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Abstract

In this thesis, we give a primal-dual interior point method specialized to clustered
low-rank semidefinite programs. We introduce multivariate polynomial matrix programs,
and we reduce these to clustered low-rank semidefinite programs. This extends the
work of Simmons-Duffin [J. High Energ. Phys. 1506, no. 174 (2015)] from univariate
to multivariate polynomial matrix programs, and to more general clustered low-rank
semidefinite programs.

Clustered low-rank semidefinite programs are programs with low-rank constraint ma-
trices where the positive semidefinite variables are only used within clusters of constraints.
The free variables can be used in any constraint, and can be used to connect clusters.
The solver uses this structure to speed up the computations in two ways. First, the low
rank structure is used to reduce matrix products to products of the form u” Mv, where
M is a matrix and u and v are vectors, as already suggested by Loéfberg and Parrilo in
[43rd IEEE CDC (2004)]. Second, an additional block-diagonal structure is introduced
due to the clusters. This gives the possibility to do operations such as the Cholesky
decomposition block-wise.

We apply this to sphere packing and spherical cap packing. For sphere packing, the
speed of the solver is compared to the often used arbitrary precision solver SDPA-GMP,
showing the theoretical speedup in time complexity. We give a new three-point bound
for the maximum density when packing spherical caps of N sizes on the unit sphere.
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1. Introduction

A polynomial optimization problem can be stated as follows: given n-variate polyno-
mials p, g1, ..., gm, compute

inf{p(z) | x € R"® with g;(x) >0 fori=1,...,m},
or, equivalently, compute
sup{\€ER|p—A>0on S}, (1.1)

where S = {x € R" | g;(x) > 0 fori = 1,...,m}. These kind of problems, although
usually in a more difficult form, can for example be found in robust optimization for
control theory [27] and extremal geometry [1, 2, 10]; see [25] for more applications. In
general, the problem (1.1) is NP-hard, see [21] for an overview of instances. Therefore,
it is common to relax the problem using weighted sums of squares of polynomials, which
are polynomials of the form

s(z) = so(z) + Zgi(x)si(z) :

where s;(z) = Z;":l(qf(x))Q are sums of squares of polynomials. Weighted sums of
squares of polynomials are trivially nonnegative on S, hence this can be used to relax
(1.1) by requiring p — A to be a weighted sum of squares. In general, this relaxation is
strict: a nonnegative polynomial is not necessarily a weighted sum of squares of polyno-
mials. Hilbert for instance characterized the cases for S = R™ for which a nonnegative
polynomial can always be written as a sum of squares polynomial:

Theorem 1.1 ([16]). Any nonnegative, n-variate polynomial of total degree d is a sum
of squares polynomial if and only if n =1, d =2, or (n,d) = (2,4).

For (n,d) = (2,6), a famous example is the Motzkin polynomial
M(z,y) = a*y® +2?y* — 327y + 1,

which can be proven to be nonnegative by the arithmetic mean-geometric mean in-
equality, but cannot be written as a sum of squares of polynomials. When S is compact,
Putinar showed that strictly positive polynomials on S can always be written as weighted
sums of squares of polynomials if N —>" . x? can be written as a weighted sum of squares
[26]. Note that this is an algebraic certificate that S is compact.

These relaxations are useful, because optimization over sums of squares of polyno-
mials can be done using semidefinite programming. Suppose s is a sum of squares of
polynomials, i.e., s(z) = >, ¢;(z;)?. Then, given a basis of polynomials b(z), we can
write

s(x) = Z b(z)" qiq; b(z) = b(ﬂc)T(Z qiai )b(z) = b(z)" Qb(z) = Tr(Qb(z)b(z)"),



where g; are the coefficients of g;(x) with respect to the basis b(z), and Q = Y, ¢:q? is
by construction positive semidefinite. Conversely, by the spectral decomposition, every
positive semidefinite matrix @ gives rise to a sum of squares polynomial s(x).

We can use this to rewrite a relaxation to a semidefinite program (SDP), which is a
program of the form

inf{(C,Y) | (A;,)Y)=1b; fori=1,...,m, Y =0},

where (A, B) = Tr(BT A) is the trace inner product. An often used method for this
translation is coefficient matching, based on the principle that two polynomials are equal
if they have the same coefficients when written as ), cxp(x) for a basis of polynomials
{Pr}r>0. In this way, we can write

d

d
> cimr() = s(@) = Tr(Qb(x)b(x)") = Y Tr(QBy)px(),
k=0 k=0
where each element of By, is the kth coefficient of the corresponding element of b(x)b(z)”
with respect to the basis {px}r>0. This reduces to constraints

(B, Q) =cj, for k=0,...,d.

A different method is sampling: two univariate polynomials of degree d are equal
when they evaluate to the same value on d + 1 distinct points. More generally, one can
choose a set of sample points {z; € R" | k =1,..., K} such that the values of n-variate
polynomials on these sample points uniquely determine the polynomial in the space of
n-variate polynomials up to a certain degree d. An example of such points is the set of
rational points in the unit simplex with denominator d [22]. Such a set of sample points
allows us to write

s(z) = Tr(Qb(xr)b(zr)T) fork=1,..., K,

which directly gives semidefinite programming constraints.

Both methods have different properties which can be exploited while solving the SDP.
The first method, coefficient matching, leads to sparse constraint matrices. Suppose that
the basis {px }r>0 and the vector b(z) consist of polynomials of strictly increasing degree,
such as the monomials where py(z) = z*. Then (b(x)b(z)T);; has degree at most i + 7,
and hence (By)i; = 0 when ¢+ j < k. This sparsity can be exploited when solving the
SDP by reducing the cost for matrix products, as is done in for example in the SDP
solver SDPA [32, 33].

Sampling has the advantage that it leads to rank one constraint matrices b(zy)b(zy)T.
This can be exploited to speed up certain computations [22, 29] because matrix vector
products can be used instead of matrix products; see also Chapter 3.

In the Chapter 2, we will focus on the inner workings of an SDP solver for the following
SDP, with free variables y:

inf{(C,Y) | (A;,) Y)Y+ By =b;, fori=1,...,m}.



To connect to (1.1), the free variable can be used to model the A in p— A. More generally,
an SDP can be used to model constraints of the form

(A(2),Y) +b(x)"y >0 on S,

where Y is a (positive semidefinite) matrix variable, y are scalar variables, A(x) is a
polynomial matrix and b(x) a polynomial vector.

Recall that, if the method of sampling is used to obtain semidefinite programming
constraints from polynomial constraints, the constraint matrices A; are of a very specific
form. They have a rank 1 block which corresponds to the variable matrix of one polyno-
mial constraint, and are zero on blocks not corresponding to that polynomial constraint.
This generalizes to what we call a clustered low-rank semidefinite program:!

J L
sup SO Ty + 6Ty with Y7 e 8Yit _y e RY
j=11=1
L;
s.t. > (ALY + By = for j=1,...,J,
=1
v -0,

where Tr(A7'Y7") denotes the vector with elements Tr(Ag’le’l), and the matrices A{’l
have low rank. Note that the only connection between the clusters j are the variables
y. This is a more general version of the SDP used for the arbitrary precision SDP solver
SDPB [29], where L; = 2 and the constraint matrices A7 ' are of a specific rank 1 or rank
2 form.

In Chapter 3, we use the structure of the clustered low-rank SDP to speed up the
main computations in the solver given in Chapter 2. This is done mainly in two ways.
Firstly, we use the low rank structure to reduce matrix products to products of the form
u' M v, where u, v are vectors and M is a matrix. Secondly, the clustered nature gives
block structures during the solving, which allows for computations on smaller matrices
and parallel computing. This extends the work of Simmons-Duffin [29]. The solver has
been named CLRS for clustered low-rank solver. We give an implementation of CLRS? in
Julia [4], which is a readable, high-level programming language with a Just-In-Time (JIT)
compiler. In addition, we derive the time complexity and compare this to SDPA-GMP,
to the extend possible.

In Chapter 4, we introduce a multivariate polynomial matrix program (MPMP), and
give a derivation from the MPMP to the clustered low-rank SDP. This is an extension
from the univariate polynomial matrix programs introduced by [29]. An MPMP can be
seen as an SDP with linear polynomial matrix inequalities as constraints: >, y;4; = 0
where A; € R[zy,...,z,]" ™. Note that this also includes polynomials (m = 1) and
normal linear matrix inequalities (n = 0).

INote the difference between low-rank semidefinite programming (i.e., semidefinite programming with
a rank constraint on the solution matrix), and solving low-rank semidefinite programs (i.e., semidefinite
programs with low-rank constraint matrices).

2The code is available via github: https://github.com/nanleij/Clustered-Low-Rank-SDP-solver


https://github.com/nanleij/Clustered-Low-Rank-SDP-solver

Chapter 5 uses the problem of packing spheres of N different sizes in R" as example
of an MPMP. This is used to compare the speed of SDPB and CLRS as well as the
commonly used arbitrary precision SDP solver SDPA-GMP, using results of [10].

Another example of an MPMP can be found in Chapter 6, where we consider the
problem of packing N sizes of spherical caps on a unit sphere. Both two and three-point
bounds on the maximum density are given; the two-point bound for N sizes of caps in
[10] and the three-point bound for equal sized caps [1, 2, 13, 23] are extended to a three-
point bound for N sizes of caps. A more general k-point bound, an extension of results
of [11], is also obtained. Symmetry reductions as in [13, 23] are used, for which the
possibility of using low ranks in the solver is imperative. The symmetry reductions lead
to new research questions regarding the combination of sampling for SDPs and invariance
theory.



2. A primal-dual interior point method for
SDPs with free variables

In this chapter, we discuss a general primal-dual interior point method for semidefinite
programs (SDPs) with free variables, following the discussion from [29]. This will be
specialized in Chapter 3 to a clustered low-rank SDP, similar to the clustered rank 1
structure of SDPB [29], giving a speed up. We consider programs of the form

sup Te(CY) + by with Y e M, y e RY (2.1)
s.t. Tr(AY)+ By =c,
Y =0,

where

C,Ay,..., A, e8Y,
BeR"Y
ceR” ,
beRY.
Here Tr(A,Y) is the vector with entries Tr(A4;Y) fori =1,..., P.

In the next section, the dual to this program is given and weak duality is proven. We
use this in Section 2.2 to obtain the algorithm.

2.1 Duality

Program (2.1) is usually referred to as the dual program D, with the following primal
program P:

inf ' with z e R, X e M (2.2)
P
s.t. Xzz:prp—C’7
p=1
BYz =0,
X =0.

Using that X and Y are positive semidefinite, it is easy to prove weak duality.

Theorem 2.1 ([29, Theorem 2.2]). Given a feasible point (x,X) of P and a feasible
point (y,Y) of D, the duality gap lr— Tr(CY) — by is nonnegative. If the duality gap
vanishes, then (x,X) and (y,Y) are both optimal and XY = 0.



Proof. Suppose (y,Y) and (x, X) are feasible solutions of D and P respectively. Using
the constraints of P and D gives the duality gap

Fr—Tr(CY) = by =c"x - Tr(z r,AY) + Tr(XY) — 2" By
P
=27 (c— By — Tr(A,Y)) + Tr(XY)
=Tr(XY)>0.
Suppose the duality gap vanishes. As the primal gives an upper bound on the value

of the dual, and the dual a lower bound on the value of the primal, both bounds are
attained and optimal. Furthermore, Tr(XY") = 0, implying that XY = 0. O

2.2 The algorithm

The general structure is modelled after SDPA [32, 33], using a Newton search direction.
The main difference is the existence of free variables; with SDPA these variables require
an extra diagonal block and slack variables.

As is common in primal-dual algorithms, the optimality condition XY = 0 is de-
formed to XY = pl. This can be interpreted in terms of the logarithmic barrier function
X — —Indet X. For u € R,, this defines together with the constraints in P and D a
unique family of solutions, the central path. A primal-dual method follows this path to
the optimum (u = 0).

2.2.1 The search direction

Here we will use the Newton search direction to approximately move to the point on
the central path corresponding to u. In the algorithm, pu will decrease at each iteration,
thus following the central path to the point with g = 0. The search direction is defined
by replacing the variable ¢ = (z,X,y,Y) by ¢ + dg in the constraints and optimality
condition, and solving the resulting equations linearized in dg. Following [29], we have:

X+dX =) (z;+dz;)A; - C,

B (z +dx) =b, (2.3)
Tr(A,(Y +dY)) + B(y + dy) = c, (2.4)
XY +XdY +dX Y = pul.

Defining the residues
P = leAzfoc,
p=b—B"z,

d=c—Tr(AY) - By,
Ri=pul — XY, (2.5)



gives
dX =P+ du;A;,

dY =X Y(R—dXY). (2.6)

We use this together with (2.3) and (2.4) to obtain a system of equations for dz and
dy. Substituting the expressions for dY and dX in (2.4) gives

Tr(A(Y + X H(R— (P + Y _da;A)Y))) + Bly +dy) = c.

Hence

~Tr(A, X" ') dz,A)Y)+ Bdy =c— By — Tr(A,Y) - Te(A,X (R - PY))
p

= d+ Tr(A, X ' (PY — R)).

Let Z = X (PY—R),and S € R”*¥ the so-called Schur complement matrix defined by
Sij = Tr(AiX_lAjY). This then results, together with (2.3), in the system of equations

T (j;) = (_d_ T;(A*Z)) , with T := (;T OB) . (2.7)

Note that (2.6) gives a dY which is not necessarily symmetric, hence we take
= 1
dY = 2 (dY + ay’™)

instead.

