programs to check whether the sufficient condition holds. In addition we show that
several special classes of POPs have CTP.

3.1 CTP for dense POPs

First let us define CTP for a POP. To simplify notation, for every k € NZFmin
denote by Sk the set of real symmetric matrices

- of size s 1= s(k) + 3¢y s(k — [gi),

- in a block diagonal form X = diag(Xo, ..., Xm), and such that

- Xo (resp. X;) is of size s(k) (resp. s(k — [g:]) for 7 € [m]).

Letting Dy (y) := diag(M(y), My—1g,1(91¥); - - - - My —1g,,1(gmy)), SDP @) can
be rewritten in the form:

. Dk(y)€$+7y0:17
= f L k . . 3.8
Tk yel]RI:(Zk-) { y(f) ‘ Mk—(hi] (hzy) = O7 1€ [l] ( )

Definition 3.1. (CTP for a POP) We say that POP (23] has CTP if for every
k € N2Pmin | there exists ar, > 0 and a positive definite matriz Py € Sy such that for
ally € R3?F),

My_rn(hiy) =0, i€ []],

Yo =1 } = trace(PyDy(y)Pr) = ar . (3.9)

In other words, we say that POP (Z3]) has CTP if each moment relaxation (B.8])
has an equivalent form involving a psd matrix whose trace is constant. In this case,
we call ar the constant trace and P the basis transformation matrix. In the next
subsection, we provide a sufficient condition for POP (23] to have CTP.

Example 3.2. (CTP for equality constrained POPs on a sphere [28]) If g = 0 and
h1 = R—||x||3 for some R > 0, then POP Z3) has CTP with a, = (R+1)* and Py, :=
diag((@ig)aeNg), where (Ok,a)aeny C R>Y satisfies (1+||x]|3)* = ZaeNg O x>, for
all k € NZFmin,

We now provide a general method to solve a POP with CTP. We first convert the
k-th order moment relaxation ([B.8]) of this POP to a standard primal SDP problem
with CTP and then leverage appropriate first-order algorithms that exploit CTP to
solve the resulting SDP problem.

Suppose POP (23) has CTP. For every k € NZFmin letting X = P,Dy(y)Px,
(B8] can be rewritten as

Tk = inf+{<Ck,X> : AkX = bk}, (310)

Xes;

where Ay, : S, — R* is a linear operator such that A X = ((Ag,1,X), ..., {(Arc,, X))
with Ag; € Sk, @ € [Ck], Ck € Sk and by € R . Appendix [A-41] describes how to
convert SDP ([B.8)) to the form BI0)).



The dual of SDP [BI0) reads as

pr= sup {biz: A z—Cye S}, (3.11)
ZERCk
where A; : RS* — Sy, is the adjoint operator of Ay, i.e., Aj z = Zie[ck] 2i Ak ;.

After replacing (Ak, Ak, bi, Ck, Sk, Ck, Sk, Tk, pr, ax) by (A, A, b, C,S,(, s, 7, p,a),
the primal-dual (3I0)-(@3II) has an equivalent formulation as the primal-dual (I36])-
([L3D); see also Appendix [A2ZT] with w = m + 1 and s™** = s(k).

Then two first-order algorithms (CGAL and SM) are leveraged for solving the
primal-dual ([36)-(L37); see Appendix [A:2.1] and Appendix [A37]

3.2 A sufficient condition for a POP to have CTP

In this section, we provide a sufficient condition for POP (23] to have CTP.

For k € N2Fmin let Q% (g) be the interior of the truncated quadratic module Qx(g),
ie., QR(9) = {vi GoVi + X icpn 9iVio 14,1 GiVi—[g,1 + Gi = 0, i€ {0}U[m]}.
Theorem 3.3. The following statements hold:

1. If one the following equivalent conditions hold for all k € NZFmin

R CQi(9) +Ix(h) & V¥5>0, € Q(g)+ Ix(h)
& 1€Qkr(g)+ Ix(h), (3.12)
then POP ([2Z3) has CTP, as in Definition [3 1]

2. Assume that h =0 and S(g) has nonempty interior. Then POP (23] has CTP
if and only if
R>° C Qu(g), Vk € N=Fmin (3.13)

The proof of Theorem B3] is postponed to Appendix [A5]
The following lemma will be used later on.

Lemma 3.4. Let R > 0. For all k € NZ!, one has

k-1
(R+1)" = (14 [xI3)" + (R = Ix[3) D (R+1)7(1+ |Ix[3)* 7" (3.14)

7=0
Proof. Let k € N=!. Letting a = R+ 1 and b= 1+ ||x||3, the desired equality follows
fromak—bkz(a—b)ng albF1=I, |

The next result states that the sufficient condition in Theorem [3.3] holds whenever
a ball constraint is present in the POP’s description. For a real symmetric matrix A,
denote the largest eigenvalue of A by Amax(A).

Theorem 3.5. If R — ||x||3 € g for some R > 0 then the inclusions B13) hold and
therefore POP (23)) has CTP.

Proof. Without loss of generality, set g := R — ||x||3 and let k € NZFmin be fixed. By
LemmaBd (R+1)* = © 4+ gmA, where © := (14 ||x||3)* and A := Zk 1(R+ 1)7 (14
[Ix/|2)*=7=*. Note that:

2 T >0,
e O= ZQENZ 0ax* = v, Govy, for some (0a)aenr € R7Y;

_ 20 __ T >0
o A= ZaeNLl Aax“Y = vi_1 Gy vE—1 for some ()‘a)aEN’,;,l C R7".



Here Go = diag((0a)acny) and G = diag((Aa)aeny ) are both positive definite. Then
we have (R + 1)’c = V;Govk + gmva_levk_l. Denote by I the identity matrix of
size s(t) for ¢t € N.

Let W be a real symmetric matrix such that Zie[m—l] giv,:_ (g”Ik,(g”vk,rg” =
vaWVk. Since Go = 0, there exists § > 0 such that Go — §W = 0. Indeed,

Go— W = 0 I = 6G; P°WG, % & 1> 0dmax (G /WG, ?),  (3.15)
yielding the selection § = 1/(|Amax(Gy /*WGg /)| + 1). Then

(R+1)" =vi(Go=dW)vi +8 > giVi gLk 16:1Ve—g1 + 9mVi-1GmVi-1,

i€[m—1]
which implies (R + 1)¥ € Q%(g), which in turn yields the desired conclusion. |

The next result is a consequence of Theorem 3.5l Its states that if a POP has a ball
constraint then the corresponding Moment-SOS relaxations satisfy Slater’s condition.

Corollary 3.6. Assume that R — ||x||3 € g for some R > 0. Then Slater’s condition
holds for SDP (26 for all k > kmin. As a consequence, strong duality holds for the
primal-dual (Z8)-Z7) for all k > kmin.-

Proof. Tt suffices to prove that SDP (2.6]) has a strictly feasible solution for all k& > Kmin.
Let k > kmin be fixed. By [29] Proposition 5.8], there exist o9 € X[X]k, 0 € L[X]r—1
and A € R such that f + X\ = oo+ (R — ||x||3)o. Thus f + X € Qx(g). By Theorem B3]
1 € Q7 (g) and therefore f + 1+ A € Qr(g), which yields the desired conclusion. O

Remark 3.7. From the proofs of Theorem and Theorem [T.3, the constant trace
ar and the basis transformation matriz Py, (Definition[31]) can be taken as

ar = (R+1)" and Py = diag((Go — 6W)"* V6T rgp,. . VoLiopg,, 17, Gol?).

However, this choice has poor numerical properties. In the next section we provide a
series of linear programs (LPs) inspired from the inclusions [B12), to obtain the con-
stant trace ax and the basis transformation matriz Py which achieve a better numerical
performance.

3.3 Verifying CTP for POPs by solving linear programs

For any k € N=*min let ), be the set of real diagonal matrices of size s(k) and
consider the following LP:

Go —1Io 63;7 G; - I; ng_mﬂ , 1€ [m],
inf f f = V;G()Vk -+ ZiE[m] gwl, [:1 Gin,(gi" s (316)
§,Gj,uy o
+2jen havag-ra, W

where I; is the identity matrix for ¢ € {0} U [m].

Lemma 3.8. If LP ([BI8) has a feasible solution (£, Gk, 0, 1) for every k € NZFmin,
then POP (Z3) has CTP with ax = & and Py, = diag(Gy/7,...,G/%).

’ m,k
The proof of Lemma [3.8] is similar to that of Theorem B3] with ax = & and
Gi =G, i € {0} U[m].
Since small constant traces are highly desirable for efficiency of first-order algo-

rithms (e.g. CGAL), we search for an optimal solution of LP (3I€]) instead of just a
feasible solution.
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Remark 3.9. One can extend the classes of diagonal matrices Sy, S’k,rg” in (BI6)
to obtain a smaller constant trace. For instance, one can define S, S’;c_[gﬂ to be
the classes of symmetric block diagonal matrices with block size 2. As shown in [38,
Lemma 4.3], BI6]) then becomes a second-order cone program (SOCP) which can be
also efficiently solved.

3.4 Special classes of POPs with CTP
In this section we identify two classes of POPs whose CTP can be verified by LP

B.16).

3.4.1 POPs with ball or annulus constraints on subsets of variables

Consider the following assumption on the inequality constraints of POP (2.3]).

Assumption 3.10. There exists a nonnegative integer r < m/2 and

e R, >R, >0,T; Cn] foricr];

e R; >0, T; Cn forj € [m]\[2r]
such that
(1) (Uiein i) U (Ujepmp2r T5) = [n];

(2) gi = |x(T)|13 = R;, givr := Ri — |x(T3)|3 fori € [r];
(3) g; = R; — |x(T})I3 for j € [m]\[2r].

Notice that if Assumption BI0lholds then POP (23] has r annulus constraints and
(m—2r) ball constraints on subsets of variables. Moreover, Q(g)+1(h) is Archimedean
due to (1) in Assumption BI01
Example 3.11. Assumption [T10 holds in the following cases:

(1) m=1,r=0 and g1 := R1 — ||x||3, i.e., S(g) is a ball;
(2) m=mn,r=0and g; .= R; — a2 fori € [n], i.e., S(g) is a box;
(3) m=2,r=1and g1 := |x||3 — R,, g2 := R1 — ||x||3 (R1 > R, > 0), i.e., S(g) is

an annulus.

Proposition 3.12. If Assumption [Z10 holds then LP (B3I8) has a feasible solution
for every k € NZ*min qnd therefore POP (Z3) has CTP.

The proof of Proposition [3.12]is postponed to Appendix [A.6l

3.4.2 POPs with inequality constraints of equivalent degree
We say that polynomials p1,...,p: are of equivalent degree if [pi] =--- = [p¢].

Assumption 3.13. Let m > 3 and {gj}jcim—2) be of equivalent degree. L > 0 and

R > 0 are such that gm-1=L— >, g; and gm = R— ||XH§
jE[m—2]

Proposition 3.14. If Assumption [313 holds then LP ([B18) has a feasible solution
for every k € NZ*min qnd therefore POP (Z3) has CTP.

Example 3.15. Let R, L > 0 satisfy R > L? and

m=n+2,¢g =1z fori € [n], gnt1 =L — Z z; and gnie = R—|x||3. (3.17)
1€[n]

Then Assumption [313 holds and S(g) is a simplez.

