I"_'I
TILBURG ¢ j;%%f ¢ UNIVERSITY
l\‘:/l




Symmetry Reduction in Convex Optimization
with Applications in Combinatorics

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan Tilburg University
op gezag van de rector magnificus, prof. dr. W.B.H.J. van de
Donk, in het openbaar te verdedigen ten overstaan van een
door het college voor promoties aangewezen commissie in de
aula van de Universiteit op

woensdag 19 oktober 2022 om 13.30 uur
door
DANIEL BROSCH

geboren te Leverkusen, Duitsland.



ii Symmetry Reduction in Convex Opt. with Applications in Combinatorics

PROMOTORES:
prof. dr. E. de Klerk (Tilburg University)
prof. dr. M. Laurent (Tilburg University)
LEDEN VAN DE PROMOTIECOMMISSIE:

prof. dr. E Vallentin (University of Cologne)

dr. EM. de Oliveira Filho (TU Delft)

prof.dr.ir. R. Sotirov (Tilburg University)

prof.dr.ir. E.R. van Dam (Tilburg University)

prof. dr. J.S.H. van Leeuwaarden (Tilburg University)
dr. J.C. Lizcano (Tilburg University)

This project has received funding from the European Union’s Horizon 2020 research and innovation

programme under the Marie Sklodowska-Curie grant agreement No 764759 (MINOA).

Symmetry reduction in convex optimization with applications in combinatorics

Copyright © 2022 Daniel Brosch

All rights reserved.



Acknowledgments

This thesis, which was written during the last four years, could not have come to
where it is today without the support of all the people in my life. It has been a
challenge, especially with COVID forcing most of us to work from home. Despite
that, I am truly satisfied with the result.

To start things off, I would like to thank my supervisor, Etienne de Klerk, for
providing me with the opportunity to work on my PhD. His advice and guidance
helped me whenever I was aimless or stuck on a problem. He encouraged me
to pursue promising avenues, and, when appropriate, discouraged me from at-
tempting something hopeless. During the second half of my PhD he gave me the
freedom and trust to work on problems at my own discretion, despite the high
risks involved. But even outside of work, he was always supportive of me, in
personal matters too. He provided me with invaluable feedback for my research,
presenting skills, and teaching. I could not think of a better supervisor to have
written this thesis under.

I am grateful to my second supervisor Monique Laurent for her unrelenting
focus and excellent advice. She was always ready to discuss problems in depth,
lending her extensive knowledge. In particular, I want to praise her detailed feed-
back, patience and the ever present willingness to exchange ideas.

My international colleagues Maciej, Rafael, Tung, Paan, Ming, Joris, Marie,
Nora, Zihao, and many others deserve thanks for making me feel included and
welcome from the start. Despite not having studied in Tilburg, they immediately
invited me to countless lunches, trips, movies, dinners, BBQs, drinks, and more.

In particular, I want to thank my office mates Rafael, Maciej, Nora, and later
on Riley, for the fun, support, and interesting discussions. It was never boring
with you.

I want to thank my colleagues, especially Riley, Felix, Frank, Pieter, Lorenz,
Ernst, Stefan, Pepijn, and, from CWI, Sven and Lucas for all the fruitful and fun
discussions.

iii



iv Symmetry Reduction in Convex Opt. with Applications in Combinatorics

Furthermore, I am grateful to Frank Vallentin. He was my main source of
inspiration during my master’s degree, his fantastic lectures shaping the direction
of my work.

I want to thank all committee members for the detailed feedback and fruitful
discussions on my thesis. They were crucial for the revisions, significantly im-
proving clarity and conciseness. Not only did they impact this work, but also my
future papers based on unpublished material in this thesis.

Next, I want to give thanks to the secretaries for helping me organize trips
to conferences, dealing with bureaucracy, and much more. Without them my job
would have been a lot more tedious. Their attention to detail had everything
running smoothly.

The committee and "Mister Manager" of the MINOA grant deserve thanks for
organizing the project, various events, and dealing with ridiculous amounts of
bureaucracy. They made the last few years incredibly memorable and enjoyable.
I also want to give thanks to the other PhDs of the project. I had fun getting to
know you all.

My girlfriend Leanne is the best partner one could hope for. She was always
there for me, no matter how busy, stressed, tired, focussed on work I was. Spend-
ing time with her helped me relax, get my mind of things, and were crucial for
me staying sane in these years.

Auch meinen Mathelehrern aus der Schulzeit gebiihrt Dank, insbesondere
Joachim Kuhrig und Daniel Schalow fiir die tatkréftige Unterstiitzung und Fordern
meines Interesses an der Mathematik. Von der Mathe-AG bis zum Schiilerstudium
konnte ich mich immer auf sie verlassen. Ohne sie wére ich nicht da, wo ich heute
bin.

Ich mochte mich auch bei meinem Bruder Sebastian bedanken. Er ist der beste
Bruder, den man sich wiinschen kann, und dank ihm war meine Kindheit immer
aufregend.

Zu guter Letzt danke ich meinen Eltern. Sie haben mir eine sorglose, gliick-
liche Kindheit geschenkt, in der es mir nie an etwas fehlte. Dadurch dass sie
meine Interessen immer unterstiitzt und geférdert haben, ohne mich unter Druck
zu setzen, konnte ich meinen eigenen Weg finden. Ich widme diese Arbeit meinen
Eltern.

Daniel Brosch
Klagenfurt, August 31, 2022.



Contents

List of Figures ix
[List of Tables| xi
[List of Algorithms| xiii
Notation] XV
(1 Introductionl 1
[1.1 Convex (Conic) OptiMIZatiONn]. . . . « v v v v v v v v e v e e e e e e 3
[1.2 Relaxing Non-Convex Problems by Semidefinite Programming| ... 6
[1.2.1 Higher Order Relaxations: The Lasserre Hierarchy (for Sta- |

[ ble Set)|. . . . . ... 10
[1.2.2 Relaxing Polynomial Optimization Problems: Sums-of- |

| Squares Hierarchies| . . . .. .................... 12
[1.3  Symmetric Convex Optimization|. . . . . . . . ... .o v v ... 14
[1.3.1 Group Symmetry Reduction| . . . . ................ 14

(1.4 Overview of the Thesis|. . . . ... ... ... ............. 17
[1.5 Contributions to the Literaturel . . . . . ... ............... 20

[2° Jordan Symmetry Reduction over the Doubly Nonnegative Cone| 21
[2.1 Preliminaries on Jordan Symmetry-Reduction|. . . . . . ... ... .. 23
[2.1.1 Constraint SetInvariancel. . . . ... ............... 23

[2.1.2 The Reduction for Jordan-Algebras|. . . . ... ......... 26

[2.1.3 A Combinatorial Reduction Algorithm|. . . ... ... .. ... 27

[2.2  Extension to the Doubly Nonnegative Cone| . . . . ... ........ 30
[2.3 Reducing the #-Function| . . . .. ..................... 33
[2.3.1 The ’'-Function of Erdés-Rényi Graphs| . . . . ......... 34

2.4 TheJuliaPackage| . .. ... .. ... ... .. .. ... ... .. ... 35




vi Symmetry Reduction in Convex Opt. with Applications in Combinatorics

2.5 Concluding Remarks| . . ... ... ... ... .. .. .. ... .. .. ... 39
[2.6 Example Use of the Software Package|. . . . .. ... .......... 39

[3  Comparison and Reduction of Relaxations of the Quadratic Assign- |
[__ment Problem| 43
[3.1 Three Bounds forthe QAP|. . . . . . .. . . . . . ... 44
[3.1.1 Projected EigenvalueBound| . . . . ... ... .......... 44

[3.1.2  Quadratic Programming Bound| . . . . ... ........... 45
.............................. 46