2.2.2 Predictor-Corrector directions

Forming the matrix S is often the most costly operation, due to the matrix products which
need to be computed for elements S;; = Tr(AinlAjY). Therefore it is common practice
to reuse the left-hand side of the system (2.7) in the following way, due to Mehrotra [24].
First the search direction as explained in the previous section is computed. This results
in the predictor direction dg,, = (dxp, aX,,dy,, de). This is used to refine the corrector
search direction by improving the approximation of the linearized system by solving the
equations corresponding to the constraints together with

XY +XdY +dX Y +dX, dY, = pul.
This only affects the definition of R, which becomes
R.=pul — XY —dX,dY,,

instead of (2.5). Note that this only changes the right hand side of (2.7), hence most of
the work done in solving the system of equations can be reused.



2.2.3 The full algorithm
Given the input, the algorithm consists of the following steps [29].

1.

Initialize ¢ = (v, X,y,Y) = (0,9,1,0,9Q,1), where ©, and €, are parameters
chosen by the user.

. Compute the residues and terminate if they satisfy the termination criteria.

Take o = Tr(XY)/K, where K is the number of rows of X. Define p, = 3,u,
where
5 - {0 if ¢ is both primal and dual feasible,
=

ﬂinfeasible otherwise.
The parameter Bipfeasible € (0, 1) is chosen by the user.

Compute the predictor search direction dg, = (dz,,dX,, dy,,dY,) with R, = ul —
XY.

Compute jt. = B.p as follows: define r = Tr((X + dX,)(Y +dY,))/(uK). Let
B =r?ifr <1, and 7 otherwise. Then, with SBgasinie € (0,1) chosen by the user,
we set

5 = {min(max(ﬁfeasible, B),1) if g is primal and dual feasible, (2.8)

max(Binfeasibles 3) otherwise.
Compute the corrector search direction dq, = (dx.,dX,, dy,,dY.) with R = u I —
XY —dX,dY),.
Determine steplengths by

o, = min(ya(X,dX,),1),

ag = min(ya(Y,dY,), 1),

where «(M,dM) is the largest number such that M + «(M,dM)dM is positive
semidefinite.

Update the primal and dual variables:

T4 T+ aydr,,
X+ X +a,dX,,
Y <y + agdy.,
Y Y +audY,.

Repeat from step 2.



An example of a termination criterion [29] is that the primal and dual error (max{|P,;|, |p;|}
respectively max{|d;|}) , and the duality gap, defined by

|PrimalObjective — DualObjective]

max(1, [PrimalObjective + DualObjective|)’

are ‘small enough’ The maximum size is quantified by the user.

For the step length we need to determine a(M,dM). This can be done by a Cholesky
decomposition M = LL" in combination with the computation of a minimum eigenvalue:
M +o(M,dM)dM = L(I+a(M,dM)L™ dML™")L" is postive semidefinite if and only
if (M, dM)A\y > —1, where A, denotes the minimum eigenvalue of L™ dML™T.
Hence computing A,;, gives directly the value of a(M,dM)
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3. A primal-dual interior point method for
clustered low-rank SDPs

In this chapter, we will introduce the clustered low-rank semidefinite program, and
show how the structure can be used to speed up the computations of the search direction
in the algorithm of Chapter 2. Furthermore, the time complexity will be derived. We
compare this to the complexity of SDPA-GMP, a general purpose arbitrary precision
semidefinite programming algorithm.

The general structure of the clustered low-rank SDP is similar to the structure of the
SDP which can be solved with SDPB [29, 20]. However, a clustered low-rank SDP is
more general. The solver, called CLRS for clustered low rank solver, can be seen as a
customized version of SDPB, and is programmed in Julia. Both SDPB and CLRS use
arbitrary precision arithmetic; this is inherent to the problems considered (the conformal
bootstrap and problems in extremal geometry). Some other solvers such as SDPT3 [31]
can also use low-rank structures, but do not use the structure of the clusters and use
machine precision.

It should be noted that there is a difference between low-rank semidefinite program-
ming, where the solution is required to have low rank, and solving a low-rank semidefinite
program, where the constraint matrices have low rank but the solution can be of any
rank.

3.1 The clustered low-rank SDP

The SDP is called

o Clustered, because the constraints are divided into J clusters. The clusters use
different positive semidefinite matrix variables, and are only connected through
free scalar variables.

e Low-rank, because the constraint matrices are assumed to have low rank.

This leads to the following form of the program:

L;
sup Z Tr(CPy7h + b7y with Y7 e 8Uit y e RY (3.1)

s.t. Tr(AZ Y + By = ¢, for j=1,...,J, (3.2)

J

j:

L;
=1

vP-o0,
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where
gk p30! Jil Uj. s _
CH AL A € ST forj=1,....,J, 1=1,...,L;,
J
Bl e RPN forj=1,...,J,
JdeRY . forj=1,...,J.

As before, TY(Ai’le’l) is the vector with entries Tr(Ag’le’l). Furthermore, A{’l are
assumed to have low rank, i.e.,

Mj,1

APt = ZH”” T (3.3)

1,7 7,T

where 7;; typically is less than or equal to 4. In fact, sampling normal (non-matrix)
polynomial constraints will give a rank equal to 1. Note that, because Aj s symmetric,
the vectors and Hj gt . can be chosen to be real. Although the algorithm will work also for
full rank matrices, the time complexity is quadratic in the rank. This makes the solver
only useful for low rank matrices. For efficiency, a slightly different input format is also
allowed. We will expand on this in Chapter 4, where this structure appears.

Note that this formulation fits into the more general case given in Chapter 2 by
placing the Y7 as blocks on the diagonal of Y, and Ag ' in the corresponding blocks for
constraints (j,¢). Hence the algorithm for general SDPs with free variables can be used.

As will be shown in Chapter 4, this structure is particularly suited for polynomial
(matrix) constraints which are modelled through sampling. However, the solver can
in principle also be used for other problems with a low-rank structure and clustered
constraints.

3.2 Speedups obtained by the structure

In this section, the speedups which can be obtained by exploiting the structure of a

clustered low-rank SDP are explained. This is partly an extension of the methods used
in SDPB [29].

3.2.1 Solving the system - exploiting the clustered structure

We use the decomposition of [29] to solve the system of equations for the search directions.
Recall the system of equations in the general case:

de\ (—d—Tr(A.Z) (S -B
T(dy>_< » ),Wherf}T—(BT O)

and S is defined by S,, = Tr(A4,X 71AqY). Recall that the clustered low-rank SDP can

be seen as special case where A(; ;) consists of the blocks Az’l fori=1,...,L;,and Y is
block diagonal with blocks corresponding to (j,1).

In general, S is dense. However, in the case of clustered constraints, p and ¢ range
over tuples (j,4), and A(; ;) is only possibly non-zero in blocks corresponding to (j,1) for
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Il =1,...,L;. Furthermore, ¥ and X are block diagonal, which means that products
XflA(j/,i)Y cannot have non-zeros on a block j # j'. Hence S(j,i) G = 0 whenever

j #7j', ie., S has a block diagonal structure with blocks corresponding to the clusters.

As in SDPB, we can use the following decomposition for T" to reduce the solving to
solving several triangular systems of equations. Let CC7 be the Cholesky decomposition
of S. Note that this can be computed block-wise because S is block diagonal. Then

S -BY ([ C 0\(I 0 ¢’ -c7'B
B o)  \BYcT 1)\o BYcTc'B)\ 0 I '

Because C is lower triangular, the outer matrices are lower or upper triangular and hence
can be solved in quadratic time. Furthermore, the matrix Q = BTc ™ Tc™'Bis positive
semidefinite, hence a Cholesky decomposition can be used to solve the middle matrix.
Although it depends on the problem, the dimension of T' (which equals N + . P;) is
often much larger than dim @) = N, giving a speedup. Numerical conditioning can be
an issue if either S or T is ill-conditioned. This is advised to be solved in SDPB by
increasing the precision [20]. Note that the clustered low rank structure is not necessary
for this decomposition. However, without the structure of the the clusters S would be
dense, and thus the complexity would only decrease from O((P + N)?) to O(P* + N*),
which does not make much of a difference when P > N.

3.2.2 Computing S - exploiting the low-rank structure

Recall that, due to the clusters, we only need to compute S( S for j' = j. Fur-
thermore, using the linearity and the cycle property of the trace as well as the low-rank
structure of the constraint matrices, we can write

L,
il diln—1 Adlxrdil
St G = O Tr(AL (X)) T ALY )
=1
L; mji mja

s 7,1 j,l s 1 4,0 j,l T il
=33 Y m (ol @R )T Tl )Y

1=1r;=1ry=1
j MNje M

N 1 l j,l T~-73,0 7,1
_Z Z Z 7’1)T1 l2;T2 ((’Uhﬂd) (XJ ) g2,T2)((’ng77‘2) v vgbﬁ) :

=1 r;=1ry=1

This shows that S;; ) (j.i,) 18 @ sum over products of so-called bilinear pairings u' M v,
which can be precomputed. Furthermore, the precomputing can be done efficiently be-
cause the bilinear pairings are of the form U;‘F Mw,. For each v;, we can compute Mwv;
(with the cost quadratic in the length of v;), after which we can compute a simple
vector inner product for each v;. Hence with P vectors of size M, the cost will be
(’)(PM2 + P2M). Note that the number of bilinear pairings is quadratic in the rank of
the constraint matrices A7,
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3.3 Time complexity

In this section, the time complexity for the main steps of CLRS will be determined, as
well as the complexity for SDPA-GMP. The complexities will be compared in Section
3.3.3.

We will use the notation introduced in Section 3.1: Let N be the number of free
variables, which connect the clusters indexed by j = 1,...,J. Let cluster j consist of P,
constraints, with L; matrix variables. Let U;; and n;; denote the sizes respectively the
rank of the constraint matrices.

In practice, N, P; and U;; are often related, and L; and 7;; are fixed. This yields a
more compact expression for a specific problem, giving more insight in how the solving
time scales with the problem size in one or two variables.

3.3.1 CLRS

The complexities of the most important operations in CLRS are summarized in Table 1.
Due to the block structure of the Schur complement matrix S, nearly all operations on
different constraints j are completely separate, except for the Cholesky decomposition of
the matrix @. Therefore, the complexity of all other operations are given per constraint.
Note that the separation of the constraints allows for easy parallel computations.

To compute S, one needs to compute ZlL:Jl r]JQ-JPjQ bilinear pairings for each cluster j.
As noted in Section 3.2.2, this can be done by computing for each constraint the products
Y/ lvfi after which the products can be combined into bilinear pairings through vector

inner products. This takes a total of O(ZZLZJ 1m0 U]%l) operations for the matrix vector
products, and O(ZZL:J 1 n?,lezUj’l) operations for the vector inner products.

The matrix S has blocks of size O(P;). A full Cholesky decomposition of an n x n
matrix costs %n?’ operations, resulting in O(Pf’) operations for a block S;. Computing
CJA_IB]‘ amounts to solving N triangular systems, one for each column of B;, where C; is
the j-th Cholesky block of S. This costs in total O(N (dim Cj)2) = O(NPJ-Q) operations.
Multiplying the resulting matrix with its transpose costs O(N 2Pj) operations, obtaining

the matrix @ of size N x N. The final Cholesky decomposition of ) costs %N 3 operations.

Solving the system can now be done by back- and forward substitution, which has a

complexity of O(N 24 > j sz% which is subdominant to the cost of computing C; 1Bj

and @. Therefore this will not be taken into account in the final complexity.
Summarizing, this gives a total complexity of

L;
2 2 3 2 2 2
1 =1

-

O(N3+

J

3.3.2 SDPA-GMP

In SDPA-GMP, the variables y need to be incorporated in the variable matrix Y as a
diagonal block. Therefore, the matrix S,, = Tr(A4,X 71AqY) becomes dense; for each
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Operation Complexity Reason
Matrix vector products per (j,1) (’)(nﬁ-yle U]-Q’l) n;.P; products of dimension U
Vector inner products per (j,1) O(njyle?Uj’l) nj’leQ products of dimension U,
Forming S O(S2, (nyaP;Us + 15, PFU; )
Cholesky decomposition S; = C’jCJT O(PJ?’) Per block of size O(P;)
c'B O(N sz) N triangular systems with P; variables
Q=B"c"c'B O(N’P)) Matrix sizes N x P; and P; x N
Cholesky decomposition of @ (’)(N3) dim@ =N
Solving the complete system O(N 2y Ej sz) triangular systems of size NV and P;
Total complexity O(N* + S (N*Py + NPE+ P+ 2 (0 P US + 20 P, )

Table 1: Complexity per iteration for CLRS. Each row gives the complexity for one operation,
acting on one constraint j (except for the Cholesky decomposition of @, which combines all
constraints), possibly using earlier formed expressions. This is accumulated in the last row.
Because solving the system is subdominant to computing C !B and Q in all cases, it is not
included in the total complexity.

pair (p, q), the diagonal block is used, whereas for CLRS this is encoded in the B matrix.
The complexities for computing .S and calculating the Cholesky decomposition of .S are
summarized in Table 2, where the cost of computing S is split into contributions of the
diagonal block and the remainders of the blocks.

Computing an element S, requires computing X_l(AqY). This cost O(N) opera-
tions for the diagonal block for any combination of tuples p = (j,4;) and ¢ = (Ja, i5).
When j; # j,, the nonzero blocks of A, and A, do not overlap except for the diagonal
block. Therefore SDPA-GMP does not calculate the corresponding matrix products, but
only the diagonal block [33]. The diagonal block has to be used for every pair of tuples.
This costs a total of O(N(3_; Pj)Q) operations, O(N) for each pair of tuples p,q. When
J1 = J2 = j, both have L; blocks at the same positions. These blocks each have a size
of U;; x Uj,, giving a total complexity of O(Zlejl Uﬁl) for the product XflAqY, dis-
regarding the cost of the diagonal block. The product can be computed per row ¢, and
then be used to compute (X _1AqY, A,) for each column in that row. Hence the com-

putational cost is (’)(ZZL:? 1(Uj37 1P + PjQUj%l)) for a constraint j: P; rows, each needing a
product of three matrices of size U;; x U; ;, and the inner product costs O(Uﬁl) per pair
of constraints with the same j.