11



When S(g) is compact, we can always reformulate POP (23] such that Assumption
B3] holds. Suppose S(g) C Bgr for some R. Let u = max;cm[g:]. Set §i :=
gi(1 + |Ix[|3)*~ 191 for i € [m]. Let L be a positive number such that e 9i <L
on S(g). Set gm+1:=L — Zie[m] Gi and Gm42 == R — ||x]|3.

Remark 3.16. For the latter case, one can choose any positive number L > (R +
D> icim l19ill1- Indeed, for any z € S(g), and since lz||3 < R:

2% = ] 12:1% < TT A+ 11202)% = (1 + ||2]3)'*V* < (1 + R)", Va € Nz,
i€[n] i€[n]

This implies that for every i € [m],

Giz) < 1+R)“ 3T gallz®| < (14 R (R+1) 190 |gi|ly = (14 R)"||gills -
@€NFrg 1

Thus we have ey 35 < (1+ B)" Siepy lills on S(9):

Corollary 3.17. With the above notation, S(gU{gm+1, gm+2}) = S(g) and LP (3.I6)
has a feasible solution when replacing g by g U {Gm+1,Gm+2} for each k € NZFmin - Ag
a result, POP (23)) is equivalent to the new POP

= inf{f(x) : x € S(gU{Gmt1,Tm+2}) NV (R)} (3.18)
which has CTP.

The proof of Corollary 317 is postponed to Appendix [A8]

In case where POP (23) does not have CTP and S(g) is compact, Corollary B17]
provides a way to construct an equivalent POP by including two additional redundant
constraints. Then CTP of this new POP can be verified by LP.

3.5 Main algorithm
Algorithm [I] below solves POP (23] whose CTP can be verified by LP.

Algorithm 1 SpecialPOP-CTP

Input: POP Z3) and a relaxation order k € N=Fmin
Output: The optimal value 7, of SDP (BI0)
1: Solve LP (BI€) with an optimal solution (§x, Gik, w;,x);
2: Let a = & and Py = diag(Gy/7, ..., GI/%);
3: Compute the optimal value 7, of SDP (Bj:(II) by running an algorithm based on
first-order methods, and which exploits CTP ;

Examples of algorithms based on first-order methods and which exploit CTP are
CGAL (Algorithm Blin Appendix[A2.]) or SM (Algorithm [l in Appendix [A.3.T]).

4 Exploiting CTP for POPs with CS

In this section, we extend the CTP-exploiting framework to POPs with sparsity.
For clarity of exposition we only consider correlative sparsity (CS). However, in Ap-
pendix [AT] we also treat term sparsity (TS) [39] as well as correlative-term sparsity
(CS-TS) [41]. Since the methodology is very similar to that in the dense case described
earlier, we omit details and only present the main results.

To begin with, we recall some basic facts on exploiting CS for POP (23) initially
proposed in [33] by Waki et al.

12



4.1 POPs with CS

For o« € N", let supp(a) := {j € [n] : a5 > 0}. Assume I C [n]. Given
y = (ya)aeNg7 the moment (resp. localizing) submatrix associated to I of order d
is defined by Ma(y, I) := (Ya+5)a,pent, (resp- Ma(qy, I) := (32, ¢1Ya+6++)a,pent for
q € R[z(I)]). Let v} := (x%)qenz with length s(|1],d) := (‘I‘:d)A

Assume that {I;};cp (with n; := |I;]) are the maximal cliques of (a chordal
extension of) the correlative sparsity pattern (csp) graph associated to POP (2Z3)), as
defined in [33].

Let {Jj}jerp (resp. {W;}jcrp) be a partition of [m] (resp. [I]) such that for all
i € Jj, gi € Rlz(ly)] (resp. ¢ € Wy, hy € Rlz(L;)]), j € [p]. For each j € [p], let
mj = |Jj|7 lj = |WJ| and gJ; = {gi RS Jj}7 th = {hZ NS Wj}A Then Q(g,]].)
(resp. I(hw;)) is a quadratic module (resp. an ideal) in R[z(I;)], for j € [p].

For each k € NZFmin  consider the following sparse SOS relaxation:

e i=sup L& foge S (Qulgs,) + Inlhw,)) b - (4.19)

J€[p]
It is equivalent to the SDP:

ng) 507ie{0}u‘]j7je[p]7
I; j I;
f=8=2cw ((ij)TG(()J)VkJ

= swp (¢ . _ (4.20)
£GP ul® +2ies, 9i(viry0) GV gy
i I .
+ Zz‘ewj h,'(VQJ(k_MH))Tul(J)
The dual of ([@20) reads:
My(y, I;) =0, j€[p], yo = 1.
7—,55 = inf Ly(f) Mk,rg” (gi y,Ij) >~ O, 1€ Jj s ] € [p] s . (4.21)

s(2k) . .
yeR My_tp;1(hiy, I;) =0,i€ Wy, j € [p]

It is shown in [23] Theorem 3.6] that convergence of the primal-dual ([@20])-(@2T])
to f* is guaranteed if there are additional ball constraints on each clique of variables.

4.2 Exploiting CTP for POPs with CS

Consider POP (Z3) with CS described in Section Il For every j € [p] and
for every k € NZFmin letting Dy (y, ;) := diag(Mi(y, I;), (Mk,rgi](giy,Ij))iejj) for
y € R*® SDP [@ZI)) can be rewritten as

cs ; Di(y,I;) =0,j5€[p],y0 =1, }
:= inf L f . . 4.22
E yeR:(2k) { v(f) ‘ My._n(hiy, ;) =0,i€ W, j € [p] (4.22)
We define CTP for POP with CS as follows.

Definition 4.1. (CTP for a POP with CS) We say that POP (2.3) with CS has CTP
if for every k € NZ*min gnd for every j € [p], there exists a positive number a,(j) and

a positive definite matrix P,(Cj) € S such that for ally € RS(%),

My (hiy, I;) =0,i€ Wy,

o =1 } = trace(P,(cj)Dk(y, Ij)P](Cj)) = ag) . (4.23)
0 =

The following result provides a sufficient condition for a POP with CS to have
CTP.
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Theorem 4.2. Assume that there is a ball constraint on each clique of variables, i.e.,
Y j € pl, Rj — |x(I;)|I5 € g for some R; > 0. (4.24)

Then one has R”° C Qr(94;), for allk € N=kmin gnd for all j € [p]. As a consequence,
POP 23) has CTP.

The proof of Theorem being very similar to that of Theorem by considering
each clique of variables, is omitted.

Again by considering each clique of variables, the following result can be obtained
from Theorem in the same way Corollary was obtained.

Corollary 4.3. If [@24) holds then Slater’s condition for SDP ([E20) holds for all
k € NZFmin

We are now in position to provide a general method to solve POPs with CS which
have CTP.

Consider POP (2.3) with CS described in Section @]l Assume that POP (23] has
CTP and let k € NZFmin be fixed. For every j € [p], we denote by S; 1. the set of real
symmetric matrices of size s(k,n;) + Zier s(k — [gi],n;) in a block diagonal form:
X = diag(Xo, (Xi)ie,zj) such that Xo is a block of size s(k,n;) and X; is a block of
size s(k — [gi],n;) for i € J;.

Letting , )

X; =PV Du(y, [))PY, j € [n], (4.25)

SDP ([£.22) can be rewritten as:

o= inf > (CXy) s > AxX;=bk, jEp] (4.26)

. +
X5€57n | jelp) j€lp]

where for every j € [p], Ajk : Sjx — R is a linear operator of the form A; ;X =

(A k1, X) 5 o, (Ajkc, X)) with Aj ks € Sjik, ¢ € k], Cjk € Sjk, § € [p] and

by € R%. See Appendix[AZ2 for the conversion of SDP [@2Z) to the form [EZE).
The dual of SDP ([£26]) reads as:

o7 = sup {bly s Ay~ CireSfiiell}. (4.27)
yeR

where A, : RS — S, is the adjoint operator of A, ie., A,z = >icie Zilik.i,
§ € [p]. By Definition ET} it holds that for every k € N=Fmin,

VX; €8k, i€ lp] } G
’ = trace(X;) = a,”’ , j € [p]. 4.28

Zje[p] A;j X, = by (X5) i 7€l ( )

After replacing (Aj .k, Aj ki, bi, Cji Sje, Gy 78, ) by (Aj, Aij, b, Cj,85,¢, 7, a5),
SDP ([@.26) then becomes SDP (39); see Appendix [A.2.2] with w; = m; + 1 and
™Y = max;ep s(k,nj).

If there is a ball constraint on each clique of variables then by Corollary 3] strong
duality holds for the pair [@26)-(@2T), for every k € N=Fmin,

The two algorithms (CGAL and SM) based on first-order methods are then lever-
aged to solve the primal-dual (£26)-(@.21); see Appendix [A.2.2] and Appendix [A.3.2]
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4.3 Verifying CTP for POPs with CS via LP

As in the dense case, we can verify CTP for a POP with CS via a series of LPs.
For every k € NZ"min and for every j € [p], let Sk,; be the set of real diagonal
matrices of size s(k,n;) and consider the following LP:

Go—IoGSA':’J-,Gi—IiGSJ_M_Wj,iGJj7
. I; I; [7' ’ I
inf <& £=(v))) Govy + Zier gi(vkj—[m)TGivkj—[gﬂ ) (4.29)

&Gy I, T
+ Ziewj hi(Valk—rn,7)) Wi
where I; is the identity matrix, for every i € {0} U J;.

Lemma 4.4. Let POP ([Z3) with CS be described in Section[f.1] If LP @29) has a
feasible solution «5(1)7 G(.J)7 ul?) , for every k € N2Fmin and for every j € [p], then POP
k i,k i,k
@3) has CTP with P;cj) = diag(Géf, (G,}y/lf)ie.li) and aéj) = fl(j), for k € NZFmin gng
for j € [pl.
The proof of Lemma 4] is similar to that of Lemma 3.8

For instance, for POPs with ball or annulus constraints on subsets of each clique
of variables, CTP can be verified by LP.

Proposition 4.5. Let POP (Z3)) with CS be described in Section[{.1. Let (T%)ic[rju(im\[2r])
be as in Assumption [Z10 and further assume that for every j € [pl, (Uges;nrTy) U

(Uges\2rTq) = I;. Then LP @29) has a feasible solution for every k € N=kmin - gnd
therefore POP (2Z3]) has CTP.

The proof of Proposition is postponed to Appendix [A.9l

4.4 Main algorithm

Algorithm 2] below solves POP (Z3]) with CS and whose CTP can be verified by
LP.

Algorithm 2 SpecialPOP-CTP-CS
Input: POP (Z3) with CS and a relaxation order k € NZFmin
Output: The optimal value 7° of SDP (£.20)

1: for j € [p] do

2 Solve LP ([£29) to obtain an optimal solution ({,(Cj), ng,z, ugj,z),
3 Letay) = ¢ and PY) = diag((GY))"2,...,(GY),)"?);
4

m,k
: Compute the optimal value 75° of SDP ([@26]) by running an algorithm based on
first-order methods and which exploits CTP.

In Step 4 of Algorithm [ the two algorithms CGAL (Algorithm M in Appendix
[A22] or SM (Algorithm [B] in Appendix [A.3.2)) are good candidates.