[3.2 Comparison of theBounds| . ........................ 47
[3.3 Symmetry Reduction for the SDPBound| . . ... ............ 52
[3.3.1 Results of Reductions of QAPLib Problems| . . .. .. ... .. 54

[3.4 Concluding Remarks| . . . ... ... ... ... ... ... ... ... 55

|4  Energy Minimization on a Toric Grid as a QAP 59
[4.1 Energy Minimization on a Toric Gridasa QAP| . . ... ... ... .. 60
[4.1.1 FEigenvalue Bound of Bouman, Draisma and Leeuwaarden| . 62

[4.1.2 Bound COmMpPAriSOn| . . . . . v v v v v v v v e vt e e e e 64

[4.2 Reducing the Relaxation of the Energy Minimization Problem|. . . . 66
4.2.1 The Jordan Reduction|. . . .. ... ... ... .......... 66

[4.2.2  Symmetric Circulant Matrices| . . . . .. ... .......... 68

|4.2.3  Admissible Subspaces| . . . ... ... ... .. ... . 69

[4.2.4 Block-Diagonalization|. . . . .. .................. 73

[4.3 Towards the Checkerboard Conjecture| . . ................ 76
[4.4 Numerical Results|. . . .. ... ... ... ... . L L. 80
[4.5 Concluding Remarks| . . .. ... ... .. ... .. .. .. .. .. ... 83

|5 Optimizing Hypergraph-Based Polynomials Modeling Job-Occupancy

| in Queuing with Redundancy Scheduling

5.1 Introduction| . . . . . . . v vt e e e e e e e e e e e e

5.2 Preliminaries|. . . . . . . ... .

5.2.1 Motivation|. . . . . . . v vt e e e e e e e e e e

[5.2.3 Preliminaries on the Terwilliger Algebra| . ...........
[5.3 Proof of Theorem|[5.2]. . . . ... ... ... ... ... ... .....




Contents vii

[5.3.3 The GeneralCased >2and L>2[................ 110

|5.4 Investigating the Polynomials f4| . . .. ... .. ... ... ... ... 113
[5.4.1 Computing the Hessianof f4| . .................. 114

[5.4.2 The Polynomial f; inthe Cased =3,L=2| .......... 117

[5.4.3 Some Numerical Justification for Convexity of f4| . . . . . . . 122

[5.5 Numerical Results for the Polynomials f4 . ............... 123

|6 Four Different Views at Flag Algebras| 129
|6.1 Whatis a (Non-Induced) Flag Algebra?| . ................ 130
|6.2  Upper Bounds via Flag Sums-of-Squares| . . . .. ............ 132
|6.3 General Flag Algebras| . ... ........ ... .. .. ... ... ... 136
|6.3.1 Razborov’s Flag Algebras| . . . .. ................. 137

[6.4 Mobius Transformations: Swapping between Induced and Non- |

[ Induced Densities] . . . . . . ... e 139
|6.5 Connection to Polynomial Optimization| . .. .............. 143
[6.6 Harmonic Flags: The Fourier Expansion of Quantum Flags|. . . . . . 147

|7  Gatermann-Parrilo Reduction for Polynomial Optimization with S, |

155
|7.1 Reducing Polynomial Optimization Problems| . . . .. ... ... ... 156
[7.1.1 Representation Theory| . ...................... 157

|7.1.2  Block-Diagonalization|. . . . . ... ................ 159

[7.2  Representation Theory of the Symmetric Group| . ........... 163
|7.2.1 Young Tableaux, Tabloids and Permutation Modules| . . . . . 163

|7.2.2  Irreducible Specht Modules| . .. ................. 165

[7.2.3 A Symmetry Adapted Basis of Permutation Modules| . . . . . 166

[7.2.4  Multiplying and Symmetrizing the Elements of the Symme- |

| try Adapted Basis|. . . . ... ... .. .. . . o 168
|8 Symmetry Reduced Flag SOS Hierarchies| 171
[8.1 Warm Up: One Predicate with One Argument.| . . . .. ........ 173
[8.2 The (Hyper-) Graph Case| . . ... ... ... ... .. ... 174
[8.3 The General Case: Decomposing the Module M7 . . . ... ... .. 176
[8.3.1 The Decomposition of M"“" Stabilizes for n Big Enough| . . . 178

[8.3.2 Decomposing the Modules M " Explicitly| . .......... 179

[8.3.3 Multiplying and Symmetrizing the Elements of the Symme- |
try Adapted Basis|. . . . ... ... .. o 185




viii Symmetry Reduction in Convex Opt. with Applications in Combinatorics

[8.4 Example and Interpretation: The Reduced Second Level of the |

[ Lasserre Hierarchy for Graphs| . . ... ... ... ... ... ..., 186
[8.5 Applications: Graph Profiles| . . ... ... ... ... ... ..... 195
[8.6 Flag Algebras for Degenerate Extremal Combinatorics| . . ... ... 206
[8.7 Software: FlagSOSjlf . . . . . ... ... . . 211

[9 An Alternative Hierarchy Intertwining the Lasserre Hierarchy for Bi-

[ nary Problems with S, Symmetry| 213
[9.1 A Vertex Truncation of the Lasserre Hierarchy|. . . . . ... ... ... 215
[9.2  Decomposition into Maximal Cliques| . . . ... ... .......... 218
[9.3 Razborov’s Hierarchy|. . ... .. .. ... ... .. .. ... .... ... 222

|IA  Characterizing Nonnegative Projections) 229

Index 233



List of Figures

T.1

A convex set C with symmetry o, and its invariant set {x € C: x = |

olx)tinred. . . . ... e 2

[4.1 Example of an n; x n, = 8 x 8 grid tiling with m = 4, and the |

corresponding toric interpretation of the 8 x 8 grid.|. . . . ... ... 61
|4.2  Optimal arrangementsona 6x6grid| . ................. 84
|4.3 Optimal arrangementsona 7 x 7 grid| . ................. 84
|4.4 Optimal arrangementsona8x8grid| . ................. 85
|4.5 Optimal arrangementsona 10 x 10 grid|. . . ... ... ........ 85
|4.6 A small selection of cases where the SDP bound is sharp for larger |

grids. . . . e 86
[5.1 The three patterns of pairs of edges in case (d =2,L=2)[ ... ... 97
[5.2  The eight patterns of triplets of edges in case (d =3,L =2)|. . ... 97
[8.1 The edge-triangle graph-profile| . ..................... 199
[8.2 Outer approximation of the edge-triangle profile|. . . . ... ... .. 200
[8.3 Piecewise outer approximation of the edge-triangle profile|. . . . . . 201
[8.4 Graphoprofiles| . . . ... ... .. . . ... 202
[8.5 Harmonic graph profiles| . . . . ... ... ... .............. 204
[8.6 Outer approximation of the profile of the character flags corre- |

sponding totheedgeand K| . . . ... ....... ... ... ..., 205

ix



Symmetry Reduction in Convex Opt. with Applications in Combinatorics




List of Tables

2.1

Results of the numerical symmetry reduction of the Theta’ function |

of Erdos-Rényi graphs.| . . . . .. ... ... .. .. 36

2.2

The resulting bounds for the stable set number of Erdos-Rényi graphs.| 37

[3.1 Results of the numerical symmetry reduction of QAPLib problems |

using Algorithm|[3l| . ... ... ... ... .. .. ... . . ... 56
[3.2  Details on solving for QAPLib instances.|. . . . ... ....... 57
[4.1 Number of variables before and after symmetry reduction.|. . . . . . 73
4.2 Theboundsona6bxbgrid .......................... 87
4.3 Theboundsona7x7grid| . . ... ... ... ..., 88
4.4 Theboundsona8x8grid| . ......................... 89
4.5 Theboundsonal0x10grid| . ....................... 91
5.1 Cased =3,L =2 ... .. i 123
5.2 Cased =4,L =2 .. ... .. . . . 124
5.3 Cased =5,L =2 ... ... e 125
5.4 Cased =6,L =2 . .. .. e 128
18.1 Reynolds operators of S, on Hom(S#, M("=422)) . = ... . ... 187
[8.2 The symmetry adapted basis of the flag algebra of graphs up to two |