To solve the system, a Cholesky decomposition is used. This costs O(dim 53) =
o>, Pj)3) operations because S is dense. In total, this gives a time complexity of

L;

ONO_ P+ 3 Py + PUL)) + (O Py)°).
J Jj =1 J

This complexity analysis uses the dense mode of SDPA-GMP. In case the matrices AZ oL

are sparse, the computational cost is decreased. SDPA-GMP uses three different formulas
to compute the elements of the Schur complement matrix S, depending on the sparsity



15

of the constraint matrices. As some problems, especially polynomial constraints, can
be modelled as an SDP with sparse constraint matrices, the complexity corresponding
to calculating the Schur complement matrix might not be fully applicable anymore.
Constraint matrices with O(U; ;) elements may reduce the complexity of computing S
by a factor U; ;. As accessing elements in a sparse matrix format has some extra overhead,
the constant in front of the expressions may be increased. Furthermore, it is well possible
that not all matrices are sparse, thus that the practical time complexity of computing S
with SDPA-GMP is between the given complexity and the reduced complexity.

Operation Complexity Reason
Contribution of diagonal blocks to S O(N(ij Pj)2) (> Pj)2 tuples with cost N
Products X_lAqY, no diagonal block O(P; Zlejl Uﬁl) L, blocks of size U; ; x U;

Matrix inner products (A4,, X _1AqY>, no diagonal block (’)(Pj2 > U]2 l) L, blocks with U]-QJ elements per A,
5
Forming S OL(N(?J ) -
+22,; 202, Ui Py + PiUS))
Cholesky decomposition of S o>, Pj)3) dimS =}, P
R T
Total complexity O(N(3; Pj)2 +22; Zl:Jl(PjUj?’,l + Png]%l) + (32, Pj)g)

Table 2: Complexity per iteration for SDPA-GMP. Each row gives the complexity for one
operation, possibly using earlier formed expressions. This is accumulated in the last row. It
should be noted that the second term may differ in the case of sparse constraint matrices.

3.3.3 Comparison between CLRS and SDPA-GMP

The first thing to notice when comparing the complexities of CLRS and SDPA-GMP
for clustered low-rank SDPs is that the constraints are completely separated in CLRS,
whereas they interfere in SDPA-GMP. This gives products of sums over j in the complex-
ity of SDPA-GMP. This can be especially important for programs with a large number
of clusters, each with a moderate to large number of constraints.

Furthermore, the factor U f ll’ﬁ—Uj%le2 (in SDPA-GMP) is decreased to sz, 1Pi+U j’leQ
at the expense of extra terms with higher powers of N (in CLRS). As noted before, this
term in the complexity of SDPA-GMP can be reduced in the case of sparse constraint
matrices.

The required precision also needs to be considered. Calculations with a factor 2
more precision cost about twice as long, hence a larger precision gives an overall slow
down. The solver CLRS may require a higher precision, because in addition to the matrix
T, which is of similar conditioning as the Schur complement matrix in SDPA-GMP, the
matrix Schur complement matrix S of the specialized solver can have a bad conditioning.
Experiments show that polynomial constraints may require a precision of at least 350
bits, while SDPA-GMP requires up to 200 bits [23].

Lastly, in CLRS, nearly everything can be easily parallellized because of the block
structures. Although parallellization is also possible for computing the Schur comple-
ment matrix in SDPA-GMP, it has not been implemented.1 As most, if not all, current

Hn several other solvers of the SDPA family, the computation of S is parallellized [33]



16

computers have multiple cores, parallellization is a great asset of a solver.
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4. Multivariate polynomial (matrix) programs

In this chapter, we introduce the multivariate polynomial matrix program (MPMP).
The notation is partly similar to the notation of Simmons-Duffin in [29], where a specific
case (univariate polynomial matrix programs on R, (PMP)) was introduced. In addition,
we derive the translation to a clustered low-rank SDP, using a form of Putinar’s theorem
for polynomial matrices originally proven by Scherer and Hol [27, 19]. This leads to a
relaxation of the problem, with a convergence guarantee.

Although everything is done with matrices, it should be noted that everything still
holds for polynomial constraints, as well as ‘polynomial’ matrix constraints where n = 0.
The case of polynomial constraints is already widely used.

4.1 Preliminaries

Let R[z] denote the ring of polynomials, and R[z]™*™ the ring of polynomial matrices

of size m x m in variables © = (z1,...,2,). Unless otherwise stated, we assume that

r € R". Let G C U,,,Sym(R[z]™*™), where Sym(R[z]™*™) is the set of all symmetric

m x m polynomial matrices in n variables. Define 8™ = Sym(R™*"™), the special case

where n = 0, and let S|, denote the set of all m x m positive semidefinite matrices.
We define the semi-algebraic set generated by G as

Se ={zeR"|g(x) =0Vg e G}.
The quadratic module generated by G is given by
Mg = Cone({p" gp | g € GU{1},p € Rz]""*™}),
where ¢, is the size of the corresponding g. M is said to be archimedean if
Vp e R[z]™ ™ 3N eN: NI —p'pe Mg.

This is equivalent to the definition which can be used to verify that a quadratic module
Mg is archimedean: 3N e N: (N — )", 22)I € Mg, see [19, Lemma 8].

A polynomial matrix f € Sym(R[z]™*™) is positive semidefinite (positive definite)
on S if f(x) is positive semidefinite (positive definite) for all # € S. This is denoted by
f=0(f>0)onS.

4.2 The multivariate polynomial matrix program

Let G; C U,Sym(R[z]"™") be finite for j = 1,..., J, P! € Sym(R[z]™*™) fori =1,...,N
and j=1,...,J,and b € RY. We define the multivariate polynomial matrix program
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(MPMP) as
sup by with y € RY (4.1)
. . N .
s.t. Py]::Pg—f—ZyiPith on Sg,, forj=1,....J.

i=1

For n = 1, G; = {z}, this is the PMP introduced in [29]. When n = 0, this is a normal
primal semidefinite program [32] except for the objective which maximizes instead of
minimizes. _

We call program (4.1) strictly feasible if there is a feasible solution y such that Pg >0
on ng for all j = 1,...,J. Note that, for any feasible y, and strictly feasible y,, a conic
combination ayy + By, is a strictly feasible solution whenever 3 > 0.

4.3 Relaxation of the program

The translation of (4.1) to an SDP relies on the following theorem, originally proven by
Scherer and Hol in [27]. We give a detailed proof following [19] in Appendix A. Note
that f € Mg implies that f > 0 on Sg.

Theorem 4.1 ([27, 19]). Let f € Rlz]™*™, G C R[z]. Suppose M, is archimedean. If
f>0onSg, then f € Mg.

In the univariate case, the theorem can be strengthened for S consisting of R, R, or
[a,b], when reducing G to its simplest form. In these cases we have equivalence between
f € Mgand f>=0on Sg. See Appendix B for the relevant theorems and proofs.

Theorem 4.1 allows us to approximate the constraints by elements of M, which can
in turn be approximated by elements of the truncated quadratic module

Mg 4= Cone({FTgF | g e GU{1}, F e R[z]"**™, deg(F" gF) < d}).

In this expression, we use deg(F') for the maximum total degree over all elements of a
polynomial matrix F. This gives the relaxed problem:

sup by with y € RY (4.2)
s.t. Pj =P+ yPl € Mg, 4 forj=1,...,J.
1=1

For d — oo, we have convergence of value of the relaxation to the value of the original
problem.

Theorem 4.2. Let p* < oo and p; denote the optimal values of program (4.1) and (4.2)
respectively, with ng archimedean for all j. Suppose (4.1) is strictly feasible. Then:

o foralldeN, py<pg, <p

. * *
o limy,oopa=p
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Proof. Let d € N. Because Mg 4 € Mg 441, We have Py < pay1. Furthermore, because
[ € Mg 4 implies that f = 0 on Sg, any feasible solution for pj is also feasible for p*.
Hence p; < p* for all d.

Let € > 0, and let y € RY be a strictly feasible, e-optimal solution for p*. This is
possible, because the feasible region is convex, and there is a strictly feasible solution
by assumption. By Theorem 4.1, Pj(x) = Fy(z) + 32, y; P/ (v) € Mg, for all j. Hence
there is a d such that Pg (z) € MG]_’d for all j, which means that there is a d such that
y is feasible for problem (4.2). Furthermore, we have p* — p; < &, which means that
oy —p. O

In practise, it is possible that a problem is not strictly feasible. This can be solved
by adding £ to the constant terms P for all j, making any solution of the original
problem strictly feasible in the new problem. For decreasing e, this converges to the
original problem.

4.4 Translation to a clustered low-rank SDP

We will rewrite program (4.2) to the form (3.1); the clustered low-rank SDP. Each poly-
nomial matrix constraint will form a cluster of constraints, and the y variables will be
the free variables connecting the constraint.

We consider f of the form F'gF for some g € R[z]"*" and F € R[z]"*™. For
individual elements f;; we have

fiy =Te(fE;) = TF(FTQFEij) = Tr(gFiFjT) ;

where F} is the i-th column of F and E;; the standard basis of R™™.
Define P =", - F;F] @ By; = vec(F)vec(F)" € R[z]™™, with vec(F) being the
column vector of all columns of F'. Then

f=Tr((g® I,)P),

where Tr, denotes the partial trace over the first tensor factor, the linear extension of
the mapping Tr; : R”" @ R™*™ — R™"™ defined by Tr,(A ® B) = Tr(A)B .

Let ¢;(x) be a basis for the n-variate polynomials up to (total) degree § = deg(F'), and
qs(z) the vector of these polynomials, of length n(8). Using that vec(F)" = Z(gs(z) ®
I,,,;) for some Z € R¥™O™ gives P = (g5(x) ® )" 27 Z(q5(2) ® I,,;), which can be
used to write

[=Tr((g®I,)P)
= Tr 50 (Y ((g5(2) ® 1) g (@) (g5(z) @ I,)" @ 1,,,))
= Trp, (5 (Y(Qq5(7) ® L)) , (4.3)

where Y = Z”7 Z is positive semidefinite of rank 1 and Qgs(x) = (g5(x) @ 1})g(x)(gs(z) @
It)T. Recalling that Y can be decomposed into Z 77 for any positive semidefinite matrix
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Y gives equivalence between the two forms of f (cf. Lemma 1 of [27]). We can rewrite
@ to obtain a slightly simpler form. As g(z;) = I; ® g(x},), we have

Qg () = (g5(z) L1a5(2)") ® (Lg(x) L)) = (g5(z)as(x)") @ g(x).
Now let f € Mg s, similar to the constraints of program (4.2). Then we have
= Z ZF;:igFg,iv
geGU{1} i€Z,

where Z, denotes the set of indices for matrices Fy ; corresponding to g € G. Using (4.3)
per g € G, we obtain

f(l‘) = Z Trn(é)t(Yg(Qg,é(x) ® Im)) .

geGU{1}

Note that, due to linearity of the trace, only one variable matrix is needed per g € G,
and Y, is not necessarily rank 1 anymore.

Let zq,...,2x € R" be a unisolvent set of points for polynomials up to degree J, i.e.,
a set such that the polynomials up to degree ¢ are uniquely determined by the values on
xq,...,Tx. Equality of matrices is equality per entry, thus this gives the constraints

(Py(xk))rs = Z Tr(Yg(Qg,é(xk) ® E’r‘s)) )

geGU{1}

where E,, = $(E, + E,,) are the standard basis matrices of Sym(R™"™).
As the Y, are different for different constraints j, this is exactly the form of (3.1).

Denoting ng by Y7 for G;U{l} ={g;, | l=1,...,L;} gives the constraint matrices

il B
A{r,s,k:) = le,ﬁ‘sj (xk) Y Ers y (44)
Bgr,s,k),i = 7(PLJ (‘Ik,j))rs )

C€r757k) = Pg (xk,j)rs )
C=0.

In the case that Ag’rls I is of low rank, this is the structure required by the customized

version of SDPB. In these equations, we have 7 = 1,...,J, 1 < r < s < m, k =
1,...,K;=n(;)and 1 <i < N.

In the next part, we focus on two aspects which are important for computations.
First of all, a low rank is preferred due to the the time complexity being quadratic in the
rank. The term E,, has either rank one or rank two, which is fixed for a certain element
of the initial constraint matrix, but the rank of Q, s(v;) depends on g and thus is part
of the input. As the problem depends on S, g can be modified as long as S stays the

same. Recall that, with g € R[z]"*",

Qqs(zx) = (a5(z1)a5(zx)") ® g(zy,) .-
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Using this together with rank(A ® B) = rank(A)rank(B), we have

rank(Q, s(zy)) = rank(g) ,

hence Qg s5(xy) is of rank 1 exactly when g(z;) is of rank 1. Note that this is certainly
the case when g is a polynomial.

For general g € R[m]tXt with ¢ > 1, Q, s(x)) will not be of rank 1. However, by taking
G' C R[z] consisting of all principal minors for all g € G, we obtain Ser = Sg with

Q@) = ¢ (wr)gs(xr) s ()" (4.5)

of rank 1 for all ¢’ € G'. In some cases, the number of minors which need to be included
is equal to one, because the other minors are trivially nonnegative. A comparison in time
complexity using Section 3.3 gives that expressing ¢ in terms of minors costs a factor
¢ / 2171 Jess to compute the contribution of g to S; compared to using the matrix g,
where ¢t = rank(g). For ¢ < 11, this is larger than 1, hence for most practical purposes
using the principal minors is preferable above using a polynomial matrix as weight.