5 Numerical experiments

In this section we report results of numerical experiments obtained by solving
the second-order Moment-SOS relaxation of various randomly generated instances of
QCQPs with CTP. The experiments are performed in Julia 1.3.1 with the following
software packages:

e SumOfSquare [43] is a modeling library for solving the Moment-SOS relaxations
of dense POPs, based on JuMP (with Mosek 9.1 used as SDP solver).
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Table 3: The notation

n the number of variables of a POP

m the number of inequality constraints of a POP

l the number of equality constraints of a POP

utex the largest size of variable cliques of a sparse POP

P the number of variable cliques of a sparse POP

k the relaxation order of the Moment-SOS hierarchy
the sparse order of the sparsity adapted Moment-SOS hierarchy (for TS

t
and CS-TS)

w the number of psd blocks in an SDP

smax the largest size of psd blocks in an SDP

¢ the number of affine equality constraints in an SDP

a™* the largest constant trace

Mosek the SDP relaxation modeled by Sum0fSquares (for dense POPs) or TSS0S
(for sparse POPs) and solved by Mosek 9.1

CGAL the SDP relaxation modeled by our CTP-exploiting method and solved
by the CGAL algorithm

LMBM the SDP relaxation modeled by our CTP-exploiting method and solved
by the SM algorithm with the LMBM solver

val the optimal value of the SDP relaxation
the relative optimality gap w.r.t. the value returned by Mosek, i.e.,

£ap gap = |val — val(Mosek)|/|val(Mosek)|

time the running time in seconds (including modeling and solving time)

- the calculation runs out of space

e TSS0S [39H41] is a modeling library for solving Moment-SOS relaxations of sparse
POPs based on JuMP (with Mosek 9.1 used as SDP solver).

e LMBM solves unconstrained non-smooth optimization with the limited-memory
bundle method by Haarala et al. [I1,[12] and calls Karmitsa’s Fortran imple-
mentation of the LMBM algorithm [20].

e Arpack [27] is used to compute the smallest eigenvalues and the corresponding
eigenvectors of real symmetric matrices of (potentially) large size, which is based
on the implicitly restarted Arnoldi method.

The implementation of algorithms [I] and [2] is available online via the link:
https://github.com/maihoanganh/ctpPOP.

We use a desktop computer with an Intel(R) Core(TM) i7-8665U CPU @ 1.9GHz
x 8 and 31.2 GB of RAM. The notation for the numerical results is given in Table Bl

For the examples tested in this paper, the modeling time of Sum0fSquares, TSSOS
and ctpPOP is typically negligible compared to the solving time of the packages Mosek,
CGAL, and LMBM. Hence the total running time mainly depends on the solvers and
we compare their performances below. As mentioned in the introduction, the current
framework differs from our previous work [28], where we exploited CTP for equality
constrained POPs on a sphere, which could be solved by LMBM efficiently. The reason
is that the SDP relaxations of such equality constrained POPs involve a single psd
matrix. For the benchmarks of this section, we consider POPs involving ball/annulus
constraints, so the resulting relaxations include several psd matrices. Our numerical
experiments confirm that for such SDPs, LMBM returns inaccurate values while CGAL
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Table 4: Numerical results for minimizing a dense quadratic polynomial on a unit
ball

e POP size: m =1, | = 0; Relaxation order: k = 2; SDP size: w = 2, a™* = 3.

POP size SDP size Mosek CGAL LMBM

n gmax ¢ val time val time val time
10 66 1277 -2.2181 0.3 -2.2170 0.2 -2.2187 0.3
20 231 16402 -3.7973 4 -3.7947 0.6 -3.7096 7
30 496 77377 -3.6876 | 3474 | -3.6858 104 -3.8530 59
40 861 236202 — — -4.1718 33 -4.7730 179
50 1326 | 564877 - — -6.3107 | 1007 -7.3874 139
60 1891 | 1155402 — — -6.5326 1085 -7.4733 674
70 2556 | 2119777 — — -7.3379 | 1262 -9.5223 | 1486
80 3321 | 3590002 - — -7.9559 | 4988 | -10.0260 | 1241
90 4186 | 5718077 - - -7.3425 | 5187 -9.4477 | 5313
100 5151 | 8676002 — — -7.7374 | 22451 -10.684 5355

(without sketching) performs better for this type of SDP in terms of accuracy and
efficiency.

5.1 Randomly generated dense QCQPs with a ball con-
straint

Test problems: We construct randomly generated dense QCQPs with a ball con-
straint as follows:

1. Generate a dense quadratic polynomial objective function f with random coef-
ficients following the uniform probability distribution on (—1,1).

2. Let m =1and g1 :=1— ||x||3;
3. Take a random point a in S(g) w.r.t. the uniform distribution;
4. For every j € [l], generate a dense quadratic polynomial h; by

(i) for each o € N3\{0}, taking a random coefficient h; for h; in (—1,1)
w.r.t. the uniform distribution;

(ii) setting hjo := — ZaeNg\{o} hjaa®.
Then a is a feasible solution of POP (23)).
The numerical results are displayed in Table ] and

Discussion: As one can see from Tabledland[B CGAL is typically the fastest solver
and returns an optimal value of gap within 1% w.r.t. the one returned by Mosek when
n < 30. Mosek runs out of memory when n > 40 while CGAL works well up to
n = 100. We should point out that LMBM is less accurate or even fails to converge
to the optimal value when n > 20. The reason might be that LMBM only solves the
dual problem and hence looses information of the primal problem.
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Table 5: Numerical results for randomly generated dense QCQPs with a ball con-
straint

e POP size: m = 1, Il = [n/4]; Relaxation order: k = 2; SDP size: w = 2,

a™™ = 3.
POP size SDP size Mosek CGAL LMBM
n l smax ¢ val time val time val time

10 3 66 1475 -2.0686 1.7 | -2.0674 | 0.8 | -2.0874 0.3
20 5 231 17557 -3.0103 61 -3.0075 7 -3.0750 18
30 8 496 81345 -3.3293 | 4573 | -3.3249 80 -3.6863 123

40 10 861 244812 — — -4.6977 | 194 | -5.3488 488
50 13 1326 | 582115 - — -4.2394 | 951 | -6.1325 837
60 15 1891 | 1183767 - — -5.7793 | 1387 | -7.5718 | 3781
70 18 | 2556 | 2165785 — — -6.1278 | 4335 | -8.1181 | 15854

Table 6: Numerical results for minimizing a dense quadratic polynomial on an annulus

e POP size: m = 2, | = 0; Relaxation order: k = 2; SDP size: w = 3, a™** = 4.

POP size SDP size Mosek CGAL LMBM
n gmax ¢ val time val time val time
10 66 1343 -3.0295 0.5 -3.0278 1 -3.0311 0.8
20 231 16633 -3.6468 69 -3.6458 5 -3.7814 16
30 496 77873 -3.9108 | 2546 | -3.9079 9 -3.8941 51
40 861 237063 — — -4.7469 28 -6.9780 119
50 1326 566203 - — -6.4170 112 -11.1028 258
60 1891 | 1157293 - — -5.5841 226 -9.2142 473
70 2556 | 2122333 — — -7.9325 730 -12.7862 | 1669
80 3321 | 3593323 - — -7.6164 | 1355 | -10.068 317
90 4186 | 5722263 — — -8.1900 | 3563 | -12.439 | 8751

5.2 Randomly generated dense QCQPs with annulus con-
straints

Test problems: We construct randomly generated dense QCQPs as in Section 5.1
where the ball constraint is now replaced by annulus constraints. Namely, in Step 2 we
take m = 2, g1 := ||x||3 — 1/2 and g2 := 1 — ||x||3. The numerical results are displayed
in Table [6] and [71

Discussion: Same remarks as in Section [5.11

5.3 Randomly generated dense QCQPs with box constraints

Test problems: We construct randomly generated dense QCQPs as in Section [5.1]
where the ball constraint is now replaced by box constraints. Namely, in Step 2 we
take m =n, g; == —a7 + 1/n, j € [n].

The numerical results are displayed in Table § and
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Table 7: Numerical results for randomly generated dense QCQPs with annulus con-
straints

e POP size: m = 2, | = [n/4]; Relaxation order: k = 2; SDP size: w = 3,

a™ = 4.

POP size SDP size Mosek CGAL LMBM

n l gmax ¢ val time val time val time
10 3 66 1541 -2.7950 0.5 -2.7934 2 -2.7829 7
20 5 231 17788 -3.5048 95 -3.5027 10 -4.4491 46
30 8 496 81841 -3.3964 | 4237 | -3.3937 45 -4.9592 | 111
40 10 861 245673 — — -4.6573 140 | -6.7683 648
50 13 1326 583441 — — -3.8236 | 437 | -6.9930 519
60 | 15 | 1891 | 1185658 — — -4.5246 | 1076 | -7.5845 | 2917
70 18 2556 | 2168341 — — -6.2924 | 4783 | -9.6145 | 2644

Table 8: Numerical results for minimizing a dense quadratic polynomial on a box

e POP size: m = n, | = 0; Relaxation order: k = 2; SDP size: w = n + 1,

a

max:3

POP size SDP size Mosek CGAL LMBM
n gmax ¢ val time val time val time
10 66 1871 -2.7197 0.5 -2.7189 1 -2.7327 0.7
20 231 20791 -3.3560 98 -3.3501 57 -4.2987 18
30 496 91761 -4.6372 | 5150 | -4.6242 285 -5.8805 156
40 861 269781 — — -4.5788 409 -6.5857 188
50 1326 | 629851 — — -4.2313 | 2083 | -6.6163 | 323
60 1891 | 1266971 — — -4.0135 5525 -6.5792 814
70 2556 | 2296141 — — -5.4019 | 15172 | -8.7669 | 1434

Table 9: Numerical results for randomly generated dense QCQPs with box constraints

e POP size: m = n, Il = [n/7]; Relaxation order: k = 2; SDP size: w = n + 1,

al’IlaX — 3.

POP size SDP size Mosek CGAL LMBM

n l smax ¢ val time val time val time
10 2 66 2003 -1.8320 0.6 -1.8321 3 -1.9692 4
20 3 231 21484 -3.1797 175 -3.1781 106 -4.0216 29
30 5 496 94241 | -2.2949 | 6850 | -2.2982 | 528 | -3.9900 | 152
40 6 861 274947 — — -3.8651 933 | -6.1379 298
50 8 1326 | 640459 — — -3.6267 | 6159 | -6.3651 | 1494
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Table 10: Numerical results for minimizing a dense quadratic polynomials on a sim-
plex

e POP size: m = n+ 2, [ = 0; Relaxation order: k = 2; SDP size: w = n + 3,

a™ = 5.
POP size SDP size Mosek CGAL LMBM
n gmax ¢ val time val time val time
10 66 2003 -1.9954 | 0.3 | -1.9950 7 -2.2800 27
20 231 21253 | -1.5078 58 -1.5055 | 116 | -2.7237 32
30 496 92753 -2.0537 | 2804 | -2.0480 377 -3.3114 917
40 861 | 271503 — — -2.3034 | 950 | -4.0971 577
50 1326 | 632503 - — -1.8366 | 9539 | -4.0541 | 13700

Table 11: Numerical results for randomly generated dense QCQPs with simplex con-
straints

e POP size: m =n+ 2, = [n/7]; Relaxation order: k = 2; SDP size: w =n+ 3,

a™** =5,

POP size SDP size Mosek CGAL LMBM

n l gmax ¢ val time val time val time
10 2 66 2135 -1.0605 | 0.4 | -1.0606 176 -2.2338 2
20 3 231 21946 -1.6629 72 -1.6628 512 -3.3538 93
30 5 496 95233 -1.0091 | 6206 | -1.0249 1089 -2.9425 100
40 6 861 | 276669 - — -0.3256 | 2314 | -2.9564 | 4431
50 8 1326 | 643111 - — -1.4200 | 10035 | -5.4284 | 1310

Discussion: We observe similar behaviors of the solvers as in Section [l The
important point to note here is that solving a QCQP with box constraints is less
efficient than solving the same one with ball constraints. This is because the efficiency
of CGAL depends on the number of psd blocks involved in SDP. For instance, when
n = 50, CGAL takes around 1000 seconds to solve the second-order moment relaxation
of a QCQP with a ball constraint while it takes around 2100 seconds to solve this
relaxation for a QCQP with box constraints.