edges. The vertices have been arranged in order of vertex groups |

Vo, ...,V from top to bottom.| . ... ... ... .. L oL 195

B3

The block-sizes of the symmetry reduced Lasserre hierarchy gener- |

ated by graphs with up to d =5 edges (i.e., graphs with up to 2d |

edges appear in the coefficients).| . .................... 196

B4

The block-sizes of the symmetry reduced Lasserre hierarchy gener- |

ated by graphs with up to t = 6 vertices (i.e., graphs with up to 2t |

vertices appear in the coefficients).| . . .. ... ... .. ... ... .. 196

Xi



xii Symmetry Reduction in Convex Opt. with Applications in Combinatorics

[8.5 The block-sizes of the symmetry reduced Lasserre hierarchy gener- |
[ ated by bipartite graphs up to d =5 edges resp., t = 7 vertices.|. . . 197
[8.6 Total number of non-zero coefficients in the symmetry reduced |
[ Lasserre hierarchy for two different bases, generated by orbits of |
| graphs with at most d edges respectively at most t vertices.| . . . . . 206

[9.1 Comparing the block sizes of the Razborov hierarchy before and |
| after additional symmetry reduction|




List of Algorithms

|1 FiInding S| -« - o 0 o o e 27
[2° Partition algorithm ([Per17])| . ............. ... .. ..... 29
[3 Partition algorithm, randomized ([Per17])................ 30
|4 Simulated annealing algorithm| . .. ... ... ... ... .. ... .... 81
5 Decompose a generalized tableau T in terms of semistandard tableaux|184

xiii



xiv Symmetry Reduction in Convex Opt. with Applications in Combinatorics




Notation

Union of A and B

Disjoint union of A and B

Intersection of A and B

Cardinality of A

Ais a subset of B

Set difference {x € A: x ¢ B}

The set of integers 1 trough k

The natural numbers

The cardinality of the natural numbers

The group of automorphisms of G

The symmetric group over n elements

The space of real m x n matrices

The space of real m x n matrices with nonnegative entries
The subspace of symmetric matrices in R™"

Cone of n x n positive semidefinite matrices
Symmetric matrices with nonnegative entries, S" N R}*"
Doubly nonnegative matrices, ST N N™

The collection of subsets of [n]

Z?zl a; of an integer sequence a € N"

Set of integer sequences a of length n with |a| =d
The closure of a set A

The interior of a set A

Finite field with g elements

Standard simplex {x ER™:x>0,),cp X = 1}
Binary hypercube {0, 1}"



xvi Symmetry Reduction in Convex Opt. with Applications in Combinatorics

The empty set

Conic optimization

K
IC*
min
inf
max
sup

A (closed, convex, pointed) cone
The dual cone of K

Minimum

Infimum

Maximum

Supremum

Semidefinite programming

(A,B)
X>=0
X=Y
H(f)(x)

Lasyg
,ﬁ/

Matrix inner product Zi, iAijBij

X is positive semidefinite

Shorthand for X —Y >0

Hessian of f in x

The dth level of the Lasserre hierarchy
The theta prime function

Polynomial optimization

R[x] (Real) polynomials in x

R[x], (Real) polynomials in x of degree at most t
M (y) Moment matrix of order t of y

2x] The cone of sums-of-squares

(fir-eos fm) Ideal generated by f1,..., fi

R[x]/I Quotient algebra

[X] Monomial basis vector of R[x]

Linear Algebra

Identity matrix (of fitting size)
Identity matrix of size n x n



Notation Xvii

J All-one matrix (of fitting size)

Jmn All-one matrix of size m x n

J, Shorthand for J,, ,,

vl Transposed vector/matrix

vt The orthogonal complement of a subspace V
tr(A) Trace of the matrix A

p A projection operator

pP* The adjoint projection of P

Pg Orthogonal projection onto a subspace S

J Euclidean Jordan algebra

XeoY Commutative matrix product %(X Y+YX)
XoY Hadamard product

XQY Kronecker product

0; i Kronecker-Delta (1 if i = j, O otherwise)
VeWw Direct sum of two vector spaces

A Vectorized matrix (gluing the columns together)
P, Permutation matrix of a o € S,

Amin Minimum eigenvalue

GL(V) General linear group of V

Viw Projection of a vector v € V to a subspace W C V
span(A) The (real) span of the elements of A

Representation theory

Rg(x) Reynolds (averaging) operator of G applied on x

% (Left) G-module, where G is a group

Ve Subspace of G-invariant elements of V

p:G—GL(V) Linear representation of G

Akn A partition of n = ||

E é 3[4] A Young-tableau of shape (4, 2)

é 2 34 A Young-tabloid of shape (4,2)

E 1]2] A generalized tableau of shape (4,2) and content (3,2,1)

Row-equivalence between tableaux
{t} Row-equivalence class (tabloid) of t
M* Permutation module, the span of tabloids of shape A



xviii ~ Symmetry Reduction in Convex Opt. with Applications in Combinatorics

C, Column-stabilizer of a tableau t

e Polytabloid of a tableau t

st Specht module

u>A The partition y dominates the partition A

Kua Kostka-numbers

t[T] Tabloid of the tableau with entry t(i, j) in its T (i, j)th row

@7 M* - M* Homomorphism constructed from a generalized tableau T

Probability theory

x,V, etc. Random objects

PLf(x)] Probability that the event f(x) is true

E[g(x)] Expectation of g(x)

Graph theory

G=(V,E) (Hyper-) graph

V(G) Set of vertices of a graph

E(G) Set of (hyper-) edges of a graph

a(G) Independence number of a graph G

Cy Cycle of length k

2 Path with k edges

Knm Complete bipartite graph with bipartition of sizes n,m

ER(q) Erdés-Rényi graph

G~H Graph isomorphism

GCG G is a (non-induced) subgraph of G’, i.e. V(G) € V(G’) and
E(G) CE(G)

Glw Subgraph of G on vertices W C V(G)

deg:(v) The degree of vertex v in graph G

%) The empty graph

Aut(G) Automorphism group of G

Flag algebras



Notation

Xix

Gg= (Gn)nzl
p(G,H)
Pinda(G, H)
ex,(G; H)
ex(G; H)

AN
2.

[-1
P;
Pedge(i) ])
Mind
Mnon—ind

My

XG

shape(F)
MF,H
profile(G, H)
G

RaZT

Sequence of graphs with |V (G,)| =n

Density of H as non-induced subgraph in the sequence G
Density of H as induced subgraph in the sequence G
Maximum density of G in H-free models (graphs) of size n
Maximum density of G in H-free models (graphs) in the limit

Unlabeled flag with three vertices; the density of P, in the limit

Partially labeled flag

Unlabeling operator

Predicate in the current model theory
Edge indicator predicate

Induced flag

Non-induced flag

Models on vertices [n]

Harmonic flag

The shape of a flag

The flag module on n vertices

The graph profile of G and H

A degenerate flag, the density of G at rate f
The Tth level of the Razborov hierarchy



XX Symmetry Reduction in Convex Opt. with Applications in Combinatorics




Introduction

The overarching topic of this thesis is (convex) optimization under symmetries.
The basic idea is simple: A convex set CC R" contains all line segments between
pairs of elements of C. A convex optimization problem p optimizes a linear objec-
tive function f : C — R over a convex set C:

p=min f(x)
s.t. x € C.

We call an invertible linear function o: C — C a symmetry of the optimization
problem p, if both ¢(C) = C and f(o(x)) = f(x), i.e., it sends elements of C
to C, and does not change the objective value f(x). The set of all symmetries of
an optimization problem forms a group G, as applying symmetries consecutively
always results in another symmetry of the problem. In this thesis the group G is
always assumed to be finite.