Secondly, the total degree of FTgF should be at most d, because we are trying to
model elements of Mg 4. This can be obtained by taking § = L‘Fd%g(g)j as maximum
total degree of F'. Note that the minors of a matrix g are in general of higher degree than
g itself. Hence taking the minors instead of the matrices increases the number of the
variable blocks Y] ;, but decreases the size n(d)mt per variable, for a maximum degree d.
This increases the preference of using the principal minors of g instead of g itself even
further.

4.5 Modifications of the solver for MPMPs

Recall that the constraint matrices for the clustered low-rank SDP solver CLRS intro-
duced in Chapter 3 were required to be of the form

Mj1
gl _ YO NAYA
A; —E Hi,rvi,r(vi,r) )
r=1

with 7; ; relatively low. However, the constraint matrices resulting from the MPMPs are
of the form
AT

(i,r.s)

= HZ-UZ-U;-T b Er,s ’ (46)

where E‘ns = %(eresT + esez) and we suppressed the superscript j,l. We can write A{’l
as rank 2 matrix with eigenvectors

1
v; @ 5(67- +e)

and 1
v; @ i(er —eg).
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This will increase the sizes of the matrices by a factor m. Even if matrix vector products
are performed faster using the sparsity in the second tensor factor, we can increase the
speed by directly using Er’s = %(ereST + esez). Let us consider computing an element of
the Schur complement matrix S for A{ L of the form (4.6). We have, similar to exploiting
the low rank structure:

T n —1 T n
S(j,i17T1781)a(]'7i2=7'2752) = Z Tr((Hilvil Vi, ® Erlvsl)(X )(Hi2vi2vi2 ® ET2752)}/17]')

i % T — T
=) (v, @) (X (v, @ e, (v, @ey) Y (v, @ey)

+ (11 > 81) + (12 ¢ 59) + (11 <> 81,79 > 59)

L.
L\ H; H,
_ iy iy T —1\sq,r5 T~ 82,71
—E Tvil(X )7V v, YR
=1
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+ ('f'l <~ 81) + (T'Q <~ 82) + (Tl < 81,79 <> 82),

where we again suppressed the superscript j,l everywhere for clarity. This reduces prod-
ucts of (effectively) size 2U; ; to products of size U; ;. Note that, even though four terms
are required, this equals the number of terms required for a normal rank 2 matrix. This
directly generalizes to higher rank matrices with a factor ® FE,,. In the complexity for
the specialized solver, this gives P; — Wﬂ and n;; — 2n; ;.

For SDPA-GMP, this leads to constraint matrices of m; times the size, i.e., U;; —

m;U; ;. Because the constraint matrices become sparse with O(UjQ, 1) elements, the time
complexity for the matrix inner product increases by a maximum factor of 2 when r # s.
Whether the matrix multiplications are done in dense or sparse mode may depend on

m;. For small m;, the dense mode may be used, giving a complexity for m?Pj Uﬁ ; for

the matrix multiplications instead of PjUj?’, ;- In the case of coefficient matching, the
constraint matrices used in SDPA-GMP can become sparse with O(mU;;) elements,
depending on the polynomial basis used.

4.6 Sample points

Originally, the sample points were required to be in S to use SDPB. This requirement
is removed in CLRS, by making it possible to give Q = > HTUTU? as input. Hence
the unisolvent set of sample points can be chosen to be a known unisolvent set of good
quality for polynomial interpolation.

Intuitively, a set of sample points should be in or closely around the set Sg. In that
case, it is less likely that a small error of the value in one sample point will have a large
influence on the values in S, and thus on the feasibility of the program given the floating
point result. Furthermore, sample points should not be very close together, which would
give nearly linearly dependent constraints and thus ill conditioning of the problem.

Although we focus on choosing sample points in this section, choosing a good basis
can give additional improvements.
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4.6.1 Checking whether a set is unisolvent

Let X ={ay | k=1,....,.K = (":d)} be a set of points, and let ¢;(x),...,qx(z) be a
basis of polynomials for the space of n-variate polynomials of degree at most d. The set
X is unisolvent if a polynomial p is uniquely determined by its values on these sample

points, i.e., the system of equations
qai(r) o gqx(7) S p(z1)
: - : | = : (4.7)
a(rg) - ax(Tk) Cx p(zr)

has a unique solution. This is the case precisely when the Vandermonde matrix (g; (xk)),ifizl
is non-singular. The solution ¢ gives the coefficients of p when expressed in the basis g.
Hence checking whether a set of sample points is unisolvent is equivalent with checking
whether the determinant of the Vandermonde matrix equals zero. A small determinant
is related to an ill conditioned system: a small error in the polynomial evaluations can
lead to a large error in the coefficients. Hence if two polynomials are nearly equal on the
sample points, they can still have a large difference on other points in Sg. Thus a com-
bination of sample points and basis with a large condition number of the Vandermonde
matrix are preferred.

4.6.2 Special cases

For several cases of n and a domain S, a good set of interpolation points is known. In
this section, we will review several of such sets.

Chebyshev points

Let n = 1, with domain S = [—1, 1]. Note that any domain [a, b] can be obtained through
an affine transformation. In this case, a well known set of sample points is the set of
Chebyshev points. For d € N, the points are defined as the zeros of the Chebyshev
polynomial T, 4, given by

2k —1

d_ _
xk—cos(72(d+1)7r> fork=1,...,d+1.

Another related set of sample points are the Chebyshev-Gauss-Lobatto points

) — 1
Z?:COS(Jd 7T) forj=1,...,d+1.

Padua points

Let n = 2, and S = [-1, 1}2. Again, a set of sample points for the more general set
[a,b] X [c,d] can be obtained by an affine transformation. The Padua points can be
defined via the Chebyshev-Gauss-Lobatto points [6]. Let z}i be defined as before, and let
Cfﬂ = {sz |  —11is even},
CC?H = {z]d | j—1is odd}.
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The Padua points are
Py=(C1 x Ch2) U(CZyy x Cila).-

Note that this is a subset of the product set Cy 1 x Cyya.

Rational points in the unit simplex

For general n,d, the set of rational points in the unit simplex with denominator d is a
unisolvent set [22]. Again, an affine transformation is possible for other simplex-like sets
S. However, the conditioning of the Vandermonde matrix is in general bad compared to
for example Chebyshev points for n = 1 and Padua points for n = 2.

Random sample points

In a general set S, one can also take random sample points. These points are unisolvent
with probability 1, but are likely to have bad conditioning.

4.6.3 Approximate Fekete points

Given a basis ¢ for n-variable polynomials up to degree 2d, the Fekete points in a compact
domain S € R" are defined as the K points z;, that maximize the absolute value of the
determinant of the Vandermonde matrix V. Note that this means that the set of points
x, is unisolvent. Furthermore, the Fekete points are independent of the basis, as a basis
change multiplies the determinant with a constant factor.

Although Fekete points are well defined for any compact domain, they are hard to
compute in general. Therefore, we can use approximate Fekete points instead, as sug-
gested in [25, 30]. Given a (large) set of sample points, we can choose a square submatrix
of the corresponding rectangle Vandermonde matrix which approximately maximizes the
absolute value of the determinant. This problem is in general NP-hard [18], but the ap-
proach taken by [30] can work well in practice. However, the cost scales with the square
of the dimension of the vectorspace of polynomials, i.e., approximately with d" /n!.

4.6.4 Greedy maximization of the Vandermonde determinant

A more straightforward approach, also given in [30], is to perform a greedy maximization
of the determinant of the resulting Vandermonde matrix: Iteratively choose columns
from the matrix. In each iteration, the column with maximum norm is chosen, and the
orthogonal projection of that column onto the columns of the matrix is subtracted from
the matrix.

Both approaches can be used in combination with product sets of good sample points
for n =1 (e.g., the product set of Chebyshev points Cy,q X ... x Cyq,,,) to obtain a set
of good quality for general n while reducing the time needed to compute them.
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4.6.5 Symmetrized sampling

In the multivariate setting, it is sometimes possible to use symmetry in order to reduce
the length of the basis and the required number of sample points. See for example the
three-point bounds in Chapter 6. We will assume that the group inducing the symmetries
is a permutation group G.

Naively, one might use the previous explained approaches to choose sample points,
using a symmetrized basis. However, this may introduce (implicit) linear dependencies,
which do not work well in most SDP solvers, including CLRS. Let us consider the case
n = 3 with symmetry group Ss, i.e., the polynomials are invariant under all permutations
of coordinates. Given a sample point (u,v,t), one can see this as representing the points
o(u,v,t) for all 0 € S;. Hence when the coordinates are distinct, this represents 6
points, when two of the three coordinates are the same, this represents 3 points and
when u = v = ¢, this represents 1 point. As a non symmetric polynomial of total degree

d is completely determined by ("?:d) sample points, we need the sum of the weights of

the sample points to be equal to ("Zd):

> u=("57).

zeX

where w(z) is the number of sample points the point x represents. Note that this means
that SsX = {oz | ¢ € S3,z € X} is a unisolvent set for nonsymmetric n-variate
polynomials of degree d.

In addition, it is natural to require the same amount of (symmetric) sample points
as the number of basis polynomials, as this is one requirement for the system (4.7) to
have a unique solution without explicit linear dependencies. This gives restrictions on
the sets of sample points one can use, and using the approximate Fekete points obtained
from using a symmetric basis in the computations does in general not work.

There are several (heuristical) approaches to solve this. First of all, one can use
the rational points in the unit simplex with denominator d as base set, and take one
point of each equivalence class, where two points x,y are equivalent if there is a group
element o such that x = oy. In case of G = §,,, this means that we take all points with
x, <29 <...<x,. As the simplex is invariant under permutations, this always gives a
set with the right properties.

As mentioned before, this set is not a particularly good set of sample points. Another
approach is to take the equivalent of the unit simplex out of the set X", where X is a
unisolvent set for n = 1 for polynomials up to degree d. This amounts to taking the
points (z; ,...,r; ) where z; € X and

ijkqu.
k=1

This set can be symmetrized similarly to the unit simplex, but may perform better.

A third approach would be to fix a certain number of points (for example the points
with w(z) < 3), and use the greedy maximization of the submatrix determinant to
determine the best remaining points. This can be done more generally, by requiring a
specific number of points with a certain weight.
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Sampling is currently mostly used to numerically approximate integrals or to find
the unique polynomial given the values on sample points. In those cases, having a
larger number of sample points is not a problem; it requires a higher number of function
evaluations but often gives a more precise result. However, a larger number of sample
points than required is problematic when solving SDPs because of the linear dependencies
it introduces. Further research into the combination of sampling and invariance theory
is certainly needed.
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5. Sphere packing

In this chapter, we consider the problem of packing spheres of N different sizes into
an n-dimensional Euclidean space. Using results from de Laat, Oliviera and Vallentin
in [10], we formulate a univariate MPMP to give an upper bound on the sphere packing
density; the fraction of space covered.

Furthermore, the time complexity analysis in Section 3.3 is used to give the time
complexity for this specific problem. This shows that the use of SDPB or CLRS can give
a speedup of order O(d) compared to SDPA-GMP, where d is the maximum degree used
in the program to compute the upper bound.

Finally, we give timing results for the case N = 1, showing the expected speedup in
complexity.

5.1 Formulation as a univariate MPMP

Let us first state Theorem 5.1 from [10], which is the basis for the formulation. Recall
that a function f : R" — C is a Schwartz function if it is infinitely differentiable, and
if any derivative of f multiplied with any power of x,...,z, is a bounded function. A
function f is a radial function if f(x) only depends on the norm of z.

Theorem 5.1 ([10, Theorem 5.1]). Let r,...,rx > 0, and let f : R™ — RN be
matriz valued function whose every component f;; is a radial Schwartz function. Suppose
f satisfies the following conditions:

(i) The matriz (f;;(0)—(vol B(r;))/*(vol B(r)"/*) Y. _|

B(r) is the ball of radius r centered at the origin.

is positive semidefinite, where

(ii) The matrixz of Fourier transforms (f” (t))N is positive semidefinite for every

i,j=1
t>0. !
(i) fij(w) <0 if w>r; +rj, fori,j=1,...,N.

Then the density of any sphere packing of spheres of radii rq,...,rN in the Euclidean
space R"™ is at most max{f;;(0):i=1,..., N}

For N =1and r; = %, this reduces to the well-known Cohn-Elkies linear program-
ming bound [8].

Note that the conditions naturally give MPMP constraints (with m = N or m = 1
and n = 1), in case polynomials equivalent to fij and f;; can be found. We follow [10]
in defining these functions.

Let d > 0 be an integer, and consider the polynomial matrix

d
¢(t) = Z aktzk )
k=0
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where a,;, € S™ for all k. We choose the function f such that the Fourier transform f is
defined by

F(u) = ¢(JulyemI",

where the (inverse) Fourier transform is applied elementwise. Lemma 5.2 from [10] gives
us that f is defined by

k' n/2—1 —||w 2
f(w)zzak;L,/ (||| *)e I
k

where LZ/ 271 g the degree k Laguerre polynomial with parameter n/2 — 1.
Let us consider the conditions on f. We denote the elements of a; by a,; ;. These
elements are the free variables y; in program (4.1). Note that this gives a total number

of Wd variables, because the matrices a; are symmetric. Condition (%) gives that

ag — ((VOIB(Ti))l/Q(VOIB(rj))1/2):;zo =0,

which is a normal MPMP constraint with matrices Piljo = E;;, and Piljk =0 for k> 1.

In this case, we define E;; such that it has a 1 on positions (i, j) and (j,4), for convenient

notation. Furthermore, Py = —((vol B(r;))"/?(vol B(r;))"/*)N,_q.
Note that e~ ™ > 0 for all t € R. Hence f(t) >= 0 if and only if ¢(t) = 0. As f(0) =0
by condition (), this can be extended to ¢t > 0, which can be given by S with G = {z}.