5.4 Randomly generated dense QCQPs with simplex con-
straints

Test problems: We construct randomly generated dense QCQPs as in Section[5.7]
where the ball constraint is now replaced by simplex constraints. Namely, in Step 2
we take g such that (3I7) holds with L = R = 1. The numerical results are displayed
in Table [0l and 11

Discussion: Again we observe a behavior of the solvers similar to that in Section
51l One can also see that solving a QCQP with simplex constraints by CGAL is
significantly slower than solving the same one with box constraints. For instance,
when n = 50, CGAL takes 2100 seconds to solve the second-order moment relaxation
for a QCQP with box constraints while it takes 9500 seconds with simplex constraints.
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Table 12: Numerical results for minimizing a random quadratic polynomial with TS
on the unit ball

e POP size: m = 1, [ = 0; Relaxation order: k = 2; Sparse order: ¢t = 1; SDP
size: w =4, a™** = 3.

POP size SDP size Mosek CGAL LMBM
n gmax ¢ val time val time val time
10 56 937 -1.5681 4 -1.5527 | 0.7 | -1.5711 | 0.07
20 211 13722 -2.4275 36 -2.3996 1 -2.7301 0.6
30 466 68357 -3.0748 | 1930 | -3.0577 8 -3.5188 8
40 821 214842 — — -3.6999 20 -4.9033 40
50 1276 523177 — — -4.1603 128 | -5.3416 59
60 1831 | 1083362 — — -4.1914 655 | -5.6983 303
70 2486 | 2005397 — — -4.9578 | 1461 | -7.1968 | 1040
80 3241 | 3419282 — — -5.6452 | 7253 | -7.9133 | 5759

5.5 Randomly generated QCQPs with TS and ball con-
straints

Test problems: We construct randomly generated QCQPs with TS and a ball
constraint as follows:

1. Generate a quadratic polynomial objective function f such that for o € N5 with
la] # 2, fo = 0 and for a € N3 with |a| = 2, the coefficient f, is randomly
generated in (—1,1) w.r.t. the uniform distribution;

2. Take m =1 and g1 := 1 — ||x||3;
3. Take a random point a in S(g) w.r.t. the uniform distribution;
4. For every j € [l], generate a quadratic polynomial h; by

(i) setting hjo = 0 for each o € N3\{0} with || # 2;

(i) for each a € N3\{0} with |a| = 2, taking a random coefficient hj o for h;
in (—1,1) w.r.t. the uniform distribution;

(iii) setting hj,o = — ZaeNS\{O} hj,aao‘.
Then a is a feasible solution of POP (2.3).
The numerical results are displayed in Table [[2] and [I3]

Discussion: The behavior of solvers is similar to that in the dense case.

5.6 Randomly generated QCQPs with TS and box con-
straints

Test problems: We construct randomly generated QCQPs with TS as in Section
[53] where the ball constraint is now replaced by box constraints. The numerical
results are displayed in Table [[4] and

Discussion: Again the behavior of solvers is similar to that in the dense case.
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Table 13: Numerical results for randomly generated QCQPs with TS and a ball

constraint

e POP size: m = 1, | = [n/4]; Relaxation order: k = 2; Sparse order: ¢t = 1; SDP
size: w =4, a™** = 3.

POP size SDP size Mosek CGAL LMBM

n l gmax ¢ val time val time val time
10 3 56 1105 -0.60612 0.7 -0.60550 2 -0.60611 0.8
20 5 211 14777 -2.3115 47 -2.3097 17 -2.3952 3
30 8 466 72085 -2.8344 | 3102 | -2.8321 112 -3.7588 128
40 10 821 223052 — — -3.4081 476 -4.4239 673
50 13 1276 539765 — — -3.3552 1845 | -5.2568 729
60 | 15 | 1831 | 1110827 — — -3.5620 | 2992 | -5.9898 | 1702

Table 14: Numerical results for minimizing a random quadratic polynomial with TS
on a box

e POP size: m = n, | = 0; Relaxation order: k£ = 2; Sparse order: ¢t = 1; SDP

size: a™** = 3.
POP size SDP size Mosek CGAL LMBM
n w gmax ¢ val time val time val time
10 22 56 1441 -1.0539 3 -1.0519 14 -1.11671 1
20 42 211 17731 -1.3925 93 -1.3802 161 -2.2978 2
30 62 466 81871 -2.2301 | 4392 | -2.2128 567 -2.4544 533
40 82 821 246861 — — -2.5209 1602 -4.6159 1036
50 102 | 1276 585701 — - -3.0282 2583 -4.9146 376
60 122 | 1831 | 1191391 — — -3.0470 | 10858 -5.7882 353
Table 15: Numerical results for randomly generated QCQPs with TS and box con-
straints
e POP size: m = n, l = [n/7]; Relaxation order: k = 2; Sparse order: ¢t = 1,;
SDP size: w =n+ 1, a™** = 3.
POP size SDP size Mosek CGAL LMBM
n l w gmax ¢ val time val time val time
10 2 22 56 1553 -0.77189 0.2 -0.77214 9 -0.78092 1
20 3 42 211 18364 -1.7962 71 -1.8009 150 -2.7771 4
30 5 62 466 84201 -1.8529 5814 -1.8625 650 -3.5891 268
40 6 82 821 251787 — — -2.1930 2994 | -4.5890 317
50 8 102 | 1276 | 595909 — — -2.4655 8397 -5.1811 883
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Table 16: Numerical results for minimizing a random quadratic polynomial with CS
and ball constraints on each clique of variables

e POP size: n = 1000, m = p, I =0, u™** = u + 1; Relaxation order: k = 2; SDP
size: w = 2p, a™** = 3.

POP size SDP size Mosek CGAL LMBM

U P w smax ¢ val time val time val time
11 91 182 91 222712 -240.54 124 -240.37 98 -508.35 15

16 | 63 | 126 | 171 550692 | -205.45 | 1389 | -205.19 | 280 | -429.93 83

21 | 48 96 276 | 1107682 — — -175.60 | 321 | -365.91 | 269
26 | 39 78 406 | 1955879 — — -165.65 | 559 | -338.00 | 225
31 | 33 66 561 | 3167072 — — -149.10 | 973 | -305.33 | 5280
36 | 28 56 741 | 4758727 — — -140.21 | 1315 | -285.69 | 737
41 | 25 50 946 | 6839993 — — -126.55 | 1926 | -265.28 | 622

5.7 Randomly generated QCQPs with CS and ball con-
straints on each clique of variables

Test problems: We construct randomly generated QCQPs with CS and ball con-
straints on each clique of variables as follows:

1. Take a positive integer u, p := [n/u] + 1 and let

[U], lf]:17
Ii=q{u(-1),...,uj}, ifje{2,...,p—1}, (5.30)
{u(p—=1),...,n}, ifj=p;

2. Generate a quadratic polynomial objective function f = Z].E[p] f; such that for

each j € [p], f; € R[x(I;)]2, and the coefficient fj o, € Nij of f; is randomly
generated in (—1,1) w.r.t. the uniform distribution;

3. Take m = p and g; := —||x(I;)|3 + 1, j € [m];
4. Take a random point a in S(g) w.r.t. the uniform distribution;
5. Let r := [l/p] and

W; =

{{(j—l)r+17-.~7j7“}7 ifjep—1], (5.31)

{p—Dr+1,...,1}, ifj=p.
For every j € [p] and every i € W, generate a quadratic polynomial h; €
R[x(1;)]2 by
(a) for each a € Néj\{O}, taking a random coefficient h; o of h; in (—1,1)
w.r.t. the uniform distribution;

(b) setting hi o = — ZaeNéj\{o} hjaa®.

Then a is a feasible solution of POP (2.3).
The numerical results are displayed in Table [I6] and [Tl
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Table 17: Numerical results for randomly generated QCQPs with CS and ball con-
straints on each clique of variables

e POP size: n = 1000, m = p, | = 143, u™* = u + 1; Relaxation order: k = 2;
SDP size: w = 2p, a™** = 3.

POP size SDP size Mosek CGAL LMBM
U P w smax ¢ val time val time val time
11 91 182 91 235023 -224.15 163 -224.09 204 -500.34 13
16 | 63 126 | 171 572905 | -192.45 | 1830 | -192.30 | 335 | -420.87 50
21 | 48 96 276 | 1139460 — — -162.79 | 537 | -363.28 | 103
26 39 78 406 2005124 — — -148.77 | 1014 | -336.42 263
31 33 66 561 | 3239573 — — -142.38 | 2115 | -313.80 | 3679
36 | 28 56 741 | 4862292 — — -124.97 | 5304 | -263.77 | 6598
Table 18: Numerical results for minimizing a random quadratic polynomial with CS
and box constraints on each clique of variables
e POP size: n = m = 1000, [ = 0, v™** = wu + 1; Relaxation order: k = 2;
Constant trace: a™* € [3, 4].
POP size SDP size Mosek CGAL LMBM
U P w smax ¢ val time val time val time
11 91 1181 91 313361 -204.89 443 -204.69 753 -555.51 223
16 | 63 1125 | 171 720323 | -163.11 | 3082 | -162.88 | 3059 | -438.22 | 119
21 | 48 1095 | 276 | 1380918 — — -147.92 | 5655 | -387.42 | 2213
26 39 1077 406 2357161 — — -131.00 | 8889 | -340.04 | 5346

Discussion: The number of variables is fixed as n = 1000. We increase the clique
size u so that the number of variable cliques p decreases accordingly. Again results in
Table [I6] and 07 show that CGAL is the fastest solver and returns an optimal value of
gap within 1% w.r.t. the one returned by Mosek (for v < 16). Moreover Mosek runs
out of memory when u > 21, and LMBM fails to converge to the optimal value.

5.8 Randomly generated QCQPs with CS and box con-
straints on each clique of variables

Test problems: We construct randomly generated QCQPs with CS as in Section
5771 where ball constraints are now replaced by box constraints. Namely, in Step 3 we
take m =n, g; := —z7 + 1/u, j € [n].

The numerical results are displayed in Table [I8] and [T9l

Discussion: The number of variables is fixed as n = 1000. We increase the clique
size u so that the number of variable cliques p decreases accordingly. From results
in Table and [I7] one observes that when the largest size of variable cliques is
relatively small (say v < 11), Mosek is the fastest solver. However when the largest
size of variable cliques is relatively large (say u < 21), Mosek runs out of memory
while CGAL still works well.

24




Table 19: Numerical results for QCQPs with CS and box constraints on each clique
of variables

e POP size: n = m = 1000, [ = 143, u™* = u + 1; Relaxation order: k = 2;
Constant trace: a™** € [3,4].