Then, given an optimal solution x* of p, we obtain another optimal solution
o(x*) by applying a symmetry o € G to x*. Since the convex set C is closed
under taking convex combinations, we can, by linearity of the objective, average
an optimal solution over the whole group G to obtain an invariant optimal solution

1 *
E Zeéo(x ).

1
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This tells us that there is always a symmetric optimal solution of p, and allows us
to rewrite the optimization problem as

p=min f(x)
s.t. x €C,

x=o0(x) forallc €aG.

Often, the set of symmetric solutions {x € C: x = o(x) for all o € G} is signifi-
cantly easier to work with than C. For example, in Figure[I.1|the set C is a convex
set, with symmetry given by reflection around its horizontal axis. There the in-
variant set is simply the red horizontal line, which is both lower dimensional and
easier to describe than C.

R R

Figure 1.1: A convex set C with symmetry o, and its invariant set {x € C: x =
o(x)} in red.

This thesis investigates different approaches to symmetry reduction, both for
detection and exploitation of symmetries, as well various applications coming
from physics, queuing theory and (extremal) combinatorics. In this chapter we
give a basic introduction to convex (conic) programming, ways to relax problems
to fit this framework, even if they are not initially convex, and ways to exploit
symmetries.
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1.1 Convex (Conic) Optimization

We are interested in linear optimization over slices of (proper) convex cones. A
subset £ € R" is called a convex cone, if it is closed under non-negative linear
combinations. In other words, given any two points x, y € K and nonnegative
scalars a, f € R,, the vector

ax+ By

should again be an element of K.
Furthermore, we assume that K fulfills three basic properties:

* K is pointed: KN (—K) = {0},
* Kisclosed: K =cl(K),
* K has non-empty interior: int(K) # .

The first property allows us to define a partial order on R" by defining x > y as
x —y € K, while the other two properties are important to obtain strong duality
and complexity results. In particular, a closed convex cone satisfies the bipolar the-
orem assumptions, so that (X*)* = K [[Bar02, Chapter IV, Theorem (1.2) ], where
K* denotes the dual cone defined below (1.2). Moreover, the nonempty interior
condition allows for the Slater constraint qualification, which is a sufficient con-
dition in strong duality [Bar02, Chapter IV, page 171, exercise 4]. Finally, in the
theory of interior point methods for conic optimization (e.g. [[Ren01]]), the do-
main of a self-concordant barrier is usually the interior of K. Convex cones which
fulfill all three properties are called proper cones.
A primal conic optimization problem is of the form

p* =inf cTx (1.1
s.t. Ax = b,
xeK,

where ¢ is a vector in R", while A € R™" and b € R™ give a system of linear
equations. Since Ax = b defines an affine subspace of R", this is the problem of
finding a point as far as possible in direction of c in a slice of the cone K.

Duality. Every conic optimization problem has a corresponding dual optimiza-
tion problem, which optimizes over the dual cone

K*:={yeR":x"y>0 forall x€K}. (1.2)
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The dual conic program of (1.1)) is given by

d*=sup bly (1.3)
s.t. c—ATy e K7,
y €R™.
The main idea of many of the bounds considered in this thesis is that every

feasible dual solution (i.e., any y with ATy —c¢ € K*) gives a valid bound for the
original, primal optimization problem.

Proposition 1.1 (weak duality). Let x be feasible for the primal (1.1) and y be
feasible for the dual (1.3). Then

c’x=p*=d =y"b.
Proof. Since x and y are feasible for their respective programs, we have

ch—yTb=ch—yTAx=(c—ATy)T x =0.
—_—
eC* ex

Linear Programming. We are mainly interested in two special cases of conic
optimization: Linear, and semidefinite programming. A linear programming prob-
lem (LP) is a problem of the form (1.1]), where we optimize over the nonnegative
orthant

R ={xeR":x; 20 fori=1,...,n}.
The nonnegative orthant is a proper cone of dimension n, which is self-dual:
(]Ri)* = Ri.
Thus, primal and dual linear programs are of the form

p*=inf ¢T'x > d*=sup bly
s.t. Ax = b, s.t. c—ATy >0,

x = 0.
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Semidefinite Programming. The second class of problems we are interested in
optimizes over the cone of positive semidefinite matrices, given by

St i={X es": vIXv>0 forallveR"},

where S" denotes the set of symmetric n X n matrices over the real numbers, i.e.,
matrices X€ R™" with X = X. We write X > 0 for X € S}, whenever n is clear
from context. The inner product, an analogue to x” y for vectors, is here the trace
inner product, which we define by

(X,Y)=tu(XY)= > XY

i,j=1,...,n

Given any vector u € R, the n x n matrix uu” is positive semidefinite, since,
given any other vector v, we have

vy =0T w™v) = (v u)? > 0. (1.4

Clearly, nonnegative linear combinations of positive semidefinite matrices are
again positive semidefinite, so sums of terms of the form uu’ are positive semidef-
inite. Indeed, all positive semidefinite matrices are of this form.

Theorem 1.2 (spectral decomposition). Let X be a symmetric n X n matrix. Then
there exists an orthonormal basis of eigenvectors u, .. .,u, € R™ with corresponding
eigenvalues A4, ..., A, €R, such that

n
— § T
X = liuiui .
i=1

It immediately follows that a symmetric matrix X is positive semidefinite if and
only if all of its eigenvalues are nonnegative, since, given one of the eigenvectors
u; of X, we have

ui Xu; = 2; >0,

if X is positive semidefinite. Moreover, by observation (1.4) above, conic combi-
nations of terms of the form uu’ are positive semidefinite, which shows the other
direction.
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Corollary 1.3. The cone of positive semidefinite matrices is self-dual, i.e., (S)* =
ST.
+

Proof. Let X be an element of (S} )", and v € R" be any vector. Then
vIxv={(w' Xx)>0,
>0

and thus X € ST.
Let Y now be an element of ST, with spectral decomposition Y = Z?:l AiuiuiT.
Then, for any other element X € Sﬁ, we have

n
(X,Y)= > AulXu; >0,
i=1
since X is positive semidefinite and A; > 0, showing that Y € (S7)". O

Thus, the general form of a semidefinite programming problem (SDP) is

p* =inf (C,X) > d'=sup by
m
s.t. (A;,X)=>b;fori=1,...,m, s.t. C—ZJ’iAi>0,
i=1
X = 0.

Here we are now working with data matrices C and A; instead of a vector ¢ and
matrix A before.

Remark 1.4. If we assume that all matrices C and A; are diagonal matrices, then
the SDP simplifies to an LP Since we can turn any LP into an SDP by turning
vectors into matrices by writing the vectors on the diagonal entries, and filling
the off-diagonal entries with zeros, linear optimization can be as special case of
SDPs.

1.2 Relaxing Non-Convex Problems by Semidefinite Pro-
gramming
In general, convex conic optimization is NP-hard (see, for example, the recent

survey [DR21]] on optimization over the copositive cone). But we can solve SDPs
and LPs, for a fixed approximation error €, in polynomial time (in the Turing
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model) using an interior point algorithm, under some weak assumptions [[KV16].
More precisely, the runtime is polynomial in the size of the matrices, the number
of constraints, the bit size of the problem data, as well as the logarithms of § and
%, where R and r are radii of balls respectively containing and contained in the
feasible set. This turns SDPs into a very powerful tool, as we can relax various
hard problems to SDPs.

Example: The Theta Function and Symmetries. Before we are going to intro-
duce some of the more general, and widely known, relaxation hierarchies, let us
first consider a basic example of a semidefinite programming relaxation. We are
going to relax the NP-complete problem of determining the size of a maximum
stable set of a (simple, undirected) graph G = (V, E). For simplicity, we enumer-
ate the vertices as V = [n] := {1,...,n}. Thus, the set of edges E is a subset of
{i,j}:1<i<j<n}.