Hence the second condition is
d N N
O+ZZZGU7]CE”'&2]€ i 0 on SG2 :R+.
k=0 i=1 j=i
The third condition gives N 2 polynomial constraints on the individual elements of

f. The domain |jw|| > r; +r; is the semi-algebraic set given by the function g;;(w) =

w? — (r; + rj)z. Hence this can be directly formulated as

d
k! o

—fij(w) =0 — Z aij)k—kLk/Q 1(7rw2) >0 on Sg, .,

k=0 Q

or, substituting z = w2,

d il
—fij(x) =0— Zaij’k—;ﬂ[/zm_l(wx) >0 on SGu ,

k=0 ™

where G;; = {z — (r; + rj)Q}. Note that, even though the domains are not compact and
hence the corresponding quadratic modules not archimedean, the equivalence between
the resulting program and program (4.2) is established by the extensions of Theorem 4.1
in the univariate case, see Appendix B.
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Lastly, the value to be optimized is the maximum of f(0);; for ¢ = 1,..., N. This can
be modelled in a standard way by adding a variable M and requiring that M — f(0);; > 0
for all . The objective function becomes —M, because M should be minimal.

This can be summarized as

sup — M
N _
st = (ol Bra) (ol Bry))?)  + 3 ay By =0,
W=
d
043 Y apeiat o on S, =R,
k=01<i<j<N
d k!
03 a5 Lp* H(wz) > 0 on S, for 1<i<j<N.
k=0 7T
d El
s rn/2—1 .
M‘Zau,kﬁLk/ (0)>0 fori=1,...,N.

k=0

Note that there is one true polynomial matrix constraint; the other constraints are either
polynomial constraints or normal semidefinite programming constraints.

5.2 Time complexity

We use a maximum degree of 2d as is in general done; this makes it possible to use bases
of degree at most d. Recall that the variables are given by a;; 5, with 1 <4 < j < N and
k=0,...,2d. We denote the number of required sample points for a constraint j by Kj,
and the maximum length of the basis by U;. Although the length of the basis depends
on both [ and j, this will be a difference of at most 1. In the notation of Section 3.3, we

have P; = WKJ» = O(m?KJ) and U;; ~ U;. The conditions of Theorem 5.1 give:
(i) 1 constraint with m; = N, ny =0, L; = 1. This gives K; =U; = 1.

(ii) 1 constraint with my = N, ny = 1, 03 = 2d and Ly = 2. This gives Ky = 2d + 1,
and Uy = d + 1.

(iii) w constraints with m; = 1, n;

; = 1,0; = 2d, and L; = 2, which gives

(iv) The minimization of the maximum of a,; o gives N extra constraints, with m; = 1,
n; =0 (and thus K; =U; = 1), and L; = 1.

This gives a complexity (in terms of d and N) of O(N°®d*) for the Cholesky decomposition
of Q, O(N°d® + N°d+2N?+ N°®) for condition (i), O(2N°d® +4N°d® +12N?d® +8N°d?)
for condition (ii) and O(N?(2N*d* + 4N?d® 4 12d° +84d?)) for condition (éii). The extra
constraints for the objective function add O(N(N*d* + N2d + 1)), which is negligible
compared to the other terms. This gives a leading term of O(N 6d3). In contrast, the
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MPMP implementation in SDPA-GMP gives O(N°d® + N°d") due to the term m? U;’Kj
in the general complexity (see Table 2 and Section 4.5; the m? comes from the term
®FE, ;). This is especially important for high degrees d for a constant N, which is the
approach for obtaining bounds.

In [10, Problem B], the problem was modelled slightly differently. The polynomial
matrix f was rewritten to a polynomial o, which is a sum of squares if and only if f =0
(similar to Theorem B.1). This polynomial was directly encoded as a sum of squares,
hence condition (i) was automatically satisfied. However, condition (iii) still gives N*
polynomial constraints of degree O(d), with the same complexity. Another difference is
that the constraints were rewritten to SDP constraints using coefficient matching instead
of sampling. Because the Laguerre basis was used for stability, this does not introduce
much sparsity for coefficient matching of low degrees, although it does for coefficient
matching of high degrees. In general, it is unclear to what extend this increases the
speed of the calculations.

5.3 Timing results

In this section, we present results regarding the speed comparison between SDPA-GMP,
SDPB and our Julia solver CLRS. The problem considered is the Cohn-Elkies bound,
which is equivalent to the N-sphere packing bound for N =1 and r = % All solvers use
1024 bits precision. The problem is purely used as test case; there are other techniques to
solve this problem with good results [8]. In the case of SDPA-GMP, coefficient matching
was used with the Laguerre basis, both as basis for the sum of squares polynomials and
as basis for coefficient matching. For SDPB and CLRS, we also use the Laguerre basis for
the sum of squares polynomials. The sample points used are the default sample points of
SDPB. Furthermore, we set the stopping conditions to for all solvers to having a duality
gap of at most 107 with primal and dual error thresholds of 107*°. The remaining
parameters were taken to be the default for the solver, where we took the parameters of
SDPB as default for CLRS. All computations ran on the same computer.

5.3.1 Single thread

As can be seen in Figure 1, the complexity of SDPA-GMP is indeed higher than the
complexity of the specialized solvers. In addition, CLRS and SDPB require less time to
solve the problem than SDPA-GMP starting around d = 50.

Furthermore, CLRS is slightly faster than SDPB for this problem on one thread. As
SDPA-GMP has no multi-threaded implementation, we used a single thread to gener-
ate this plot. An important remark is that SDPA-GMP requires less precision for this
problem. Both SDPB and CLRS fail for d = 80 with a precision of 1024 bits, whereas
SDPA-GMP does not (although the answer is incorrect; it is therefore not included in
the figure). Furthermore, the problem can be solved with less bits with SDPA-GMP than
SDPB and CLRS for most d. Using a different precision would show itself in the plot as
a constant factor.
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Figure 1: The time needed to compute the Cohn-Elkies bound for constant start parameters
and varying degree on a logarithmic scale. For SDPA-GMP, coefficient matching was used. For
all algorithms, a single thread was used.

5.3.2 Multiple threads

There are several ways in which multiple threads would be usable in CLRS. First of
all, nearly everything can be done for each cluster (i.e. each polynomial constraint)
separately. Extra threads can then be used to speed up operations such as matrix multi-
plications in certain clusters. SDPB uses this since it is easier to scale to several clusters
of processors [20]. For the computation of the bilinear pairings and S, it is also possible
to distribute the computations which have to be done for a single sample point over
the threads. This has the advantage that the speedup obtained from the extra threads
directly scales with the number of threads for this part of the iteration. However, as the
computation of the bilinear pairings is often not the bottleneck, the approach taken by
SDPB is superior due to less communication overhead.

In Figure 2, we show the time needed to solve the program with SDPB and CLRS,
using one and two cores. The time needed for SDPA-GMP with one core is also included,
as extra reference. There are several interesting aspects of this figure. First, both CLRS
and SDPB are clearly faster than SDPA-GPM when using multiple cores. Although this
does seem an unfair comparison, it shows an advantage of the parallel solvers; SDPA-
GMP is not parallellized, even though it is possible for computing S z Second, SDPB has
a clear advantage on CLRS when using multiple cores. The reason for this is not com-

'In several other solvers of the SDPA family, the computation of S is parallellized [33].
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4000
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------ CLRS 2c¢
—— SDPA-GMP 1c¢
--- SDPB 1e
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u
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Figure 2: The time needed to compute the Cohn-Elkies bound for constant starting parameters
and varying degree, with one and two cores. SDPA-GMP has no possibility to run with multiple
cores. Different line styles represent different solvers (solid for SDPA-GMP, dashed for SDPB
and dotted for CLRS). Different colors represent different amounts of cores used (blue for one
core and red for two cores).

pletely clear when using two cores. A possible reason is extra communication overhead.
In CLRS, the multithreading is done within functions, whereas SDPB runs computations
completely on a core; only the calculations which connect clusters require communication
between cores. Furthermore, SDPB optimizes the distribution of clusters over threads
using timings of the first two iterations. In CLRS this is not done (at the time of writing
this thesis); the threads are used according to the native (static) scheduler, which evenly
divides the clusters over the threads. In this case, the distribution of the constraints
over the threads should be optimal or near to optimal. In the case of more cores than
constraints, SDPB assigns the extra cores to constraints in order to speed up operations
such as matrix multiplication. It is not clear to what extend this would be possible with
the linear algebra library which is currently used for CLRS.

It should be noted that this problem was chosen because of the simplicity and because
it is possible to solve with all solvers. In the next chapter, among others a three-point
bound is given using polynomial constraints in three variables. Because this requires more
polynomial weights than two, it is not possible to use this with SDPB. Furthermore, we
used symmetry reduction for extra speed, which introduces higher rank structures. This
is the main other difference between the capabilities of CLRS and SDPB; the former can
solve problems with higher rank structures whereas the latter cannot.
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6. Spherical cap packing

In this chapter, we consider the problem of packing spherical caps of N different sizes
on the unit sphere. This is related to spherical codes with unequal error protection. After
the general introduction, we consider two-point bounds, both for N = 1 and N > 1, using
the well-known Delsarte LP-bound and a theorem from de Laat et al. in [10]. In Section
6.3 the three-point bound for N = 1 of Bachoc and Vallentin [1, 2, 13] is considered, and
extended to N > 1. This extension can also be generalized to the general k-point bound,
as shown in Section 6.5.

6.1 Preliminaries

A spherical cap around a point e on the n-dimensional unit sphere S”_l, the center, with
angle 6 is defined by

Cap" '(e,0) = {x € 8" " | "z > cos()}.

Let w(@) be the fraction of the unit sphere Cap”™ ™' (e, #) covers:

n—2 1
’w(@) _ anl(‘i_l ) / (1 _ u2)(n_3)/2du, (61)
wn(S ) cos

where w, (S"") = (QW”/Q)/F(TL/2) is the surface area of the unit sphere, and I'(z) is the
gamma function.

Given a graph G = (V,E), a set I C V is independent if no two vertices in I are
adjacent. Given a weight function w : V' — R, the weighted independence number
., (G) is the maximum weight of an independent set in G:

o, (G) = max{z w(z) | I CV is independent} . (6.2)
xzel

The problem of finding the maximum density of a packing of spherical caps is equiva-
lent to finding the weighted independence number «,,(G) of the infinite graph G = (V, E)
with V = 8" x {1,..., N}, where two vertices (x,1), (y,j) € V are adjacent if the caps
Cap” ' (z,0;) and Cap”fl(y,ﬂj) overlap, i.e. when

x -y >cos(f; +0,).

The density of a packing of spherical caps is given by the sum of the contributions of the
caps in the packing to the density. Thus these contributions, the fraction of the sphere
covered by a cap, are the weights. For the case NV = 1, it is equivalent to take weights of
1, and consider the cardinality of the packing instead of the density.
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6.2 Two-point bounds

A well-known upper bound for the (weighted) independence number of a graph G =
(V, E) is the (weighted) Lovasz theta number:

0,,(G) =inf M (6.3)
s.t. K—w'? @ w'?* is a positive definite kernel,
K(z,z) <M forz eV,
K(z,y) <0 for (z,y) ¢ F with x # y,
MeR KeCVxV) is symmetric .

where C(V x V) is the set of all continuous kernels on V. A kernel K on V is symmetric
if K(z,y) = K(y,z) for all z,y € V, and positive definite if for all finite sets C' =
{x1,...,2,,}, the matrix (K(z;,;)); =1 is positive semidefinite. For the spherical cap
packing problem, we can restrict the positive definite kernels to be O(n) invariant: Any
rotation of an (optimal) solution, gives another (optimal) solution. Hence the group
average of an optimal solution is an optimal solution to 6.,(G) restricted to invariant
kernels.

Schoenberg [28] gives the following characterisation of O(n)-invariant positive definite
kernels on "'

Proposition 6.1. Let Py denote the Gegenbauer polynomials with parameter n/2 — 1,
normalized such that Py (1) = 1 for all n,k € N. Each positive definite O(n) invariant
kernel on S™™' can be written as

K(‘r’y) = Zakpl?(xy)7 (64)
k=0

where a;, are nonnegative, and the convergence is uniform and absolute.

Together with (6.3), this leads for N = 1 to the well-known linear programming
bound of Delsarte et al. [12], taking u = x - y:

inf M
s.t. Z ap, <M -1,
k=0
Z ap Py (u) < —1 for 1 < u < cos(d),
k=0
ap >0 forall K >0.

In [10], this is generalized to N > 1 using the following theorem:

Theorem 6.2 ([10, Theorem 2.1]). A symmetric kernel K € C(V x V) with V =
S" 1% {1,..., N} is positive and O(n)-invariant if and only if

K((l‘,i), (y’])) = f(x : y)ij ) (65)
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with
flu)=>" AP (u), (6.6)
k=0

where A, € SV is positive semidefinite for all k > 0 and > v [ frijl < oo for all
i,7=1,..., N, implying in particular that we have uniform convergence.

The theorem can be proven using Bochner’s characterisation for invariant kernels.
This leads to the following upper bound [10], taking (K — w?® (w1/2)*)((3&, i), (y,7)) =

inf MeR (6.7)
s.t. F(D)y < M —w(6,),

Fu)y; < —w(8;)"*w(8;)? for 1 < u < cos(6; +6;),

A, =0 forall k> 0.

with f as defined in Theorem 6.2.
In practice, the sum is restricted to a degree d to obtain a solvable program. A higher
degree gives a better bound at the cost of a larger semidefinite program.