POP size SDP size Mosek CGAL LMBM

U P w smax ¢ val time val time val time
11| 91 | 1181 91 325672 | -187.01 | 402 | -186.98 | 1915 | -570.68 | 184
16 | 63 | 1125 | 171 742536 | -142.16 | 4323 | -142.27 | 4126 | -442.51 57

21 | 48 | 1095 | 276 | 1412696 — — -131.14 | 5334 | -382.89 | 618
26 | 39 | 1077 | 406 | 2406406 — — -113.44 | 8037 | -336.11 | 901

5.9 Randomly generated QCQPs with CS-TS and ball
constraints on each clique of variables

Test problems: We construct randomly generated QCQPs with CS-TS and ball
constraints on each clique of variables as follows:
1. Take a positive integer u, p := [n/u|+1 and let (I;),¢(p be defined as in (B.30).
2. Generate a quadratic polynomial objective function f = Zje[p] f; such that for

each j € [p], f; € R[x(I;)]2 and the nonzero coefficient f;. with a € Nij and
|a] = 2 is randomly generated in (—1,1) w.r.t. the uniform distribution;

3. Take m = p and g; := —||x(I;)||3 + 1, j € [m];
4. Take a random point a in S(g) w.r.t. the uniform distribution;
5. Let r:= |I/p] and (W}), e[y be as in ([@.31). For every j € [p] and every i € Wj,
generate a quadratic polynomial h; € R[x([;)]2 by
(a) for each a € Ny \{0} with || # 2, taking hi o = O;
(b) for each o € Néj with |o| = 2, taking a random coefficient h; o of h; in
(—1,1) w.r.t. the uniform distribution;
(c) setting hio:=—> h;

Then a is a feasible solution of POP (Z3)).
The numerical results are displayed in Table 20l and 211

«
aa®.

aeNy’\{0}

Discussion: The behavior of solvers is similar to that in Section B8 Here, we
also emphasize that our framework is less efficient than interior-point methods for
most benchmarks presented in [42]. The two underlying reasons are that (1) the block
size of the resulting SDP relaxations is small, in which case Mosek performs more
efficiently, e.g., for the benchmarks from [42] Section 5.2], and (2) it is harder to find
the constant trace, e.g., for the benchmarks from [42] Section 5.4]. Thus our proposed
method complements that in [42] when the block size of the SDP relaxations is large
and/or when CTP can be efficiently verified.

5.10 Randomly generated QCQPs with CS-TS and box
constraints on each clique of variables

Test problems: We construct randomly generated QCQPs with CS-TS as in Sec-
tion [.9] where ball constraints are now replaced by box constraints. Namely, in Step
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Table 20: Numerical results for minimizing a random quadratic polynomial with
CS-TS and ball constraints on each clique of variables

e POP size: n = 1000, m = p, I = 0, u™™ =

Sparse order: t = 1; SDP size: a™®* = 3.

u + 1; Relaxation order: k = 2;

POP size SDP size Mosek CGAL LMBM

U P w smax ¢ val time val time val time
11| 91 | 364 79 169654 | -160.05 | 163 | -160.01 | 498 | -489.87 98

16 | 63 | 252 | 154 448354 | -135.78 | 1422 | -135.74 | 768 | -413.24 | 186
21 | 48 | 192 | 254 939619 — — -117.17 | 1605 | -351.65 | 299
26 | 39 | 156 | 379 | 1705763 — — -106.26 | 3150 | -318.15 | 347

Table 21: Numerical results for QCQPs with CS-TS and ball constraints on each

clique of variables

e POP size: n = 1000, m = p, | = 143, u™** = u + 1; Relaxation order: k = 2;

Sparse order: t = 1; SDP size: a

max:3

POP size SDP size Mosek CGAL LMBM

U P w smax ¢ val time val time val time
11| 91 | 364 79 180303 | -155.91 | 158 | -155.87 | 604 | -500.47 83
16 63 252 154 468290 127.42 1707 | -127.36 | 1053 | -412.42 236
21 | 48 | 192 | 254 939619 — — -114.85 | 2877 | -363.23 | 128
26 | 39 | 156 | 379 | 1751556 — — -102.30 | 6878 | -329.16 | 749
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Table 22: Numerical results for minimizing a random quadratic polynomial with
CS-TS and box constraints on each clique of variables

e POP size: n =m = 1000, [ = 0, u™** = u + 1; Relaxation order: k = 2; Sparse
order: t = 1; Constant trace: a™** € [3,4].

POP size SDP size Mosek CGAL LMBM

U P w smax ¢ val time val time val time

11 91 2362 79 248335 -126.15 151 -126.04 1982 -541.78 140

16 | 63 | 2250 | 154 601081 | -100.75 | 2225 | -100.64 | 7323 | -429.78 88

21 | 48 | 2190 | 254 | 1191001 — — -87.804 | 10734 | -363.88 | 157

26 39 2154 379 2080265 — — -81.908 | 20294 | -338.00 | 1129
Table 23: Numerical results for QCQPs with CS-TS and box constraints on each
clique of variables

e POP size: n = m = 1000, | = 143, u™* = u + 1; Relaxation order: k = 2;
Sparse order: ¢ = 1; Constant trace: a™** € [3,4].

POP size SDP size Mosek CGAL LMBM

U P w gmax ¢ val time val time val time

11 91 2362 79 258984 -114.53 325 -114.27 482 -529.32 226

16 63 2250 154 621017 | -96.199 | 4450 | -96.079 1245 -433.34 | 519

21 48 2190 254 1220027 — — -83.013 8204 | -372.97 | 554

26 | 39 | 2154 | 379 | 2126058 — — -74.532 | 27600 | -258.90 | 764
3 we take m = n, g; := —a3 4+ 1/u, j € [n]. The numerical results are displayed in
Table 22] and 23]

Discussion: The behavior of solvers is similar to that in Section (.8

6 Conclusion

In this paper, we have proposed a general framework for exploiting the constant
trace property (CTP) in solving large-scale SDPs, typically SDP-relaxations from the
Moment-SOS hierarchy applied to POPs. Extensive numerical experiments strongly
suggest that with this CTP formulation, the CGAL solver based on first-order methods
is more efficient and more scalable than Mosek (based on IPM) without exploiting
CTP, especially when the block size is large. In addition, the optimal value returned
by CGAL is typically within 1% w.r.t. the one returned by Mosek.

We have also integrated sparsity-exploiting techniques into the CTP framework
in order to handle larger size POPs. For SDP-relaxations of large-scale POPs with a
term- and/or correlative-sparsity pattern, and in applications for which only a medium
accuracy of optimal solutions is enough, we believe that our framework should be very
useful.

As a topic of further investigation, we would like to improve the LP-based formu-
lation for verifying CTP, for instance by relying on more general second-order cone
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programming. We also would like to generalize the CTP-exploiting framework to non-
commutative POPs [B2I1[387] which have attracted a lot of attention in the quantum
information community. Another line of research would be to investigate whether CTP
could be efficiently exploited by interior-point solvers.
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A Appendix
A.1 Sparse POPs

For matrices A and B of same sizes, the Hadamard product of A and B, denoted
by A o B, is the matrix with entries [A o B];; = A; ;B ;.

A.1.1 Term sparsity (TS)

Fix a relaxation order k € N=Fmin and a sparse order ¢t € N\{0}. We compute
as in [39, Section 5] the following block diagonal (up to permutation) (0,1)-binary
matrices: G,(fi of size s(k); G,(C')t of size s(k — [gi]), @ € [m]; H,(C')t of size s(k — [hs]),
i € [I]. Then we consider the following sparse moment relaxation of POP (23)):

G") o My(y) = 0,90 = 1,
Thop = EiRI:(lec) Ly (f) Gy oMy _(41(9:y) =0, i€ [m], ¢ - (1.32)
y ‘ ¢ .
H{Y o My _p,1(hiy) =0, € [I

One has 7% 1 < 7% < 7 < f*, for all (k,t). Moreover, we have the following
theorem.

Theorem A.1. (Wang et al. [39, Theorem 5.1]) For each k € NZFmin the sequence
(T£)tem {0} converges to Ti, (the optimal value of SDP 1)) in finitely many steps.

The dual of (L32)) reads as:

Qi:@,goQi =0,ie{0}U[m],
s U, =H" oU,, i€,
Pre= Sup ¢ A A
T Qi f=€&=viQovi + > icim) 9V g1 Qivi—rg,]

+2ien hivy_ rhil UiVie—Tn,1

(1.33)

A.1.2 Correlative-Term sparsity (CS-TS)

The basic idea of correlative-term sparsity is to exploit term sparsity for each
clique. The clique structure of the initial set of variables is derived from correlative

sparsity (Section [4.T]).
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Fix a relaxation order k € N=*min_ For every sparse order ¢ € N\{0} and for every
J € [p], we compute the following block diagonal (up to permutation) (0,1)—binary
matrices (see [41]): Gg?ij of size s(n;, k); G,(:Lj of size s(nj, k — [gi]), © € Jj; Hg)t]
of size s(nj, k — [hi]), i€ W;. Then let us consider the following CS-TS moment

relaxation:

G\)  oMyi(y, ) =0,j€lpl,yo = 1,
it = it S L) G,}i},j oMy 1g,1(9i ¥, 1) = 0,0 € J;, j € [p],
H,' oMy _,1(hiy, I;) =0,i€ W, j € [p]
(1.34)
<78 <7 < f*, for all (k,t). Moreover, we have the following

-t -t
One has 7,525 < 75

theorem.

Theorem A.2. (Wang et al. [{1]) For each k € NZFmin the sequence (Tﬁf{”)tem{o}
converges to Ti° (the optimal value of SDP [@21))) in finitely many steps.

The dual of ([34) reads as:

QY =G, 0Q7 =0, ic{0}uJ;, j€ ],
U7 =H}), oUY ieW;, jep,

. _ IiNT ) L
p}ftts = sup £ f—&= Zje[p] ((ij) Q"' vy . (1.35)
i ud I; =) I,
R + iea, 6V 1) QY

I T3, Li
T2 iew, (Vi) U’ Vk]—(m)

A.2 Conditional gradient-based augmented Lagrangian (CGAL)
A.2.1 SDP with CTP

Let s,1,5% € N21, j € [w], be fixed such that s = PO sU). Let S be the set
of real symmetric matrices of size s in a block diagonal form: X = diag(Xy,...,Xu),
such that X is a block of size s), j € [w]. Let s™ := max;c[.)s"”. Let ST be the
set of all X € § such that X > 0, i.e., X has only nonnegative eigenvalues. Then § is
a Hilbert space with scalar product (A, B) = trace(BT A) and ST is a self-dual cone.

Let us consider the following SDP:

T= xlél£+ {(C,X) : AX =Db}, (1.36)

where A : S — R is a linear operator of the form AX = [(A1,X),..., (A¢, X)], with
A, €S,ic[¢],CES is the cost matrix and b € RS is a vector.
The dual of SDP (36)) reads as:

p=sup {b'y: Aly—CeSt}, (1.37)

yERS

where AT : RS — S is the adjoint operator of A, i.e., ATy = ZiE[C] Y.
The following assumption will be used later on.

Assumption A.3. Consider the following conditions:
1. Strong duality of primal-dual ([L36)-37) holds, i.e., p =7 and p € R.
2. Constant trace property (CTP): 3a >0 : VX €S, AX = b = trace(X) = a.
For X € S, the Frobenius norm of X is defined by || X||r := 1/(X, X). We denote

by ||A|l the operator norm of A, i.e., ||A| := maxxes || AX]||2/||X]|r. The smallest
eigenvalue of a real symmetric matrix D is denoted by Amin(D).
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Algorithm 3 CGAL-SDP-CTP
Input: SDP ([30]) such that Assumption [A3] holds; Parameter K > 0.
Output: (Xi)ien.