The Independence Number of a Graph. A set of vertices S C V is called stable,
if there are no edges between any two distinct vertices in S. We now want to
maximize the size of the stable set, which gives us the independence number a(G)
of the graph:

a(G) := max{|S| : S is a stable set in G}.

This problem is well known to be strongly NP-complete [|[GJ78]], and is hard to
solve in practice even for relatively small graphs.

Binary Reformulation. We can now translate a(G) into an optimization problem
over binary variables by introducing one variable x; € {0, 1} for each vertexi € V,
where x; = 1 denotes that i is part of the chosen stable set S. This vector x is also
called the characteristic vector of the solution S. One way to enforce that the
chosen subset S is stable is by enforcing x;x; = 0 if {i, j} € E:

a(G) = max{xTx :x;xj =0 for {i,j} €E,x € {0, 1}V},

where xTx =", x; =S|

Semidefinite Programming Bound. The basic idea of this semidefinite program-

ming bound is to replace the binary variables x with their scaled outer product

1

mxxT, which is a rank one positive semidefinite matrix. Relaxing the rank
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one constraint leads to the semidefinite program, first introduced by Lovasz in
[Lov79], given by

a(G) < 9(G) :==sup{(J,X) : X € S}, tr(X) = 1,X; ; = 0 for all {i, j} € E}, (1.5)

where J denotes the all-one matrix of appropriate size. It is easy to check that
X = ﬁxxT is a feasible solution of #(G), if x corresponds to a stable set |S| of
G. Indeed, we have

(J,X)Z ZXI,JZEZXLX]:X X:|S|
i,jev i,jEV

and .
A 1 X X
tr(X) = tr(—xxT) =—=1.
xTx xTx
We defined X to be positive semidefinite, and since x corresponds to a stable set
the entries )A(i’j are zero if {i, j} is an edge of G.

The Theta Number of the 5-Cycle. Let us take a look at a small example: Let
G be the cycle on 5 vertices Cs, ordered such that i connects toi+ 1 and 1 to 5.
Solving the SDP with an interior point solver returns something very close
to the optimal solution

1
5 0 10 ‘/lo /E
1 5—1 5—1
0 5 0 10 ‘/lo
5—1 1 5—1
1/10 0 5 0 10
5—1 5—1 1
10 1/_0 \/_O 5 0
5—1 5—1 1
0 10 10 0 5

with objective value v'5 > a(Cs) = 2. We can see here that the returned solution
has only three unique entries: 1/5 on the diagonal, O for entries corresponding to
edges, and (+/5—1)/10 for the non-edges. This is not a coincidence! The pattern
of the solution corresponds exactly to the orbits of edges (or more precisely, pairs
of vertices) under the automorphism group of Cs. This observation was already
used by Lovasz to compute the Shannon capacity of Cs [Lov79].

Not all feasible solutions have to be invariant under symmetries, but we will
see below that there always exists an invariant optimal solution. Interestingly, an
interior point solver will always return such a solution [Kan+01]].



Chapter 1. Introduction 9

Symmetric Optimal Solutions. The main idea of symmetry reduction is that,
while not all feasible solutions of convex optimization problems are symmetric,
there is always a symmetric optimal solution. Indeed, let us assume that we have
an optimal solution X of #(G), which is not (necessarily) symmetric. Then, for
any given automorphism o : V — V of G, we get another optimal solution by
applying o on both coordinates of X simultaneously:

U(X) = (Xa(i),o(j))i,jev-

Since graph automorphisms send edges to edges, o (X) is again a feasible solution.
Note that the matrix is positive semidefinite again, as o(X) simply permutes rows
and columns of X. Since the objective function is invariant under the action of
Aut(G), the objective value of o(X) is the same as the one of X. This shows that
the all automorphisms of G are symmetries of the SDP #(G) (1.5).

As the semidefinite cone (and thus the feasible set of #(G)) is a convex set,
convex combinations of feasible solutions are again feasible. This allows us to
symmetrize the optimal solution by

~ 1 X
Rau(e)X) = ey X,
Aur(6)(X) |Allt(G)|geAZut(G)U( )

which always gives us an optimal solution which is invariant under the action
of Aut(G). Hence, we can further restrict the feasible set of #(G) to invariant
solutions:

H(G) =sup (J,X)
s.t. X €S,
tr(X)=1,
X;j=0forall {i,j} €E,

Raue)X) =X.

The constraint Ryyg)(X) = X ensures that X; ; = X,(;),(j) for each o €
Aut(G). We can now introduce one variable for each orbit of pairs of vertices
i,jeV

{(c(@),0())) : o<€Aut(G)},

and rewrite the variable X in the form

X = > x,B,,

o orbit of pairs of vertices
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where

0, else.

1, if(i,j) €o,
(By)ij = {

This already reduces the number of variables in the SDP to the number of orbits of
pairs of vertices of G, and can give a significant speed-up for solving the problem.
Later (basics in Section|1.3.1} and details for reductions of polynomial optimiza-
tion problems in Chapter 7)) we will further discuss how to block-diagonalize the
problem to reduce the sizes of the semidefinite matrices appearing in the problem.

1.2.1 Higher Order Relaxations: The Lasserre Hierarchy (for Stable
Set)

The Theta-function contains variables corresponding to all products between pairs
of variables. The Lasserre hierarchy provides a systematic way to strengthen the
bounds for binary optimization problems by adding variables for products be-
tween bigger tuples of variables.

The hierarchies we work with always come in levels, of increasing complexity
and accuracy, given by a natural number. Here, we let ¢t denote this level of the
hierarchy. For the Theta-function we took the outer product of the characteristic
vector of a vertex set with itself. We still want to take the outer product of a vector
describing a solution, but we now extend it first to contain all products between at
most t variables.

[x]l = (1) X1,X2,.. ':xn)>

[X]Z = (1,X1, cees X, X1X0, X1 X350 ')xn—lxn):

[x]; = (l_[xi I C[n],|I| < t).

iel

The entries of the outer product [x]t[x]tT are generally not unique: We have,
for example, that x; - X3 = xyx3 - X3 = x;x3. Since all variables x; are binary,
the product of two monomials in [x], depends only on the union of their indices.
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Hence, the outer product is of the form

[x].[x]T = ( 1 xi) >0,
iers  JLJEn,

L1t

We can now relax this binary matrix to a general positive semidefinite matrix with
the same pattern of entries. To do this, we simply introduce a variable y; for each
subset J of [n] with at most 2t elements, and define the moment matrix of order
tof y as

Mt(.)/) = (.yIUJ)I,JE[n], .
[I],|T|<t

This leads to the definition of the tth level of the Lasserre hierarchy [Las01] (for
stable set), given by

Las,,(G) := sup{ Z Yi:yYs=1,y.,=0foralle€ E,M,(y) > O} . (1.6)
Y \ieln]

The first level of the Lasserre hierarchy for stable set is thus given by

Lasy(G) =sup tr(Y)
y,Y

1 T
&n( y)ko,
y Y

Y;j=0 forall{i,j}€E
y =diag(Y),

where diag(Y) is the vector of diagonal entries of Y. The Lasserre hierarchy can
be seen as a generalization and strengthening of the Theta function 4(G), in the
sense of the following proposition.

Proposition 1.5 ([[LS91, Lemma 2.17]). For any graph G, we have

H(G) = Las,(G).