6.3 Three-point bounds

In [11], a general formulation for k-point bounds for the independence number o(G) is
given. For k = 3 this gives

inf MeR (6.8)
s.t. TeCVxVxI)s,

ByT(S) < M —1 for S e I_,,

BsT(S) < -2 for S e l_,,

BsT(S) <0 for S e l_s,

where I_j, is the set of independent sets of cardinality k& and I, = Ug<;<pl—j. The
operator By : C(V x V x I)gym — C(I3 \ {0}) is given by

ByT(S)= Y Y T(xyQ).
QCS z,yeS
[QI<1 Qui{z,y}=S

Furthermore, C(V x V' x I} )y is the set of continuous functions on V' x V' x I; which are
positive definite kernels on V' x V for all elements in I;. Bachoc and Vallentin characterise
such kernels. To state the theorem, we define, for ¢, j > 0, the matrix elements

t —uv

(1— )1 —0?)

Ykn(u7v7t)ij — ’LLZUJ(l _ u2)k/2(1 _ UQ)k/QPI:L—l

A matrix U € O(n) stabilizes z € S* ™" if Uz = z; the set of all such matrices is called
the stabilizer Stabo,,(z) of 2.
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Theorem 6.3. Let z € S" ! andFkESd k1 fork=0,...,d. Then

d
(x,y) = ZTT(FkYkn(x T2, Y27 y)T)
k=0

is a Stabo(y,) (2)—invariant positive definite kernel on 5" and every Stabon)(2)—in-
variant positive definite kernel is the uniform limit of kernels of this form.

Note that the transpose in the theorem is in fact not needed, because Fj, is symmet-
ric. However, this increases the similarity between Theorem 6.3 and Theorem 6.4, the
generalization for IV sizes of spherical caps. Furthermore, one can change the factor u 7
in the definition of Y} (u,v,t);; to ¢;(u)g;(v) for any other basis of polynomials ¢q. This
can be seen as changing basis for both F}, and Y;'. Originally, the basis consisted of the
polynomials P2 [1].

Using Theorem 6.3 to define T'(z,y,{z}), and T'(z,y,0) = >, ap i (x - y) gives the
three-point bound [13, program 8]:

inf MeR (6.9)
d
s.t. > ap+F(1,1,1) <M -1,
k=0
Z ap Py (u) + 3F (u,u, 1) < —1 for —1 <u <cos(d),
F(u,v t) <0 for (u,v,t) € A,
FkESd kol ,ap >0 for k=0,...,d,
where
d
F(u,v,t) ZFk,Skuvt)>
k=0
and

A= {(u,v,t) e R* | =1 <u,v,t < cos(d), 1+ 2uvt —u® —v> — > > 0}.

Furthermore, Sy =" . s, oY} (u,v,t), where o acts on Y, by permuting its arguments.
This symmetrization is possible because the points x,y and z behave similarly. The set
A is obtained from considering all valid tuples of inner products of points on S™ 1 the
first constraints in A give that the caps do not overlap, and the last constraint together
with the bounds on u,v,t requires the centers to be on the sphere. Because F' and A
are symmetric in u, v and ¢, symmetry reduction can be used to solve the problem more
efficiently; see Section 6.4 for the relevant details.

In the following, we will focus on the extension of this problem to NN sizes of spherical
caps. For this, a characterization similar to Theorem 6.3 is needed. As before, we denote
the partial trace as Tr,,,, where m is the dimension the trace is taken over.
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Theorem 6.4. Let z € S" ' and F, ESd FON fork =0,...,d. Then

d
((z,1), (y,7)) = Zde—kH(Fk(Ykn(x ey ® IN))ij
k=0
is a Staboy,) () —invariant positive definite kernel on V = S" 1% {1,...,N}, and every

Stabo ) (2)—invariant positive definite kernel on V' is the uniform limit of this kernels
of this form.

Here, O(n) acts on V by v(x,i) = (v 'z,i) for v € O(n), i.e. the action is restricted to
the natural action on the sphere. Theorem 6.4 can be seen as an element-wise application

of Theorem 6.3, similar to Theorem 6.2 being an element-wise application of Proposition
6.1.

Proof. We will prove it using Bochner’s Theorem. Let d € N. As in [1] and [2],
Polgd(Snfl) can be orthogonally decomposed as

d d
Polo,(S" ) =P P HT, (6.10)
k=0 i=k
where H ,? ;1 is isomorphic to Harm;f , the O(n — 1)-irreducible space of homogeneous,

harmonic polynomials of degree k in n — 1 variables. To make this more concrete, we
have

n—1
Hk,i = Span{ek,i,m ) ek,i,dfk} >

where for example

€rij(T) = (- Z)jygil(xi,/_l(—mzj);) '

In this expression, V' ~! are the spherical harmonics in n — 1 variables.
Using the decomposition (6.10), the space Poléd(S"_l)@)R{l"“’N}
as

can be decomposed
d d d N
Poly(S" ) @R M = (P HE o RY) = PP P Hr -
k=0 i=k k=0 i 1
A basis of H;Lala) can be given by (,b) — ey ; ;(2)d,(b) for j = 0,...,d—k, where J,(b)
is the kronecker delta.
Bochner’s characterization [5] gives that any positive definite kernel on V' can be
written as

my

I
M= 1= 1M

N
Z F(zb) G b>zem ‘31“ J( )6b(a)6b’(a/)

/

1b,b =1

K((z,a), (y,

7

N
I

3

k n
Fl oy iy Vg e,y
1

.
1,7

Try o1 (FF Y (- ey ez-y)’ @ IN))aa >

~
Il
=}
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where the matrices F* are positive semidefinite. The sum over the basis is rewritten
using Theorem 3.1 and 3.2 of [1].

Uniform convergence follows from [9, Theorem A.8]. In fact, in this case it is equiva-
lent to stating that the set of polynomials is uniformly dense in the space of continuous
functions on the unit sphere.

O

We would like to use program (6.8) in a similar way for an upper bound on the spheri-
cal cap packing density with N sizes of caps. However, the program gives a bound for the
independence number «(G), the maximum number of points which form an independent
set in the graph G. Hence it cannot be used directly for finding the maximum density of
spherical caps on the unit sphere, which requires weights. Using the similarity between
the weighted and unweighted #'(G) number, we find the weighted three-point bound
given in (6.11). Similarly, we can generalize the k-point bound of [11] to a weighted
k-point bound, see Section 6.5; program (6.11) is the special case with k = 3.

inf M eR, Fi AR =0 (6.11)
d
s.t. ZA']LC7,+F<17171)“7,§M_IU(91) fOrZ.::l,...7N,
k=0
Z o(F(u,v,t);5) <0 for (u,v,t) € A and 4,5,1=1,...
oc€ES3

d
2w (0;)'Pw(0,)"? > Al P (u)
k=0

+ w(ﬁi)2/311)(934)1/3(2F(17 w,u);i; + F(u,u,1);;)  for u e [=1,cos(6; + 0;)]
+w(8;)Pw(6;) P (2F (1, u,u) 5 + Flu,u,1);;) andi,j=1,...,N,
< —2w(0;)w(0;)

where
d

Fu,v,t);5 = Z Trg g1 (Fr(Yi' (u,0,0)" ® Iy))y;
k=0

and

A = {(u,v,t) | =1 <u < cos(b; +6,),
—1<wv<cos(f; +6,),
— 1<t <cos(0; +0,),
14 2uvt —u? —v? — 12 >0}.
Furthermore, o € S3 acts on F'(u,v,t);; by permuting i, j,l; the permutation of u,v,t
follows from u = ;- 2;, v = z; - 7; and ¢t = x; - x;. This leads to the same constraints for

(4,7,1) and o(4, j,1), hence we only need to consider ¢ < j <[ while solving the program.
Note that, for V = 1, this is exactly the three-point bound for the maximum cardinality of
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a spherical code, scaled by a factor w(6,). In addition, setting F'(u,v,t);; = 0 (equivalent
to not considering the part of the constraints on three points) gives the two-point bound
(6.7).

Proposition 6.5. Program (6.11) gives an upper bound to the spherical cap packing
density with cap sizes 01,...,0.

Proof. Let z; € S" ' fori=1,...,m and r: {1,...,m} = {1,..., N} be such that

C= U Capnil(qjiver(i))

i=1
is a packing of spherical caps. Consider the sum

m

S= Z F(‘T Ly, Ty =Ty, T - Ty )r(z)r(g)r(l)u}(gr(i))I/Brw(ar(j))1/311‘)(9T(l))1/3
igl=1
+ Z ZA (i)r(j Pk T;T; ) (QT( )) /2w(9r(j))1/2.
1,j=1k=0

Note that, by Theorems 6.4 and 6.2,

Z Fzi x5 2,25 25) iy (G)r () WOy )0 (0rjy) = 0, fori=1,...,N

i,j=1

m d

Zw (0, Z () Pe (- 2;) > 0.
ij=1 k=0

As w(0,;)) > 0, this means that S > 0. The sum S also equals

d
Z w(0y.i)) (F(L LD (iyr(iyr) + Z Alf(i)r(i))

+Z( 7(1 ( 7(]) ZA7( )7(])P((£ Z; )
i#£] k=0
+w(0,0) > w(0,) P (F (L35 20,23 20 )0)

+F($"$z‘71a% Driror + P 25,225, 000) )

+ > w(lr) P w(0,0) P w(0,0) P (@ w3 ey
i#£j#l

< Z (Or0)) (M = w(0,3))) = Y w5y )w(Br(7))
i#]
= > w(0) (M =D w().

J

where the inequality is valid because of the constraints on F' and because C' is a non-
overlapping packing of spherical caps. Hence M > Y™™ w(6,.(;)). O
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6.4 Symmetry reduction

In [13], similar as in [23], program (6.9) was solved using symmetry reduction for the
constraint in three variables. In this section, we will recap the method used, and apply
it to the three-point bound for IV sizes of spherical caps.

Let F' be a 3-variate polynomial of degree 2d, invariant under the action of S5. We
require F' to be positive on

A ={(u,v,t) eR? | —1 Su,v,tgcos(0)71—|—2uvt—u2—v2—t2 >0}.

Using Putinar’s Theorem, F' is positive on A implies that there are sums of squares
polynomials qq, ..., g, such that

F(ua v, t) = qO(ua v, t) + p(u)ql ('LL, v, t) =+ p(U)qQ(U, v, t)
+ p(t)gs(u, v, t) + (1 4 2uvt — uw? — v — t2)q4(u, v,t),
where p(x) = (cos(d) — z)(x 4+ 1). Reformulating A, we have
A={(u,v,t) eR*|s; >0fori=1,...,4},
where
s1 = p(u) +p(v) +p(t),
s9 = p(u)p(v) + p(v)p(t) + p(u)p(t),
s3 = p(u)p(v)p(?) ,

54:1+2uvt—u2—v2—t2.

For a proof of the equivalence see [23, Lemma 3.1]. This gives

4
F=q+ Zslql
i=1

As I and s; are symmetric in u, v, t, we can assume without loss of generality that the
q; are also symmetric in w,v,t. As in [13], we define symmetrized variables

o1 =u+v+t, Oy = uv + vt + ut ¢3 = uvt.

Let by(¢1, P2, @3) be a vector of basis polynomials in ¢, ¢, and ¢3 for polynomials up
to total degree d in w,v,t. Then one can show as used in [13], by [14], that for every
Ss-invariant sums of squares polynomial ¢ of degree 2d there are positive semidefinite
matrices Q1, @q, Q3 such that

q(u,v,t) = Tr(Q1 (baby ®11;)) + Tr(Qy(by_oby 5 @ Ily)) + Tr(Qs(ba_1by_ 1 ®I3))
where
M =1, I, = ¢id5 — 4¢5 — 4655 + 1861 padbs — 2763,

- :< 201 — 66, —¢1¢2+9¢3>.
P \—h102 + 985 265 — 60105
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Note that Il5 is of rank 2 for general u,v,t. In SDPB, this would be another reason be-
cause of which the problem cannot be solved (next to the number of polynomial weights).
However, this is not a problem because CLRS accepts low rank structures instead of rank
1 structure. At the end of the next section, the difference between using symmetry with
the rank 2 structure and not using symmetry will be considered in the context of solving
time.

Because every polynomial used is Ss-invariant, a sample point (u,v,t) actually rep-
resents constraints on o(u,v,t) for every o € S3. Hence less sample points are needed
for the unisolvent set. Seen differently, this is because the subspace of invariant polyno-
mials has a lower dimension. See Section 4.6.5 for a discussion on how to choose sample
points in a symmetrized setting, and Section 6.7 for results and a discussion regarding
the quality of the solution.

For program (6.11), something similar can be done in case i = j, i =1, j =l or
1 = j = [. Let us first consider the case i = 7 = [. Writing out all permutations gives the
constraint

F(u,v,t) 55 + F(u, t,0)5 + F(v,u, ) + F(o,tu), + F(tu,0), + F(tv,u), <0,

for (u,v,t) € Ay; = {(u,v,t) | u,v,t € [—1,cos(26;)], 1+ 2uvt —u® —v® —t* > 0}. Notice
that everything is completely symmetric in u, v, ¢, hence we can use the same strategy as
before.

Now suppose i = j # [. This gives

F(u,v,t); + F(v,u,t) + F(tu,v)y; + F(tv,u); + Fu, t,0)5, + F(u,tu);; <0,

for (u,v,t) € Ay = {(u,v,t) | u,v € [~1,cos(6; + 0,)], t € [-1,cos(0; +6,)], 1+
quvt —u® — v — % > 0}. This is symmetric in w, v, and hence we can use the following
reduction (as for [13, Program 2]). Let by = by(u, v,t) be a vector of basis polynomials for
the polynomials up to degree d, symmetric in u,v. Then, because of the decomposition

Rlu,v,t] = Rlu 4+ v, uv,t] ® (v — v)Ru + v, uv, t],
any sums of squares polynomial g(u,v,t) which is symmetric in u, v can be written as
q(u,v,t) = Te(Yibaby ) + Tr(Ya(ba—1bi—1) @ (u—v)*).

The other cases follow similarly.