1: Set X := 0s and yo := Opc.

2: for t € N do

3: Set By :=+/t+1 and n, :=2/(t + 1);
Take an eigenvector u; corresponding to Amin(C+ AT (yt—1+1:(AXt—1 —b)));
Set X; := (1 — ne)Xe—1 + ntaututT;
Select v+ as the largest v € [0, 1] such that:

AAX; — bll3 < fenta? | AI and [lye—1 ++(AX; — bz < K;

Set yt = yi—1 + 1 (AX; — b).

% D gl

Algorithm. In [45], Yurtsever et al. state Algorithm [3] (see below) to solve SDP
(C38) with CTP. This procedure is based on the augmented Lagrangian paradigm
combined together with the conditional gradient method.

The convergence of the sequence (X¢)ien in Algorithm [ to the set of optimal
solutions of SDP ([I36)) is guaranteed as follows:

Theorem A.4. [{5, Fact 3.1 ] Consider SDP ([L36) such that Assumption [A3
holds. Let (X¢)ten be in the output of Algorithm[3. Then X; = 0, for allt € N and
AX; —b|j2 = 0, | (C,X¢) — 7| = 0 as t — oo, with the rate of order O(\/t).

Remark A.5. In order to achieve the best convergence rate for Algorithm[3, we scale
the problem’s input as follows: ||C||lr = ||All =a =1 and ||A1|lr =---=|Ac|F.

Remark A.6. Given € > 0, the for loop in Algorithm [3 terminates when:

| <C7 Xt—1> - (a)\min(c + AT (yt—l + nt(AXt—l _ b))) — bTyt_1)| < €
1 4+ max{| (C, X¢-1) [, [aAmin(C + AT (ye—1 + m(AX¢—1 = b))) = bTyia[} ~
(1.38)
and |AX;—1 — b2/ max{1, ||b]l2} < e. In our experiments, we choose ¢ = 1073,
Note that the left hand side in (L38)) is the relative gap between the primal and dual
approximate values obtained at each iteration.

Remark A.7. To save memory at each iteration, we can run Algorithm [ with an
implicit X¢ by setting wy := AX; — b. In this case, Step 5 becomes w; := (1 —
Ne)Wi—1 + M [A(autu;r) —b]. Thus we only obtain an approzimate dual solution y: of
SDP ([L306) when Algorithm[3 terminates. To recover an approzimate primal solution
X of SDP ([I36)), we rely on a process similar to steps 2 and 3 of Algorithm[3, which
will be presented later on.

In Appendix [A.2.2] we provide an analogous method to solve an SDP with CTP
on each subset of blocks.

A.2.2 SDP with CTP on each subset of blocks

Let p € N=1 sj,w; €N, j € [p], and s € N21 i € [wp], 7 € [p], be fixed such
that s; = Zie[wj] s(49) | j € [p]. For every j € [p], let S; be the set of real symmetric
matrices of size s; in a block diagonal form: X; = diag(Xu,j,...,Xu; ), such that
X;; is a block of size s i € [w;]. Let s™® := MaXe [w,],j€(p) s For every
j € [pl, let S be the set of all X; € S; such that X; = 0. Then for every j € [p], S; is
a Hilbert space with scalar product (A, B) = trace(BT A) and S;r is a self-dual cone.
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Let us consider the following SDP:

7= inf D HCLXG) > AX;=by, (1.39)
J€lp]

X.eST ‘
i€ | jelp)

where A; : S; — R is a linear operator of the form A; X = [(A1,;,X),..., (A¢;,X)],
with A; ; € S;,i€[(], C; €Sy, j € [p], and b € RS,
The dual of SDP ([I39) reads as:

p= sup {bTy:AjTnyjESﬁjG[p]}, (1.40)
yERS
where A : R — S; is the adjoint operator of A;, i.e., Az = Zie[(] ziAij, j € [p].
The following assumption will be used later on:

Assumption A.8. Consider the following conditions:
1. Strong duality of primal-dual [L39)-T40) holds, i.e., p =17 and p € R.
2. Constant trace property (CTP): there exist a; > 0 and j € [p], such that

VXjGSj7j€[p]7 N
e AX; = b = trace(X;) = a;,J € [p]. (1.41)

Recall that Amin(D) stands for the smallest eigenvalue of a real symmetric matrix
D. We denote by ;¢ S; the set of all X = diag(X;);e[p such that X; € §;, for
j € [p]. Let C := diag(C;) ey and let A : [[;c,) S5 — RS be a linear operator
of the form: AX =3 .. A;X;, for all X = diag(X;);efp € [I;(,Si- Then for
every X = diag(X;);epp € [l Sis we have (C,X) =371 (C;,X;) and AX =
[<A(1)7X> o <A(O,X>], where A := diag((As ;) (), for i € [C].
P ([L39) can be rewritten as 7 = ianGl'[jE[p] sF {(C,X) : AX =Db}.

The dual operator A" : RS — [I;c(p Si of Areads A"z = diag((A;] 2)jefy)). Note

Aj:={X; e S;r : trace(X;) = a;}, for j € [p].

Algorithm. In order to solve SDP (I39) with CTP on each subset of blocks, we
use [44] Algorithm 1] due to Yurtsever et al. to describe Algorithm [ with the following
setting: X + A = [[;c,; A5, K < {b}, p + (, Az « AX, f(z) «+ (C,X),
Ao — 1, A — ﬂk, Ok < Yk- Dyk+1 +— K7 Lf +— O7 Tht1 b7 D?y +— QZjE[p] a?,
vp — C+ ATz, arg mingex (Vk, ) < arg minxea <C + ATz, X>.

With fixed zj, we have:

)rglég<C+ATzk,X> = > {Cj+ A zi, X;)

) min
diag((X;)jep) €l ie(p) 2 jElp]
= Z min <C]' + A;Zk, X]’> = Z a]')\min(c]' + A;Zk) .

I REASY j€lp]

Let ug) be a uniform eigenvector corresponding to Amin(C; + A;zk), for j € [p].
Then one has diag((ajug)(ug))T)je[p]) € argminxea (C + A"z, X). Thus we can
set s, diag((aju,(cj)(ug))T)je[p]) in [44], Algorithm 1].

Relying on [44] Theorem 3.1], we guarantee the convergence of the sequence
((X;t))je[p])teN in Algorithm @] to the set of optimal solutions of SDP (I.39) in the
following theorem:
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Algorithm 4 CGAL-SDP-CTP-Blocks
Input: SDP ([39) such that Assumption [A8 holds; Parameter K > 0.
Output: ((X;t))je[p])teNA
1: Set (Xgp))je[p] = (Os)je[p] and yo := Opc.
2: for t € N do
3: Set B¢ := v/t + 1 and n; := 2/(t + 1);
Set zi :=ye—1+ 1t (X e AjX;t—l) —b);
for j € [p] do
Take a uniform eigenvector uij) corresponding to Amin(C; + A;rzt);
St X2 = (1 - )X -+ ) )T
Select ¢ as the larges v € [0, 1] such that:
Mo AXS = bIE < BT, ad)lAI? and lyea +
V(e AXS = b2 < K;
10: Set yr =yi-1+ 7 (X e AjX;_t) —b).

© X TR

Theorem A.9. Consider SDP ([(L39) such that Assumption[A8 holds. Let ((X;t))je[p])teN
be the output of Algorithm [f} Then X;t) = 0, for all j € [p] and for all t € N and
sze[p] AjX;-t) - bH2 — 0 and ‘ZjE[p] <Cj7X;-t)> - T‘ — 0 as t — oo with the rate
O(V).

Remark A.10. Before running Algorithm [} we scale the problem’s input as follows:
IClr = Al =a1 =+ =ay =1 and [AD]p = = |A© .

Remark A.11. Given € > 0, the for loop in Algorithm [{] terminates when:
|5 e (€5 XIT) = 52y (@ Amin (C + AT 20) = by

1+ max{] Y, e <cj, x;t*”> 131 (@ Amin (G + AT 2) — bTyi1)[}

<eg

and || 3= ¢ AJ'X;FI) — b|l2/ max{1, ||b|l2} < e. In our experiments, we choose £ =
1072

Remark A.12. To save memory at each iteration, we can Tun Algorithm [J] with
implicit X;t), Jj € [p], by setting w¢ = Zje[p] A],X;t) — b. In this case, Step 7
becomes we := (1= )We1+me[3 ) As (a;ul?’ (W) T)=b]. Thus we only obtain an
approzimate dual solution y, of SDP ([L39) when Algorithm[{] terminates. To recover

an approzimate primal solution (X;);cip of SDP (L39), we do a process similar to
steps 2 and 3 of Algorithm [0l which will be presented later on.

A.3 Spectral method (SM)
A.3.1 SDP with CTP

Consider SDP with CTP described in Appendix [A2l The following assumption
will be used later on:

Assumption A.13. Dual attainability: SDP ([L3T) has an optimal solution.

Lemma A.14. Let Assumption[A3 hold and let ¢ : RS — R be a function defined by:
y = o(y) == admin(C— A'y) +b'y. Then:

7= sup ¢(y). (1.42)
yERS
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Moreover, if Assumption [A 13 holds, then problem ([L42)) has an optimal solution.

Notice that ¢ in Lemma [AT4] is concave and continuous but not differentiable in
general. The subdifferential of ¢ at y reads: dp(y) = {b —a.AU : U € conv(I'(C —
ATy))}, where for each A € S, T(A) := {uu’ : Au= Amin(A)u, [Jul2 = 1}.

Given 7 € NZ! and u; € R®, j € [r], consider the following convex quadratic
optimization problem (QP):

rmn Hbfa.A (de[r &iuju )H
St Z]er]§J—1 £ >0, jG[T

Next, we describe Algorithm [Bl to solve SDP (I36]), which is based on nonsmooth
first-order optimization methods (e.g., LMBM [12] Algorithm 1J]).

(1.43)

Algorithm 5 Spectral-SDP-CTP

Input: SDP (I36) with unknown optimal value and optimal solution;
method (T) for solving convex nonsmooth unconstrained optimization prob-
lems (NSOP).
Output: the optimal value p and the optimal solution X* of SDP ([L36).
1: Compute the optimal value 7 and an optimal solution ¥ of the NSOP ([42) by
using method (T);

2: Compute Amin(C — ATy) and its corresponding uniform eigenvectors us, ..., ur;
3: Compute an optimal solution (&1,...,&) of QP (L43) and set X* =

3 T
ay i &ujuy .

Corollary A.15. Let Assumption[A.3 hold. Assume that the method (T) is globally
convergent for NSOP ([L42) (e.g., (T) is LMBM). Then output T of Algorithm [3 is
well-defined. Moreover, if Assumption [A.13 holds, the vector § mentioned at Step 1
of Algorithm [3 exists and thus the output X* of Algorithm [ is well-defined.