Symmetry in the Lasserre Hierarchy for Stable Set. Let us assume again that
the graph G, of which we want to bound the independence number, has a non-
trivial automorphism group Aut(G). In the Theta case we extended this action
to the coordinates of the semidefinite programming relaxation, i.e., to pairs of
vertices. Now, the hierarchy does not just have variables for each pair of variables,
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but for each tuple of at most 2t different variables. We extend the action of Aut(G)
in the obvious way to variables corresponding to tuples J = (ji, ..., ji) by

(Y1) = Yoy = oYo(ip,...o0))

for any o in Aut(G).
With the same symmetrization argument we used in the Theta case, we can
restrict (1.6 to invariant optimal solutions to obtain a reduced, equivalent SDP

Las,,(G) = sup{ Z Yi:Yp=1y,=0Ve € E,M(y) % 0, Rauc)(y) = y} :
Y \ie[n]

1.2.2 Relaxing Polynomial Optimization Problems: Sums-of-Squares
Hierarchies

What if we want to relax problems in variables that are not binary, or problems
with more complicated constraints? It turns out that this approach generalizes to
polynomial optimization problems. Given an objective and constraint polynomials
f,81,---,8m € R[x], we can define the optimization problem

il}'{lf f(x) 1.7)
s.t. gi(x)=0 fori=1,...,m.

Here, the approach is a bit different. First, we note that minimizing f is the
same as determining the biggest scalar A such that f — A is nonnegative on the
set {x: gi(x)>0 fori=1,...,m}. While the nonnegative polynomials form a
convex cone, there is no practical way to work with it directly, as it is (NP-)hard
to check whether a polynomial lies in it.

Instead, we relax nonnegativity to something that is easier to check: we opti-
mize over polynomials that are sums-of-squares of polynomials of a fixed degree.
Of course, as for SDPs, in computations we can only solve such problems up to an
epsilon computationally. Obviously, the square of any polynomial is nonnegative,
and the sum of nonnegative functions is again nonnegative. Thus, we obtain the
cone of sums-of-squares of polynomials:

Y[x] = {fo  f; G]R[x]}.

Sums-of-squares of polynomials correspond exactly to semidefinite matrices.
To see this, let us first take a look at a single squared polynomial f2. Let [x],,
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where d = deg(f), be the vector of all monomials up to degree d. Note that
the vector now also contains monomials with exponents higher than one, unlike
the binary case we considered before. If we store all coefficients of f in a vector
¢ = (cq)xae[x],» we have f = cT[x]4; thus we can write f2 as a trace inner product
between a monomial matrix and a positive semidefinite matrix:

f2=( > cax“)z

x*€[x]q
T 2
= (C [x ]d)
= " [x]lxT]e
_ T..T
= tr([xJg[x]gec™)
= ([xJalx]},cc”).
Since the trace inner product is (bi-)linear, we obtain positive semidefinite matri-
ces from sums-of-squares, and sums-of-squares from positive semidefinite matri-

ces by spectral decomposition.
In the problem (1.7)) we also have polynomial constraints of the form

gi(x)=0.

We can use these in a straightforward way: We can construct nonnegative poly-
nomials on the set {x : g;(x)>0 fori=1,...,m} by

So+&1S1+ -+ 8gmSm, Wheres; € X[x].

While g;s; is generally not nonnegative, it sure is on the set where g; > 0. Putting
things together, we can relax the problem (1.7) to an (infinite-sized) semidefinite
optimization problem by

inf f(x) >sup A

X

s.t. gi(x)=>0 fori=1,...,m. st. f—=A=so+gi151+ "+ ZmSm>
s; € Ox].

To turn this into a finite problem (as well as a hierarchy of bounds of increas-
ing quality), we simply bound the degree of each term g;s; and sy. The set of
polynomials

M(g1,---,8m) ={so+g151+ + gusm: 5; € Z[x]} (1.8)

is called the quadratic module generated by g1, ..., &m-
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Theorem 1.6 (Putinar’s Positivstellensatz, [[Put93|]). Let
K={xeR": g;(x)=0,...,g,(x) =0}

and M = M(gq,.--,8m)- If M is Archimedean, i.e. there exists an N € N such that

n
N—>x?eM,
i=1

then
p(x)>0 forallx €K

implies that p € M.

1.3 Symmetric Convex Optimization

In most of the problems considered in this thesis we are interested in problems
with symmetries. We saw a first example of this in Section where one of
the optimal solutions of the Theta function of the 5-cycle had just three different
entries in the matrix. But, of course, we would prefer to know this before we
solve the optimization problem, especially if the problem size is too big for it to
be solved directly. Once we know the symmetry, or some form of subspace we
can restrict our problem to, we want to reduce it further to remove the found
"redundancies” in the problem.

In this thesis we will make use of a few different techniques to determine
and exploit the symmetry of a given problem, each with their own advantages,
disadvantages, and potential applications. Here we will describe the basic idea of
symmetry reduction for semidefinite programming based on symmetries coming
from a group G. Later, in Chapter|[7} we will give a more detailed introduction into
symmetry reduction for polynomial optimization, with focus on the case G = S,,.

1.3.1 Group Symmetry Reduction
Here we consider a semidefinite programming problem given in standard form
p" =inf (C,X) (1.9)
s.t. (A, X)=b; fori=1,...,m,
X €Sk,

where C and the A; are symmetric n x n matrices.
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Group symmetry reduction requires that one already knows the symmetry of
a given problem, in form of a group G acting on the variables. More precisely,
let YV = R" be the n-dimensional real (or, more generally, yet not much different,
complex) vector space corresponding to the rows and columns of X. Now we pair
up each element o € G with a linear operator P, € GL(V), such that o — P, is a
group-homomorphism.

In the example above we had the automorphism group of the 5-cycle Cs acting
on R> — corresponding to the five original, binary variables — by permuting
indices. So here the operators P, simply correspond to permutation matrices,
when choosing the canonical basis.

Such an action of a group on a vector space is called a representation of G, or,
equivalently, turns V into a (left) G-module by defining o(v) := P,v forv € V. We
will go into more detail about modules in the background Chapter [7, with focus
on the case G = S,,. Here, we will just say that this gives us various algebraic
tools, to work with and simplify invariant solutions.

As defined in Sectiona matrix X is positive semidefinite, if and only if vI X v
is nonnegative for every v € V. This gives us the motivation to use operation of
G on V to define an action on the n x n-matrix X itself, which corresponds to
applying the same action on both vectors v simultaneously:

o(X)=PIXP,.

Here again, if G acts by permuting the canonical basis of V, it acts directly on the
indices of X via

o(X)ij = Xo(i)o(j)-

Since vIo(X)v = (Pg v)TX(P,v) > 0, this operation sends positive semidefinite
matrices to positive semidefinite matrices.

Remark 1.7. One can also set 0(X);; = X;-1(5)0-1(j) instead, depending on the
way one defines the action of products of group elements. We fix that (o 7)(x) =
o(m(x)) in this thesis, but some authors prefer x°™ = (x?)”", which changes the
order of execution of the two group elements (and thus turns V instead into a
right-G-module). In practice these two conventions do not have much influence

on the work in this thesis.

We say that the problem p* (1.9) has symmetry G, if, given any feasible solu-
tion X and group element o € G, the matrix o(X) is again feasible with the same
objective value as X.
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Invariant Solutions. If an SDP has symmetry G, then we can restrict it to only
optimize over symmetric (or invariant) solutions. Indeed, given an optimal solu-
tion X* of (1.9), we can symmetrize it by averaging it over all elements of G:

* 1 *
Ro(X") = — > o(X").
|G| o€eqG
The resulting matrix is again feasible for the same SDBE with the same objective
value as X*, and is invariant under action of any p € G:

1

PR =1

PG = D) 0'(X") = Re(X"),

oG o’'eG

where we substituted the unique product p~! o ¢’ = o in the second step. Thus,
the original SDP (1.9) has the same optimal value as the same SDP restricted to

invariant solutions:
p* =inf (C,X)
s.t. (A, X)=b; fori=1,...,m,
Xesl,
ocX)=X forallo €. (1.10)
Since the action of G on matrices is linear, the additional constraints (1.10]

define a subspace of S'}. If we determine a basis {By, ..., By} of this subspace, we
can reduce the number of variables in the SDP to obtain the equivalent SDP

k
p"=inf in<C:Bi>
i=1

k
s.t. in(Ai,Bi) =b; fori=1,...,m,
i=1

k

inBi ESn,
i=1
X1,..., X €ER,

which optimizes over just k variables x1, ..., xi. If G acts on the rows and columns
of X via permutations, then the B; are exactly the indicator matrices of orbits of
pairs of indices (also called orbitals), which have a 1 in position (i, j) if (i, j) lies
in the corresponding orbit, and O otherwise.
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Block-Diagonalization. We can now use Artin-Wedderburn theory [Art27;
WedO08]] to block-diagonalize the space of invariant solutions (see also [|Gij09]]
for a full proof). Not only can we reduce the number of variables to the num-
ber of pairs of orbits of indices k (resp. the dimension of the space of invariant
matrices), but we can also replace the SDP constraints with multiple smaller ones.