6.5 k-point bounds

In analog with the generalization from spherical cap packing with one cap to spherical cap
packing with N caps, for both the two and three-point bound, one can expect something
similar to happen for k-point bounds. As mentioned before, de Laat et al. derive in
[11] a hierarchy of k-point bounds for the independence number of a graph G = (V, E).
The corresponding three-point bound was shown in Section 6.3, and the two-point bound
reduces to the &/ number. In this section, this is generalized to a k-point bound with N
different weights, similar to the generalizations of the two and three-point bounds.
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Let us first introduce the setting. Let k > 2, and let C(V2 X Ik,g)sym be the set
of continuous real-valued functions on V2 x I_o which are symmetric in the first two
coordinates. As before, I_j is the set of independent sets of cardinality k, and [ =
Us<kl—k. An operator T' € C(V? x Ij_5) is said to be positive if for all Q € Ix_o, the
kernel (z,y) — T(x,y,Q) on V2 is positive. The set of all such operators is denoted by
C(V? x Ix_2)»o. Define the following operator By : C(V? x Ix_2) — C(I; \ {0}):

BT = Y. Y T@wQ.
QCS

- z,y€S
QI<k—2 QU{z,y}=S

Then the independence number is upper bounded by the following program [11,
Proposition 2.1J:

inf MeR (6.12)
s.t. TeC(VxVxIi)so,

ByT(S) < M —1 for S e I_y,

BiT(S) < -2 for S e l_o,

B,T(S)<0 for Sel_;,3<I<k,

Let w; € Ry be weights for i =1,...,N,and let w: V = {w; |i=1,...,N} be an
assignment of the weights to points in V. To take the weights into account, we change
By, to By, defined by

BiT(S)= > (Hw(z)l/<@\+2>) S Ty, Qula) 1@ y(y) /(1212

QCS ZEQ z,yeS
|Q|<k—2 QU{z,y}=S

We use the following program:

inf MeR (6.13)
s.t. TeCVxVxI)so,

B, T(S) <w(S)(M —w(9)) for Sel_q,

B, T(S) < —2w(9) for S eIy,

B, T(S) <0 for Sel_;,3<1<k,

where w(S) = [[,cqw(x).

Proposition 6.6. Program (6.13) gives an upper bound on the weighted independence
number with N weights.

The proof is very similar to the proof of Proposition 6.5.

Proof. Let T € C(V? x I1)»o be a feasible solution to program (6.13), and let C =
{z1,...,2m} be an independent set in V, with weights w,; and weight assignment w :
Vo{wli=1,...,N}



43

Since T is positive, we have

o= Y Y Y T,y,Q) (w@u(x)w(y) /19
scc QCs

SCC - - T,yeS
|S|<k,S#0 |S|<k,S#0 |Q|<k—2 QU{z,y}=S
= > w@VIH N T, y, Q) (w(w)w(y)) 19+ > 0,
QCC z,yeC
|QI<k—2

because (x,y) — T(x,y,Q) is a positive kernel for all Q € I;_. Furthermore, because
T is feasible and C is an independent set, we have

> BT S @M —u) — 3wl = S w6 (M- v
\Sé%,c"s;é@ zee e#yed zeC yeC

Note that the second constraint is split into (z,y) and (y,x), each using —w(.S) of the
right hand side. Together, this gives M >3 - w(zx). O

This is particularly useful for sets V =V’ x{1,..., N}, whereeachi =1,..., N of the
second set has a weight (such as in spherical cap packing with N sizes of caps). However,
to obtain a solvable SDP, it is required that T'(z,y, @) is representable by semidefinite
matrices. Furthermore, even with symmetry reduction, the number of constraints will
be proportional to N2, due to the factor w(S) in the second constraint set. If the last
constraints cannot be fully reduced, which is the case for spherical cap packing with NV
sizes of caps, the number of constraints can even be proportional to N*.

6.6 Conversion to MPMP and time complexity

All two and three-point bounds introduced in the previous sections can easily be for-
mulated as MPMP constraints, similar to the conversion in Section 5.1. Let us give a
quick recap of the most important constraints. The polynomial constraints are nearly of
the required form; rewriting it in terms of single variables (the matrix elements of F},) is
enough to identify the P} of the general MPMP. The constraints that might not be clear
are the constraints on constants. This can be seen as a polynomial constraint of degree
0, hence requiring 1 sample point.
Recall that the complexity per iteration of CLRS is given by

L

O | N2+ 37 (VI3 + Nomd K+ mS K 4+ (ngam? B UR -+l K30;0) ) |
J =1

where N, is the number of variables, m; are the matrix sizes of the constraints, Uj;
is the number of basis polynomials, K; is the number of sample points, and 7, is the
rank of the polynomial weights; we directly used P; = O(m3Kj). To make the difference
clear between the number of scalar variables and the number of sizes of spherical caps,
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we write N, for the number of variables. We will apply this to get the complexities of
computing the bounds for spherical cap packing. As the most interesting case is how the
complexity changes with the degree d, we will only consider the term with the highest
power of d. The programs for N = 1 are special cases of the programs with N > 1,
and thus they will not be considered separately. We will use a maximum degree of 2d.
This is commonly done, because it leads to bases with degree d for the sums of squares
factors. This introduces constants in the time complexity, which can be hidden in the
big O notation.

For the two-point bound (6.7), the variables are f; € SV, hence it requires W@a@r
1) = O(N?2d) variables to model fy,..., fag. Additionally, M is a variable which does
not depend on d. For each i = 1,..., N, there is one constraint on the diagonal value of
f(0), giving N constraints of constants. Furthermore, there are w polynomial con-
straints of degree 2d, in n = 1 variable. These constraints give a complexity of O(N2d?)
for computing S. Furthermore, the complexity of computing the Cholesky decomposi-
tion of Q is O((N?2d)3) = O(N®d?). As N is kept constant to obtain bounds, only the
complexity in d is of interest.

The three-point bound (6.11) requires variables F} € SNQ@d=k+1) and A, € SV, for
k=0,...,2dand Il =1..., N, and the variable M for the objective. This gives a total
number of

2d
N, =NY N@d—k+1)(N@d—k+1)+1) N(N+1)

2 2

2d +1 = O(N3d?)
k=0

variables, giving already a complexity of O(N?d®) for the Cholesky decomposition of
Q@ in the algorithm. This is the most significant part in the complexity, although the
other parts such as computing S, C~'B and Q have a similar complexity in d. As
an example we will compute the complexity for computing the S block corresponding
to the multivariate constraints: There are O(N?) constraints with three variables have
K; = (322d) = O(d?) and U; = (3‘3"2) = O(d?), L; = 8, giving a complexity of O(N3d?).
Note that, because the degree of the polynomials varies from 0 to 3, the actual values of
U;, will differ per block I. This gives a lower constant in front of the d?, but does not
change the maximum power of d.

In this case, SDPA-GMP gives a complexity of O(N°d'?), due to the term m?K;U?,.
Again, the term m? comes from including the E; s, which gives m?K ;j constraints instead
of K;. However, note that in the multivariate case with the monomial basis, the con-
straint matrices will be very sparse when using coefficient matching. This means that

the practical complexity will be greatly reduced.

6.6.1 Speedup due to symmetry reduction

In [23, 13], polynomial symmetry was used to reduce the size of the SDP, after which
it was solved with SDPA-GMP. Here we will consider the improvement made by using
symmetry with CLRS. First we consider the computation of the block of S corresponding
to the multivariate constraint, costing O(3_, m;U7; K;+m3U;  K7) in complexity. Recall
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that the constraint has n = 3 variables, and that it is written as

—F(u,v,t) = qo(u,v,t) + p(u)qi (u,v,t) +p( Vg2 (u, v, t)
+p(t)Q3(uv v, t) (1 + 2uvt — u U2 - t2)q4(u7 v, t) B

without symmetry reduction, where p(u) has degree 2. Hence degqy = 2d,degq; =
2(d—1) for i = 1,2,3 and deggs = 2(d — 2). Note that the constants in the time
complexity will be the same for both the symmetry reduced case as the normal case.
Hence comparing them can be done by computing and dividing >, Uy ;K7 + U7, K;.

Without symmetry reduction, the basis has a length of Uy = (dH) for a sum—of—squares

polynomial of degree 2d (and thus a basis up to degree d). Furthermore, for equality we
need equality on Kg = (2d; 3) sample points. This gives, up to a factor, a computation
time of

Ky(U3 4302 |+ U2 )+ K2(Ug+3Ug_ 1+ Uqg_o).

With symmetry reduction, we can write the constraint as, with F' of degree 2d,

(@Y, bab] @II1) + (Q9, by—sb]_5 ® Ia) + (Q3, ba—2bj_o ® I13)
+{(Q1, s1ba-1bg_1 © ) + (Q3, s1ba-abg_g @ o) + (Q3, s1b4—3b5_5 @ I13)
+(QF, s2ba—abj_p ® 1) + <Q2,sgbd 5bq—5 © Ia) + (@3, s2ba—aby_4 ® Tl3)
+(Q7, s3ba—3by_3 © ) + (Q3, s3ba—sbg_g @ o) + (Q3F, s3ba—sbg_5 @ I13)
+(Q1 ) + (@3, 54ba—5bq_5 @ Il2) + (Q3, saba—abg_y @ l3) .
because degs; = 2,degss = 4,degss = 6 and degs, = 3, with II; as defined before.
Recall that II;,II5 are of size 1 and Il3 is of size 2. Furthermore, by is a basis of the

invariant polynomials in variables u + v + ¢, uv + vt + ut and uvt up to total degree d in
u,v,t. Such a vector of basis polynomials has length
d—i d—i—j

E9) 55 3t

i=0  j=0 k=0 i=0 j=i k=j

_F(U, v, t)

1, 84bg—2bl_, @11

L(d—i)/2] [+=522)

where the first expression is obtained from considering all possible powers of the variables
U+ v +t, uv + vt + ut and uvt, and the second expression is obtained from considering
the unisolvent set of rational points in the simplex with denominator d. Because the
basis is symmetric, a point (u,v,t) represents all permutations o(u,v,t), and hence the
rational points in the simplex with u < v < ¢ are a unisolvent set for the symmetrized
case. Empty sums (for example j > d — 4 — j in the second expression) are understood
to evaluate to 0.

Note that, for Q%, the length of the final vectors in CLRS is 2U; because I3 is of
size 2. We also require only K] = U;,; sample points instead of Ky = Usq, due to the
symmetry. This gives a computation time, up to the same factor as for the non-symmetric
case, of

K((U3)? + (Ui-1)* +10(U5_5)* +10(U3_3)* + 17(U3_4)* + 10(Uj_5)* + (Ui_e)*)
+ (K52 (U + Uj_y + 10Uy + 10Uy + 17Uy + 10U5_5 + Us_g)
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where we grouped together all terms with the same U. The terms with II3 where counted
8 times; 2 times because the vectors are twice as long, and 22 times because the matrix is
of rank 2 and thus requires 4 times the number of computations. Note that this is valid
for d > 6; for lower d not every term has to be taken into account.

The second operation in which a speedup can be seen is in the computation of Q) =
(C7'B)TC~'B. This involves multiplication of matrices of size N x K; and K; x N,
hence the speedup will be proportional to K;/K5. Note that other processes will be sped
up too, such as the Cholesky decomposition of S; and inverting X, because there are
less sample points needed and the largest matrix blocks are reduced in size. The actual
speedup depends on the interplay between these speedups and the parts corresponding
to other constraints, or which only depend on the number of variables y;. Experiments
show that the Cholesky decomposition of ) becomes the bottleneck for the three-point
bound. This is especially the case when using multiple threads, because it cannot be
easily parallellized.! As the Cholesky decomposition of @) does not depend on the basis
or the sample points but purely on the number of free variables, it does not profit from
the symmetrization.

To compare the two cases, we plot in Figure 3 the computation time for the non-
symmetric case divided by the computation time for the symmetric case versus d, for
the most important computations which are sped up. With SDPA-GMP, the highest d
for which computations where done was d = 16 by Machado and De Oliviera Filho [23],
although a slightly different program was used. Therefore we plot it up to d = 30, which
will not be reached in the near future.

6.7 Experiments concerning sampling with symmetry
reduction

To use the solver introduced in Chapter 3 for the computations, one needs to choose bases
and sample points for each constraint. In this section, we will consider the multivariate,
symmetrized constraints, and show what problems can be encountered. In particular,
the case of n = 3 and degree 2d was considered, using N = 1 caps with angle 6, = 7/3.
This problem is equivalent to the kissing number 7,,. It is known that 73 = 12.

Recall that, for N = 1, the multivariate constraints are symmetric in u,v and t. We
use symmetry reduction as explained in Section 6.4 to reduce the number of required
sample points and the length of the bases. In [23], the basis polynomials used were the
polynomials (u + v + t)*(uv + vt + ut)’(uvt)® with a + 2b + 3¢ < d. We apply a basis
change to obtain the basis with polynomials P, (u+ v +t) P} (uv + vt + ut) Py (uvt) with
the same requirement for a, b, ¢, where P, are the Gegenbauer polynomials of degree a
with parameter n/2 — 1 as before. This in general improves the solution quality. When
using coeflicient matching, this also reduces the sparsity and thus the speed of the solver
SDPA-GMP.

! There are parallellized algorithms for the Cholesky factorization, see for example [15]. Such algo-
rithms are not available for arbitrary precision in the standard libraries for Julia, and do not seem often
used. In general, such parallellized algorithms are less efficient, and thus a speedup is only seen for a
high number of cores and large matrices.
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Figure 3: The theoretical relative speedup for the computation of S; due to symmetry reduction,
corresponding to bases of degree d, and hence a program with a maximum degree of 2d.

We tried several methods to choose sample points, because we noted that the choice
of the sample points can greatly influence the value of the solution. Some of the solutions
are clearly not solutions to the initial problem, as the value does not upper bound the
kissing number. We give a number of the methods with their results.