A.3.2 SDP with CTP on each subset of blocks

Consider SDP with CTP on each subset of blocks described in Appendix [A.2.2]
The following assumption will be used later on:

Assumption A.16. Dual attainability: SDP ([LAQ) has an optimal solution.
Lemma A.17. Let Assumption [A.8 hold and let 1 : RS - R be a function defined
by: y = (y) == by + > jelp) @Amin(Cj — Al'y). Then:

T = sup ¥P(y). (1.44)

yERS
Moreover, if of Assumption[A.18 holds, then problem (L44) has an optimal solution.
Proof. From ([39) and Condition 4 of Assumption [A.g]

. z A;X; = b,
7= inf C;,X;) ielpl 7 , 1.45
Nevl DR SARUS SRS (1.45)

where I; € S; is the identity matrix, for j € [p]. Note that (I, X;) = trace(X;), for
X; € Sj, j € [p]. The dual of this SDP reads as:

p= sup daigi+by : Ci-Aly-gLeSHjepl . (1.46)
EVIERPTS | jep)
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It implies that p = sup , { 3° ¢, a5&; +b"y : & < Amin(C;—Ajy),j € [p]}. From
this, the result follows since p = 7. a
Proposition A.18. The function ¢ in Lemma[A-17 has the following properties:
1. 1 is concave and continuous but not differentiable in general.
2. The subdifferential of ¢ at'y satisfies: 9P (y) =b + 3, a;0%;(y), where for
every j € [p], ¥; : RS — R is a function defined by ¥;(y) = Amin(C; — A y)
and 0;(y) = {—A;U : U € conv(I'(C; — A; y))}.
Proof. 1t is not hard to prove the first statement. Indeed, 1 is a positive combination
of z+ bz, 1;, j € [p], which are convex, continuous functions. The second statement
follows by applying the subdifferential sum rule and notice that the domains of z —
b'z, 1;, j € [p], are both R™. O
Lemma A.19. IfZ is an optimal solution of NSOP (L44), then:
1. lIjor each j € [p], there exists (X}) € a; conv(I'(C;—A; z)), such that 2 A XS =
2. Forj € [p], X; = a; Zie[rj] & juiju; ;, where (ui,j)ie[rj] are all uniform eigen-
vectors corresponding to Amin(C; — A] Z) and ((§i3)ierr;))jerr) is an optimal
solution of the convexr quadratic problem:
. NTE
o setn 04 (S Gomisuly) |
st e §ia =15 &y 20,0 € [ry],5 € [p].-

(1.47)

3. (X7)jepp is an optimal solution of SDP (L39).

Proof. By [2, Theorem 4.2], 0 € 8v(z). Combining this with Proposition [AI8]2, the
first statement follows, which in turn implies the second statement. We next prove

the third statement. For j € [p], one has X} > 0 since X} = a; Zie[rj]gi,jUi,juzj
with & ; > 0, i € [r;]. From this and since e AiXG = b, (X])jep is a feasible

solution of SDP (I39]). Moreover,

2 jem (G X5) = 2 jels) (C; - Ajz,X; >+ZJE (A 2,X5) 5T
ZJE[P] aj ZZE[ ]&’] <C 'A z ul]ul]> + Z]E (‘AJX;)
de[p] aj Z ie[r;] 51,]117, ](C - A Z)uz,] + ZTb

= 2jelp) %Amin(C; JT 2)d e, &ijlluill3 +2"b
= ZJ'E[IJ] Amin (Cj — J ) 2) Zze[r] ij+2'b
= ZjE[p] mln(cj J Z) + ZTb 1/)( )
Thus, 3= (Cj,X}) = 7, yielding the third statement. |

Next, we describe Algorithm [6] to solve SDP ([I.39), which is based on nonsmooth
first-order optimization methods (e.g., LMBM [12] Algorithm 1J]).

The fact that Algorithm [(]is well-defined under certain conditions is a corollary of
lemmas [A 17 and |28 Lemma A.2].

Corollary A.20. Let Assumption[A.§ hold. Assume that the method (T) is globally
convergent for NSOP ([[L44)) (e.g., (T) its LMBM). Then output 7 of Algorithm [@ is
well-defined. Moreover, if Assumption [A.10 holds, the vector ¥ involved at Step 1 of
Algorithm [8 exists and thus the output (X7);epp of Algorithm[8 is well-defined.
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Algorithm 6 Spectral-SDP-CTP-Blocks
Input: SDP (I39) with unknown optimal value and optimal solution;
method (T) for solving NSOP.
Output: the optimal value p and the optimal solution (X}),e[p of SDP (L39).
1: Compute the optimal value 7 and an optimal solution § of the NSOP ([44) by
using method (T);
2: For every j € [p], compute Amin(C; — AJ-T}_/) and its corresponding uniform eigen-
vectors u; j, ¢ € [rj];
3: Compute an optimal solution ((fi,j)ie[rj])je[r] of QP (L4D) and set X; =
a5 Y iepry €igWigusy, J € [p).

A.4 Converting the moment relaxation to the standard
SDP

A.4.1 The dense case

Let k € NZFmin he fixed. We will present a way to transform SDP (B.8) to the form
(3I0). By adding slack variables y* € R*2*=19:1) 4 ¢ [;n], SDP BJ) is equivalent
to

Wk(y7y(l)7" .. 7y(m)) E Slj I’
Tk = inf Ly (f) My 1,1 (y?) =My_4,1(giy), i € [m], p, (148)
oy My —rn;1(hi y) =0, 5 €[]

where Wi (y,y™",...,y"™) = diag(Mi(y), Mp—1g,1 (y ™M), .. Mi_pg,,1 (™).

Let V= {My(z) : 2 € R*®¥} and Vi = {My,_[,,1(z) : z € R*CET90)} 4 ¢ ).
Then V and V;, ¢ € [m], are the linear subspaces of the spaces of real symmetric
matrices of size s(k) and s(k — [g:]), ¢ € [m], respectively.

Denote by V', Vi, i € [m], the orthogonal complements of V, V;, i € [m], respec-
tively. In [28, Appendix A.2 ], we show how to take a basis {A; }iep) of V', Similarly
we can take a basis {A;i)}je[m] of Vi, i € [m]. Here r = dim(V*) and r; = dim(V;"),
i€ [m].

Notice that if Xo is a real symmetric matrix of size s(k), then Xo = My(y)
for some y € R*®® if and only if <Aj7X0> = O7 j € [r]. It implies that if X =
diag(Xo, ..., Xm) € Sk, then there exist y and y?), i € [m], such that X = Wy (y,y",
<A X> =0, Ac Bi, where B; involves matrices A defined as:

e A =diag(A;,0,...,0) for some j € [r];

o A= diag(O,Ag.l), ...,0) for some j € [r1];

o ...

e A =diag(0,0,..., A;m)) for some j € [rm].
Notice that

|Bi] =7+ Zie[m] = s(k)(s(2k) 1 s(2k)

+Z< s(k — [gi] ((2 [gi ])Jrl)—s(?(k‘*[gin))'

€[m]

(1.49)
The constraints Mj_ 1.1 (y®) = My, _14,1(9: ¥), @ € [m], of SDP (L4]) are equiv-

alent to y&) = Yovenn  9iVatry, & € Ny 1oy, @ € [m]. They can be written as

2[9;1
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<A7Wk(y,y(1)7 e 7y(m))> =0, for A € Ba, where By involves matrices A defined by
A = diag(A,0,...,0,A™ 0,...,0), with A = (AH,V)%VeNQ being defined as follows:

Giy fu=v,p+v=a+ry,
39 ifu# v, (uv) € {(p,n), (vi, m)}

Ap =
a8 with (1, v1) = minimal({(, ) € (N})? : i+ = a+7}),
0 otherwise,
(1.50)
and AW = (Au ),,)M veNp_ being defined as follows:
-1 ifpu=v,ptv=a,
A(z) _ 7% ifp#v, (lu‘vl/) € {(ALI‘17V1)7(V171U‘1)} (151)
with (u1,v1) = minimal({(, ) € (N})? : i+ = a}),
0 otherwise,

for some o € N3, _r,,7) and @ € [m]. Notice that |Bz| = 3_,c(,, 2(k — [gi]). Here
minimal(7) is the minimal element of T', for every T C N*" with respect to the graded
lexicographic order.

The constraints My _rp;1(h; y) =0, j € [I], can be simplified as Zﬂ/eNn - hj Yoty =
0, a € Ng(k_[hﬂ), j € [l]. They are equivalent to the following trace equality
constraints: <A, Wk(y,y(l),...,y(m))> = 0, A € Bs, where B; involves matrices

A = diag(A,0,...,0), with A = (Auw)u,'/EN}; being defined as follows:

R~ fu=v,pu+v=a+ry,

A _ %hjf‘/ if/j,;ﬁy7(u7y)6{(u17y1)7(yl7/j,1)}
- with (1, 1) = minimal({(7,7) € (N2)? : i+5 = a+}),
0 otherwise.

Notice that |Bs| = >, 2(k — [hs]).
Let Uje[g,]Bj = (Ai)ie[ck,”, where

s(k)(s (k) 0

G =143 ey Bil = 1+ -
. Z (Qk —lg])+1) + Z s(2(k — [hs])) -
i€[m] el

The final constraint yo = 1 can be rewritten as <A<k , W (y,y(l), . ,y(m))> =1 with

A(k € Si; having zero entries except the top left one [Agk]o,o = 1. Thus we select real
vector by, of length ¢; such that all entries of by are zeros except the final one b¢, = 1.

The function Ly (f) = >_ fyy- is equal to <(_3,Wk(y,y(1), e ,y(m))> with C :=
diag(C,0,...,0), where C = (éu,u)u,ueN;‘ is defined by:
Sy tp=v,ptv=ry,
e sl itp# v, () € {(u, ), (v, m)}
o with (p1,v1) = minimal({(#,7) € (N?)? : G+ 7 =~}),
0 otherwise.
By noting X = Wy, (y7y(1)7 e 7y(m))7 SDP (I48) has the standard form
Th = inf {(c X) : AX = by}, (1.52)

XES
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where A : S — R is a linear operator of the form AX = [<A1, X> ey <_A<k,X>].

Since (U, V) = (P, 'UP, ', Py VP,), for all U, V € S, by noting X = P, XPj, SDP
(C52) can be written as (310) with Ay, = P, 'A;P. ', i € [(x], and C, = P 'CP; .

A.4.2 The sparse case

Let k € NZFmin be fixed. We will present a way to transform SDP @Z2) to the
form ([#26]). Doing a similar process as in Appendix [A.4.T] on every clique, by noting
[@25), for every j € [p], the constraints

{Dk(yJa‘) Z0,%0 =1, (1.53)
My—rn,1(hiy, 1;) =0, i € Wy,
become Aij = Bj for some linear operator Aj :Si — R% and vector f)j € RY.
Moreover, Ly(f;) = (C;,X;) for some matrix C; € S; since f; € R[z(l;)], for
every j € [p]. Then from ([@25), the objective function of SDP @22) is Ly(f) =
Zje[p] <CJ7X1>‘

Next we describe the constraints depending on common moments on cliques. For
every a € Uje[p]Nij7 note T'(a) :={j € [p] : a € Néj}A In other words, T'(«) indices
the cliques sharing the same moment y,. For a € Uje[p]Nij such that |T(a)| > 2,

for every j € T(a), let A;Q) € Sj,r be such that <A§.a),Xj> = Yo It implies the
constraints <A;§)7 Xj0>—<Az(,°‘)7Xi> =0,7 € T(a)\{jo}, for every a € Uje[p]Nij such
that |T(a)| > 2, for some jo € T(a). We denote by AX = 0,; all these constraints
with X = diag(X;). X

Set ¢ := > ;& +¢ and b = [(b]'),\je[p],ORE] €~R<. Define the linear operator
A e Sisk — RS such that AX = [(A;X;)epp), AX], for all X = diag(X;) ey €
[I;cp Si- From @23), the affine constraints of SDP ([.22) are now equivalent to
AX =Db

Let A := diag((Ai;)jepp) € 1y Sis @ € [¢], be such that
AX = [<A(1)7X> L <A(<>,X>],

for all X = diag(X;)je(p € [1;c,) Sj- Forevery j € [p], define A; : S; — RS as a linear
operator of the form A;X := [(A1;,X),...,(A¢;,X)]. Then AX =37 A;X;,
for all X = diag(X;);efp € [;¢(,) Si- Hence we obtain the data (Cj,k, Ajk, br, Ck) =
(Cj,Aj,b, () of the standard form (£26) by plugging k.