The idea is here to transform the SDP according to a "symmetry-adapted ba-
sis" of V, which is chosen according to the decomposition of V into irreducible
submodules. This basis transformation block-diagonalizes the SDP; it turns all
the matrices B; into block-matrices with blocks of sizes my,...,m,. Often, but
not always, we have m; + --- + m, < n, significantly reducing the size of the
optimization problem.

1.4 Overview of the Thesis

Chapter 2} Jordan Symmetry Reduction over the Doubly Nonnegative Cone.
We generalize the Jordan reduction method for symmetry reduction, which was
recently introduced by Parrilo and Permenter in [[PP19]], to optimization over
doubly-nonnegative matrices. These matrices are both positive semidefinite and
entry-wise nonnegative, and appear in various strong, but usually hard to com-
pute relaxations of combinatorial problems. While the reduction was originally
introduced for symmetric cones, we show that it can be applied to non-symmetric
cones as well. In this case, under small additional assumptions, we can show that
the optimal reduction can be found using a partition-space based algorithm. We
provide an implementation of this algorithm in form of a Julia-package, and use it
to compute the ¥'-function of Erd8s-Rényi graphs for larger instances than what
could be solved before [Kle+09b]].

Chapter [3} Comparison and Reduction of Relaxations of the Quadratic As-
signment Problem. Here we focus on three relaxations of the quadratic assign-
ment problem, one based on eigenvalues, one on quadratic programming, and one
on optimization over the doubly-nonnegative cone. We prove that the bounds do
improve as one considers bounds which are harder to compute in practice. While
this was certainly expected, it was surprisingly tricky to prove formally. Finally,
we investigate the Jordan reduction method of Chapter 2| for the bound based on
doubly-nonnegative matrices, and apply it to benchmark instances contained in
QAPLib [BKR97].
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Chapter [4; Energy Minimization on a Toric Grid as a QAP. Given m charged
particles, how do we arrange them on a grid with n; x n, possible positions, which
we then repeat periodically in all directions? We investigate a strong bound based
on optimization over the doubly nonnegative cone, and compare it with previous
bounds from the literature. The bound, while growing quickly in the size of the
grid, exhibits strong symmetries, which we exploit analytically using the Jordan
reduction method of Chapter [2| This reduces the bound to an equivalent bound
over O(n;n,) second order cones, which is significantly easier to compute. We
use this bound to prove (numerical) optimality of various periodic solutions, ex-
tending and complementing results by Bouman, Draisma and Van Leeuwaarden
[BDL13]], and make progress towards a construction of a sharp bound for the
general ‘checkerboard’ case where we fill exactly half of the grid points.

Chapter [5; Optimizing Hypergraph-Based Polynomials Modeling Job-Occu-
pancy in Queuing with Redundancy Scheduling. In this chapter we consider a
question posed in [[CBL21]] coming from redundancy scheduling in queuing theory.
Redundancy scheduling is based on the idea that sending the same job to multi-
ple distinct servers can be advantageous, if balanced against the risk of wasted
capacity. Here one wants to determine the optimal policy of choosing which sub-
set of servers one should send the copies of the job to, and it is conjectured that
the uniform probability distribution is optimal. This can be formulated as saying
that a certain highly symmetric polynomial attains its minimum at the normal-
ized all-one vector. While we do not manage to prove the general case, we prove
a similar result for a simplification of the family of polynomials by exploiting its
symmetries, as well as some special cases of the original problem.

Chapter [6; Four Different Views at Flag Algebras. In this chapter we give an
introduction to Razborov’s theory of flag algebras [[Raz07]], which can be used
to model and approximate problems coming from extremal combinatorics. We
show how three different bases of the algebra can be used interchangeably, each
with their own advantages and disadvantages, each of which can equivalently be
described by limits of polynomials in an increasing number of variables. While
Razborov introduced the basis describing densities of induced sub-flags, we show
that working with non-induced densities can be significantly easier. We use facts
coming from harmonic analysis of the binary hypercube to first introduce a third
basis, which we use to determine a recursive formulation of Sidorenko’s conjec-
ture, and later use in Chapter 8| for computational advantages.



Chapter 1. Introduction 19

Chapter [7; Gatermann-Parrilo Reduction for Polynomial Optimization with
S, Symmetry. In this background chapter we describe the symmetry reduction
method of Gatermann and Parrilo [[GP04] for polynomial optimization. First, the
general theory is introduced for arbitrary groups, and then we give details for
special case where the symmetry is given by an action of the full symmetric group
S,.

Chapter[8; Symmetry Reduced Flag SOS Hierarchies. In this chapter we fully
exploit the symmetries of the Lasserre hierarchy for flag sums-of-squares. The
translation of flags into (limits of) polynomials of [[Ray+18]], explained in Chap-
ter [6] reveals a family of highly symmetric polynomial optimization problems, to
which we then apply the reduction method described in Chapter [/l To make it
possible to decompose the high dimensional S,,-modules in practice, we needed
a novel algorithm to determine the decomposition of generalized permutation
modules into irreducible submodules. We investigate the thus obtained reduced
hierarchies, which are based on flags where vertices are grouped together instead
of explicitly labeled, and use them to compute outer approximations of profiles of
graphs and harmonic graphs. Finally, we give an example as to how flag algebras
can be generalized to obtain certificates for the leading term of subgraph densities
in degenerate cases, where the density of edges approaches zero as the number
of vertices grows.

Chapter [9: An Alternative Hierarchy Intertwining the Lasserre Hierarchy
for Binary Problems with S, Symmetry. Here we investigate the hierarchy
Razborov introduces for flag algebras in [Raz07[]. This hierarchy prioritizes graphs
with few vertices, in contrast to the Lasserre hierarchy prioritizing graphs with few
edges. We show how one can obtain and generalize this hierarchy as a trunca-
tion of a high level of the Lasserre hierarchy, and reduce the size of the hierarchy
further from there. Finally, we use facts from the representation theory of S,, to
compare the resulting hierarchy to the Lasserre hierarchy in both directions.
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Jordan Symmetry Reduction over the
Doubly Nonnegative Cone

This chapter studies symmetry reduction of semidefinite programs (SDPs) where
the matrix variable is also entry-wise nonnegative, i.e. symmetry reduction of
conic linear programming over the doubly nonnegative cone. Such problems ap-
pear naturally, among others, in the study of convex relaxations of combinatorial
problems. In particular, we are interested in such relaxations of the independence
number of a graph (in this chapter), and of the quadratic assignment problem (in
Chapter [3)).

The independence number a of a graph G is the maximum number of nodes
of G we can choose, such that there is no edge between any of them. The Theta-
Prime function (#'-function)[[Sch79]] is a semidefinite programming relaxation of
a, and as such gives an upper bound to it. Given the adjacency matrix A of G, the
function is defined by

¥ (G)=sup (J,X) (2.1)
s.t. trace(X) =1,
(A,X) =0,
X =0,

21
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X =0.