6.7.1 Rational points in the simplex

As mentioned in Section 4.6.5, one method to obtain sample points is to take the rational
points in the unit simplex with denominator 2d, where the polynomials have degree 2d.
To symmetrize this, only the points (u,v,t) with u < v <t were taken into account for
the solving. This gives for n = 3 and d = 6 a value of 5.685, although the number of
spherical caps with angle § = 7/3 is known to be 12 for n = 3.

6.7.2 Approximately maximizing the Vandermonde matrix

We tried several methods using the greedy maximization of the Vandermonde matrix,
with different starting sets. The basis of Gegenbauer polynomials in the symmetrized
variables was used in each case.
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Chebyshev points with increasing degree

Following the Padua points, we chose a subset of Cyy,1 X Coy.9 X Coqy3 which ap-
proximately maximizes the Vandermonde matrix. In this case, the Chebyshev points
were taking in the interval [—1,cos(f)]. Although this often gives a good unisolvent
set for polynomial interpolation, it was not possible to compute the bound for this set
of sample points. Because every point was of the form (u,v,t) with u # v # t # u,
the set represented a too large number of points in the non-symmetrized basis. This
seemed to introduce implicit linear dependencies. In case of linear dependencies, the
Schur complement matrix .S becomes singular. This in general means that it has a small
negative eigenvalue due to the use of floating point numbers, which makes the Cholesky
decomposition impossible.

Chebyshev points with the same degree

As points of the form (u,u,u) and (u,u,v) were needed, the second set we considered
was Cffd 11 with the requirements as explained in Section 4.6.5. Note that the size was
also increased, to have more possible good sample points. This gives a value of 12.36 for
d = 6. Although this is an upper bound, this is lower than the bound given by [23] for
d = 16, and thus cannot be expected to be the value for d = 6.

Combining Chebyshev points of the same degree with increasing degree

We combined the two previous methods; the points with v = v = ¢ which were needed
were chosen from CZ’dH, the points with u = v # ¢ were chosen from Cde X Cygyo
and the points with u,v and ¢ distinct were chosen from Cyyy1 X Cyqi0 X Cygy3. This
further increased the value to 12.51, although computing the value for the bound with
SDPA-GMP and coefficient matching gives 12.71 for d = 6.

6.7.3 Results for higher degrees d

We used the last mentioned method of combining Chebyshev points of multiple degrees
with degrees starting from 3d + 1 to obtain values for d = 6,...,10. This gave results
as stated in Table 3. Note that, even though the bound should be decreasing, the value
increases when increasing d from for example 6 to 7. The exact reason for this is unclear;
a possible cause is the bad conditioning of the Vandermonde matrices, i.e., a determinant
of 1071 to 107%°Y in absolute value.

d | 6 7 8 9 10
value | 1211 1247 1240 1252 1259

Table 3: Optimal values returned by CLRS when using bases of length d. Sample points were
chosen as subset of Céf’d“, C§d+1 X Csqyo or C3qp1 X Cs449 X C34q43 resembling the weight
distribution of the symmetrized rational points in the simplex with denominator 2d.
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6.7.4 Further research

Although these results are not important in the context of spherical cap packing (the
results are not expected to be correct), they show what has to investigated before the
techniques can be used with confidence in the multivariate case. First of all, in what
sense does taking sample points in the symmetrized setting, representing more sample
points than needed for n-variate polynomials of degree d, introduce linear dependencies?
This is not entirely clear, because the solver only ‘sees’ the symmetrized basis. Invariance
theory might be able to provide answers to this and related questions. Secondly, and
more practical, what is a good set of sample points to choose or a good heuristic to
choose sample points in multivariate polynomial optimization, when considering invariant
polynomials? This is intertwined with the problem of choosing a good basis, as the
combination of basis and sample points determine the conditioning of the Vandermonde
matrix.
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7. Conclusion and recommendations

This thesis focuses mainly on two parts. In the first part, we introduced the clustered,
low-rank semidefinite program, together with the solver CLRS. CLRS is based on SDPB
[29] and exploits the structure of the problem for faster computations similar to, but more
general than, SDPB. This was applied to multivariate polynomial (matrix) programs,
which give such a structure. The time complexity results are promising, showing the
expected speedup.

The solver CLRS currently uses the C library Arb [17] for most of the computations,
through the Julia library Arblib. It does not seem to be possible to explicitely use multiple
threads for operations such as matrix multiplication, which may be possible using other
arbitrary precision arithmetic libraries. Furthermore, Arb uses ball-arithmetic, which is
unstable for operations such as Cholesky decompositions on near to singular matrices.
For most other operations, it is possible to use versions without error bounds.

In the second part, we give two applications of the multivariate polynomial matrix
programs. We compute the Cohn-Elkies bound on the sphere packing density for several
polynomial degrees to compare the speed of SDPA-GMP, SDPB and CLRS. This shows
that, the solver can compete with and surpass SDPA-GMP in the type of problems
considered with one thread. In addition, the more general Julia solver CLRS is slightly
faster than the C+4++ solver SDPB for one thread, although it uses extra threads less
efficiently. For the example problem, CLRS and SDPB are clearly faster than SDPA-
GMP when using multiple threads, which is not possible to do with SDPA-GMP.

Furthermore, the problem on spherical cap packing with N sizes of caps is considered.
We give a new three-point bound for N caps, extending the three-point bound for equal
sized caps of Bachoc and Vallentin [1, 2] and the two-point bound for N sizes of caps of
de Laat et al. [10].

The three-point bound can be solved faster with symmetry reduction, which leads
to the question how multivariate sampling combined with semidefinite programming can
be done in the setting of invariance theory. It is unclear how a good unisolvent set of
sample points can be chosen without introducing implicit linear dependencies. Although
it has been encountered in this thesis for S; symmetries, other group symmetries may
have similar issues. Further research is needed for the combination of sampling for
semidefinite programming and invariance theory.

As a last remark, it would be interesting if other applications beside polynomial
optimization can be found for the solver.
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A. Proof of Theorem 4.1

In this appendix we will give a detailed proof of Theorem 4.1:

Theorem 4.1 ([27, 19]). Let f € Rlz]™"*™, G C R[z]. Suppose M is archimedean. If
f =0 on Sg, then f € MG'

We follow the proof of [19]. Let L : Sym(R[Z]™*"™) — R be a linear functional. L is
called a state on (Sym(R[z]"*™), M) if L(Mg) C Ry, and L(I) = 1. L is a pure state
if it is a state and it is an extreme point of the convex set of all states. Furthermore, we
recall the definition of an algebraic interior point of a convex set A in a vector space X
[3]: @ € A C X is an algebraic interior point of A if V& € X Je > 0:a+cx € A.

We also state Theorem 9 of [19], which we will use in the proof of Theorem 4.1.

Theorem A.1 ([19, Theorem 9]). Suppose G C R[z]" ™, and Mg, is archimedean. For
each pure state L on (Sym(R[z]™*™), M), there exists x € Sg; and a unit vector v € R™
such that

L(p) = v p(z)v for all p € Sym(R[z]™*™).

Proof of Theorem 4.1. Suppose Mg is archimedean, and f ¢ M. We will prove that
is an interior point of M, in order to separate fR-, and M. Let p € Sym(R[z]™"™).
As Mg is archimedean, there is an N € N such that NI — p’ e Mg. Mg is a convex

cone, which implies that
(NI —p) )+ (p+ 1) =NI+2p+1€ M.

So I+ Niﬂp € Mg, i.e. I is an algebraic interior point of M.

By separation Theorem IIL.1.7 of Barvinok’s A Course in Convexity [3], there is a
linear functional L with L(Mg) > 0 and L(fRyq) < 0. By scaling, L is a state on
(Sym(R[z]™ ™), M),

We will prove that the set of such states is weak™ compact. Note that, because p is
symmetric with real coefficients, we have L((p £ I)" (p+1)) = L(p" p) £ 2L(p) + L(I) >

0, hence |L(p)| < %(L(pr) + 1). Because M is archimedean, there is an N € N

such that N — p'p € Mg for every p € R[z]™ ™. Hence L(N — p’p) > 0, which

gives the bound L(pr) < N using the linearity and the definition of a state. Define
Z,=[-%(N, +1),3(N, + 1)] and
C = H z,,

peSym(R[z]™ ™)

where N,, € N denotes the smallest constant, only dependent on p, for which N, — pr €
M. As a direct product of compact intervals, C is compact in the product topology by
Tikhonov’s theorem. We can identify the states on (Sym(R[z]™*™), M) with a closed
subset of C; every linear functional L can be identified with a vector (L(p)),, and the
set of such vectors is sequentially closed because of continuity of the linear functionals
L. Note that, because the product topology is the weakest topology where projections
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T,, are continuous, this identification defines a bijection between the weak™ topology on
(Sym(R[z]™*™), M) (open sets are unions of finite intersections of the basic open sets
U(p,a,8) ={L | a < L(p) < 8}), and the product topology.

The set of states with L(f) < 0 is a closed subset of C, which is thus also compact
in the product topology. The product topology is locally convex, hence we can use the
Krein-Milmann Theorem [3, Theorem II1.4.1] to choose L to be pure (i.e. an extreme
point). By Theorem A.1, L(f) = va(x)v < 0 for some = € S and unit vector v € R™,
hence f # 0. O
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B. Improvements of Theorem 4.1 in the uni-
variate case

In this appendix we consider the univariate case of Theorem 4.1, with G consisting
of polynomials rather than polynomial matrices. This allows for equivalence between
positive semidefinite polynomial matrices on both compact and (semi) infinite intervals.
Starting with S; = R, we have the following theorem, which is equivalent to the Biform
Theorem of [7, Theorem 7.1] by considering the homogenized version of 2’ f (y)z.

Theorem B.1. Let f € Rlz]™ ™. Then f = 0 on R if and only if f = S(x)*S(z) for
some S(z) € Rlz]”™ with t < 2m.

Note that the degree of S is at most LdegT(f)J, because terms of the highest degree
cannot cancel on the diagonal, and f(x) = 0 when x — oc.
This can be extended to Sg = R, or more general Sg = [a, 00) by a translation.

Theorem B.2 ([29, Theorem 2.1]). Let f € R[z]™*™. f = 0 on R, if and only if
f = so+xsy, where sy, s € My. Furthermore, deg(sg) < deg(f) and deg(zs;) < deg(f).

Proof. The ‘if’ direction is clear. The converse follows from Theorem B.1 by taking
x = #%. Define f(z) = f(2*). Then f = 0 on R, so by Theorem B.1 we have

f@) = 5(@)" S(x) = Z si(z)"si(z) = Z(S?(x) +as; ()" (7 (@) + s (2)) |

where s{ (2) has only even powers. One such a product gives the terms
0/ \T .0 2 1, \T 1 0/ T 1 1/, \T .0
si(x)” si(x) +a”si(x)" s; (@) + x(si ()" si(2) + si(2)" s;(2)).

Note that, because f ()= f (xz) and f is a polynomial matrix, f has only even powers
of . As all powers in the cross term are odd, we obtain

N
3 alsl@) sk (@) + s} (@) s a)) = 0.

Hence we have
f@) = 3 (o) L) +ost (Vo) sH(VE)) = So(a) " So(a) + 28 (2)"' 8 (2)

The bound on the degree is clear from the fact that terms on the diagonal with the
highest degree cannot cancel, and the term with the highest degree is on the diagonal
because f = 0 on R, . O

Theorem B.3. Let f € R[x]"™ ™. Then f =0 on |a,b] if and only if
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o f(@) = so(x)+ (b—z)(x—a)si(x) with deg(so(x)), deg((b—x)(x—a)s(z)) < deg(f)
resp. deg(f) + 1 when deg(f) is even resp. odd.

o if deg(f) is odd, f = (x —a)so(z) + (b — x)s;(x) with deg((x — a)sy(x)), deg((b —
z)s1(z)) < deg(f)

where sq,51 € My.

Note that this is Lukédcs Theorem for polynomial matrices. We will prove it in a
similar fashion as the polynomial version in [21].

Proof. The ‘if’ direction is clear, as sy and s; are positive semi-definite on R.
Conversely, suppose f = 0 on [a, b]. By an affine transformation, we may assume that
[a,b] = [—1,1]. Define the matrix Goursat transform as:

1—=z
1+

G(N@) =@ +2) ().

where d = deg(f) and f € R[z]™*™. Similar to the normal Goursat transform for
polynomials, G(f) > 0 on R, if and only if f > 0 on [-1,1], and G(G(f)) = 2?f. Both
properties are easily verified. As f = 0 on [—1,1] by assumption, G(f) > 0 on R,.
Hence G(f) = So(z)" S(z) + 25, ()" S; () for some polynomial matrices S; and S, by
Theorem B.2. Taking the Goursat transform, we obtain

1-— 1-— 1-— 1— 1—
2'f(@) = (L) (Sol7) Soli ) T TG S

= (1+2)172%G(S)) G (Sp) + (1 — @) (1 +2)*m 71 G(8)TG(Sy),

where d; = deg(S;).
Suppose d is even. Then this clearly admits the required form, with

sal) = (14 2)¥206(5,)) (1 2)7*00(s,)
s = (a7 as)) (a2 ios,).

Note that the degree bound is satisfied because deg(sy) < 2(d/2 — dy + dy) = d and
similarly deg((1 — 2%)s;) < d.

Suppose d is odd. Then the first term is (1 + ) times a sum of squares of polynomial
matrices, and the second term is (1 — z) times a sum of squares, giving the second
decomposition with the degree bound. Moreover, using the identities

(14+2)° 1-2°
2 + 2
(1-—2) 1-2°
2 * 2

1+z=

l—z=

this decomposition can be rewritten to the first form with the required degree bound. [J
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