A.5 Proof of Theorem [3.3
Proof. 1. Let k € NZFmin and assume that R”® C Q3 (g) + Ix (k). Then there exists
ar > 0 such that

ap = V;Govk + Z giva_ [g:] Givk_[gi] + Z thgT(k_(hj])Uj s (1454)
i€[m] JEN]
for some G; > 0, ¢ € {0} U [m] and real vector u;, j € [[]. We denote by G;/Q
the square root of Gy, ¢ € {0} U [m]. Then G3/2 is well-defined and G3/2 >~ 0.
Set Py, = diag(G¢/?,...,G?). Let y € R*®¥ such that My (h;y) =0, j € [,
and yo = 1. Then

Ly Z hjvg(k,(hﬂ)uj = Z Z Uj,aLy(tha) =0. (155)

JEl] jG[l]CXGNS’(k,rhﬂ)
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From this and (L534),

ar = Ly(vi GoVi + e 9iVi— 19, GiVi—1g,1)

= trace(Mk(y)Go) + >, ¢, trace(Mi—1(giy )GZ)

= trace(Gq /QMk( )GI/Q)—&—ZlG[m] trace(G,/*My_1(g:y)G./?)
= trace(PyDx(y)Px),

yielding the first statement.

2. The “if” part comes from the first statement. Let us prove the “only if” part.
Assume that POP (23] has CTP (Definition [31]). Let a € S(9), ¥ = (Ya)aenn
be the moment sequence of the Dirac measure d,. Let k € NZFmin he fixed. Since
Py, € Sk, Py, = diag(Wo, ..., W,,). Then W7 = 0, i € {0} U [m] since Py > 0.
Let us define the polynomial w := v W2v,, + Zie[m] ginT—[gi]W?ka(gﬂ- By
assumption,

ar = trace(PyDy(y)Px)
= trace(WoMy(y)Wo) + 3¢,y trace(WiMy—1(giy) W5)
= trace(My (y)W32) + Zie[mlrtrace(Mk_l(giy)Wf)
= Ly (vg Wovi + Zie[m] givk*(gﬂwlzvk*(gﬂ) = Jon wia = w(a),
It implies that w — ax vanishes on S(g). Since S(g) has nonempty interior,
w = ag, yielding the second statement.

a

A.6 Proof of Proposition

Proof. Let Assumption B0 hold. It is sufficient to show that (BI6) has a feasible
solution for every k € N=Fmin
Let u = (u;)je(n) € N=™ be defined by

=lielr] : jeTi}+{i e[m]\[2r] : j €T}, Vje€ln]. (1.56)
Since (Use(mTs) U (Uicim\ (2 T%) = [n], one has u; € N=1, j € [n]. Moreover,
lwox|3 =" =TI+ > IIxT)3- (1.57)
i€(r] i€[m]\[2r]
With R = 7, (&; + Ri) + D ieim\[2r] R;, by replacing x by u o x in Lemma 3.4}
one obtains that for all k € NZkmin
(R+1)" =1+ luox|3)" +As—1 Y digi, (1.58)
i€[m]

where Ag_; 1= Z?;S(R F 1)1+ [uox|2)F " and

R, e B ey, ands, =1, qemh\2).  (159)

It is due to the fact that
R—luox|; =Y (R, + R~ |x(T)2)+ Y. Ri—Ix(T)3), (1.60)
i€(r] i€[m]\[27]
and R, + R — HX(T,)H% = 6:9i + ditrGitr, for all ¢ € [r]. For each k € NZFkmin e
(Gk,a)aeNg C R>? and (nkfl,a)QENg; C R>° be such that

1

(1+ ||uox|3) Z Or.ox>® and Agp_, = Z Mh1,aX%

a€NP aENP
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and define the diagonal matrices

G = diag((Ok.a)aery) and Gy, := diag((0ink—1.0)aeny_,), 7 € [m]. (1.61)

1

Then (L5]) yields that for every k € NZFmin:

(R+ 1)’C = V;G,(CO)VIC + Z giva,lG,(lekﬂ .

i€[m]

Hence ((R+ 1)F, GS), 0) is a feasible solution of (B8], for every k € NZFmin, |

A.7 Proof of Proposition [3.14

Proof. Let Assumption T3 hold with u := [g;], i € [n + 1]. For every k € NZFmin
letting Ag_1 := Z;:& (R+1)(1+|x]|3)*77~! and ©; := (1+||x||3), for t € N, Lemma
B4l yields: (R + 1)'“ = O + gmAk—1. It implies that for every k € NZkmin

L 1
)k = = Op_u)+ ——
(R+1)" = (O Or—u) + 777

- —u 7 mA,, 12
T11 O > gt gmhia (1.62)

i€[m—1]
It is due to the fact that Zie[m—l] gi = L. For each k € Nzkm‘“, let us consider the
following sequences:

>0 L _ 2a.
° (Vk,a)aeNg C R”Y such that ©; — L—_H@k,u = ZaENg Uk aX2%;

>0 1 2a.
. (ek—u,a)aeN;gu C R~" such that L_+1®’€—u = ZaeN}CL Ok—u,aX";

. (kal,a)aeNZ,l C R>° such that Ay_q1 = ZaeN;Ll nk,l,axm.

For each k € NZFmin define the diagonal matrices: Gg)) := diag((Vk,a)aeny ),
G\, := diag((0 d G, =di
k—w - 1ag(( kfu,a)aEszu)7 an k—1-* la’g((nkflva)aeszl) :
Then ([L62) yields that for every k € NZFmin,

(R+1)* =v] G vi + v{_ .G Vi—u S g+ Vi G Vicigm . (1.63)

i€[m—1]

Hence ((R + 1)k,G§€i),0) is a feasible solution of (&I6)), for every k € NZFmin By
using Lemma [3.8] the conclusion follows. Oa

A.8 Proof of Corollary [3.17

Proof. Let § := {Ji}ticim+2)- Then {§i},c(m) have the equivalent degree, i.e., there
exists u € N such that [§;] = u, for all ¢ € [m]. Thus AssumptionBI3holds for g « g,
m < m + 2. By Proposition [314] (3I6) has a feasible solution with g < § for every
order k € NZFmin Tt implies that for every k € NZ*min  there exist u,(cj) € ReCk=Tn;1))
j €[l], and

(nfffl)aewg CR™, (U;(cllu’a)aeNgfu CR?,ie[m+1], (nfffi?)aew C R

k—1 —
such that
. 0 ~ . i
L= vy diag((n M)y )Ve + Xiepmen) GiVi-u diag(n), acwy  IVi—u

~ . 2 j
+Gm+2Vii dlag((nl(!f;a))aGNZ;l)kal + Zje[l] th;(k—(hj])ul(cj) :

Let k € N=Fmin be fixed. We define the following polynomials:
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o 00 = v{ diag((nh)aerp)Vi = Lpcnp MiAX>

® 0; = v;—u diag((nl(cilu,a)aENZ,u)vk—u = ZQGNQ,H nlgrilu,axm)é’ (S [m + 1]7

. m+2 m+2 fe
® Om+2 = Vl—cr—l dlag((nlg—ta))aeNz,l)vk—l = ZaeNZ;l n’g—ta)x2 ;
® = V;(k—[hj'\)ul(cj)7 j el

From these and since §; := g:(1 4 ||x||2)*~ 191, for i € [m], one has

L= 00+ Yicm 0illi + s Yihy = 00 + Xy oi(1+ [x]3)“ 9 1g;

~ - 1.64
+gm+10m+1 + gm+20m+2 + Zje[l] Yihj . ( )
Then there exist (0,(:1[9_] a)O‘GNLngq C R”%, i € [m], such that
(L + xR = ST 60, X iE [m]. (1.65)
aeNZ*(g-;]

Thus (I64) becomes

. 0 1 g
L= v diag((00)acng) Vi + S 9Vi g, diag((02 1 acwp_ | IVi-ra,]
+Gmarvi_, diag((n™ T )aenn Vi

+Gm+2Vi_1 diag((n;?fii))aeNz,l)kal + 2 5en hiV;(kthﬂ)ul(cj)
€ Qi(g U {§m+17£~7m+2}) + I (h),
(1.66)

since
o diag((n,i?i)aeNg) =0, diag((@fﬁ (gﬂ’a)aENZ'i(gH) =0, 1 € [m],

o diag((n\" s )aery_) = 0, and diag((n{™1?)acnp_,) > 0.

It yields that ([BI6]) has a feasible solution with g = gU{gm+1, gm+2}, for every order
k € N=Fmin,

u

a

A.9 Proof of Proposition

Proof. To prove that POP (23] has CTP on each clique of variables, it is sufficient
to show that @29) has a feasible solution, for every k € NZ*min and for every j € [p]
due to Lemma (4.4

For every j € [p], let u¥) = (Ugj))iejj C N=il be defined by

W =ge Nl s ie T+ {ge J\2r] - €Ty}, iel;. (1.67)

For every j € [p], one has ugj)

I;. Moreover,

P ox()IE= Y Ix@T)E+ D IxT)IE, Vi€l (1.68)

ieJ;n[r] i€ J;\[2r]

eN2t e 1;, according to (qu(;jm[r]Tq)U(qu_;j\[gr]Tq) =

For every j € [p], with R = Zierﬁ[T] (R, + Ri) + Zier\[Qr] R;, by replacing x
(resp. R) by u") o x(I;) (resp. RY)) in Lemma [34] we obtain

(B +1)" = L+ o x(L)IE)* + A%, > bigi, Vi € ], vk € N=Pmin,(1.69)

i€J;
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where A,(jjl =Y F 0 (RY + 1) (1 + [[uD o x(I;)[13)F """ and

R, R; )
(51’ = ﬁ 5 6i+7‘ = ﬂ 5 1 S JJ n [7’] and 5(1 = 1, q S JJ\[QT] (170)

It is due to the fact that
RY —uWox(lj)lz= Y (Ri+Ri—IIx(T)3)+ > (Ri—I|x(T)l3), (1.71)
i€J;n[r] i€ J;\[2r]
and R, + R; — ”X((Tl)”% = 0:9: + 5¢+rgi+(r, i € JjN[r]. For every j € [p], for each
>kmin j 0 i) 0
k € N=PFmin et (ekj’a)aeNQ C R”° and (771,5_1’&)0{@\]?;1 C R”? be such that
(L+ [u? ox(I)[5)" = 30 00" and AT = 37wl X,

I, I,
aeN,/ aeN |
and define the diagonal matrices:

n ),ie ;. (L.72)

aeN,

GU diag((e,g{;)awij) and Gy := diag((6:m, )

For every j € [p], (LBY) yields that for every k € NZFmin,

; 1; ; 1; 1; i) I;
(RY +1)" = (vy) TGP + 3 (vl ) TG vy (1.73)
i€J;

Hence ((RY) +1)*, Gg’i), 0) is a feasible solution of @29, for every k € NZFmin and
for every j € [p]. O
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