The second family of problems we are interested in, which is investigated in
Chapter [3] are quadratic assignment problems, which are of the form

n
QAP(A: B) = (Igélsnn Zl al]b(p(l)v,(]), (2.2)
i,j=

where A = (a;;) and B = (b;;) are symmetric n x n matrices, and S, denotes the
symmetric group (i.e. all permutations) on n elements. Here we are interested
in the SDP relaxation of by Zhao et al. [Zha+98]], as reformulated by Povh and
Rendl [[PRO9].

Symmetry reduction for SDP was first introduced by Schrijver in 1979 in
[Sch79]]; see for example the chapter [Bac+11]] by Bachoc, Gijswijt, Schrijver and
Vallentin for a review of later developments up to 2012. The specific case of SDP
relaxations of quadratic assignment problems was investigated by de Klerk and
Sotirov in [[KS10} KS12].

Parrilo and Permenter [[PP19]] recently introduced a new — and more general
— form of symmetry reduction, called Jordan reduction. We will extend their
approach to the doubly-nonnegative cone. The advantage of the Jordan reduction
approach is that it requires no knowledge of group symmetries in the data, and
therefore is ideal for automated pre-processing. A drawback is that the initial
problem size must be small enough to perform basic linear algebra operations.
This is not always the case, e.g. when computing the ¢ function of Hamming
graphs [|Sch79]].

Outline and Contributions of this Chapter

In the next section, we recap relevant definitions and results on the Jordan re-
duction of Parrilo and Permenter [PP19]. In Section [2.2] we subsequently extend
this approach — which was formulated for symmetric cones — to the doubly non-
negative cone. This allows us to apply the method to the SDP relaxation of the
general QAP due to Zhao et al. [[Zha+98]] in Section and to the ¥'-function
of Erdds-Rényi -graphs in Section Our extension of the Jordan reduction
method of Parrilo and Permenter [[PP19] in Section should lead to additional
applications in SDP relaxations of other combinatorial problems. Finally, in Sec-
tion [2.4, we describe a Julia software package implementing this method.
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This package complements the two existing packages QDimSum [[TRR19]] and
YALMIP [[Lof09]], of which the first exploits the symmetry of semidefinite pro-
gramming problems coming from quantum mechanics, and the second allows for
symmetry reduction of polynomial optimization problems with sign symmetries.

2.1 Preliminaries on Jordan Symmetry-Reduction

We will study conic optimization problems in the form

inf  (C,X) =inf (C,X)
s.t.  (A;,X)="b, forie[m] st. XeXyg+L (2.3)
XekKr Xekr,
where [m] = {1,...,m}, K C V is a closed, convex cone in a real Hilbert space

V, X, € V satisfies (A;,X,) = b; for all i € [m], and £ C V is the nullspace of
the linear operator A, where A(X) = ({A;,X))!_ ;. The objective function is given
using the inner product (-,-) of V, with which one defines the dual cone as:

K={vyeV | (X,Y)>0 VX € K}.

In this chapter, we will mostly deal with the case where V is the space S" of n x n
symmetric matrices equipped with the Euclidean inner product, and where K is
the cone of doubly nonnegative matrices.

2.1.1 Constraint Set Invariance

Parrilo and Permenter [[PP19]] introduced a set of three conditions a subspace has
to fulfill, such that it is possible to use it for symmetry reduction. Here we revisit
some of their results.

Definition 2.1. A projection is a linear transformation P: V — V which is idem-
potent, i.e., p?2=p.

Definition 2.2 (Definition 2.1. in [[PP19]]). A projection P: V — V fulfills the
Constraint Set Invariance Conditions (CSICs) for (K,X, + L, C) if

(i) The projection is positive: P(K) C K,
(i) PXg+L)SXy+ L,

(iii) P*(C+LYHccC+ct,
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where P* is the adjoint of P, which satisfies (P(X),Y) = (X,P*(Y)) forall X,Y €
V.

Note that this definition is symmetric going from primal to dual, since
P(K)SK & PHKY)CK™.

While it is clear that such a projection has to send feasible solutions to feasible
solutions in both the primal and dual program, it seems less obvious that it does
not change the objective value of feasible elements (Proposition 1.4.1 in [Per17]).
We give an alternative, more compact proof of this fact. For an X € Xy + £ we
have X — P(X) € £ by (ii), and (iii) tells us C —P*(C) € £+, Thus,

(C,X)—(C,P(X)) =(C,X —P(X))—(C,P(X)—P(P(X)))
=(C,X —P(X)) — (P*(C),X — P(X))
= (C—P*(C),X —P(X)) = 0.

These projections send feasible solutions to feasible solutions with the same
objective value, as the next result shows. (We include a proof for completeness.)

Proposition 2.3 (Proposition 1.4.1 in [Per17]). If a projection P:V — V fulfills
the CSICs, then

s P(Xp+L)NK)CS(Xo+L)NK,

s P*((C+LH)NKHC(C+Lhnkr,

e ForXeXy+L: (C,X)=(C,P(X)),

s ForYeC+LY (X,,Y)=(Xq,P*(Y)).
Proof from [Per17|]. The first two properties are direct consequences of the def-
inition, and the remaining two are equivalent by its symmetry. Note that be-
cause of (ii) the difference X — P(X) lies in £ for any X € X, + £, and similarly
C —P*(C) € £+, which means that these vectors are orthogonal.

(C,X) =(C—P*(C)+P*(C),X —P(X)+ P(X))
= (C—P*(C),X —P(X)) +(C—P*(C), P(X))
=0

+(P*(C),X) + (P*(C), P(X) — P(X))

"
=0
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= (P*(C)—P*(C),X) +(C,P(X))
=(C,P(X))

Here we used PP = P and (P(A), B) = (A, P*(B)) in the penultimate step. O

To make things easier, we restrict ourselves to orthogonal projections P to a
subspace S C V, which are exactly the projections of which the range and kernel
are orthogonal, or equivalently the projections which are self-adjoint, i.e., Ps = P{.
If the projection Py fulfills the CSICs we call the subspace S admissible, following
[PP19]. In this case, the CSICs may be rewritten as follows, exploiting the fact
that orthogonal projections have the property that P,(B) € B <> P3(A) C A.

Theorem 2.4 (Theorem 5.2.1 in [[Per17]]). Consider the conic optimization problem
and let S C V be the range of an orthogonal projection Pg : V — V. Let
P, denote the orthogonal projection onto L, and define C, = P,(C) and X, ;1 =
P;1(Xy). Then S is an admissible subspace if, and only if;

(a) CLZ'XO,LL (S S,
(c) Ps(K)C K.

Restricting the conic program to an admissible subspace S thus results in an-
other, potentially significantly smaller program, with the same optimal value.

inf (Ps(C),X) (2.4)
s.t. X € Ps(Xo) +EﬂS,
XeKns.

Let {S;,...,Si} be a basis of the admissible subspace S. We can rewrite the
reduced problem (2.4) as a conic optimization problem with just k scalar variables
X1,..., Xg, by considering the original formulation (2.3).

x€Rk

k
inf " x;(Ps(C),Sy)
i=1

k
S.t. in(Aj,Si> =b; forj=1,...,m, (2.5)
i=1

k
Z XiSi S ’C,
i=1
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We can aggregate the linear constraints (2.5), reducing their number. Since LN S
is generally lower dimensional than S, many of the original constraints become
linearly dependent (in practice often identical) in the reduced optimization prob-
lem.

2.1.2 The Reduction for Jordan-Algebras

Next we review some results from [[Per17]] for the situation where the space V is a
Euclidean Jordan algebra 7, that is a commutative algebra (with product denoted
by ‘®”) over R satisfying the Jordan identity

(xey)ex?=xe(yex?),

and an inner product with (x e y,z) = (y,x e 2). For every such algebra we can
define K as the cone of squares of 7 given by K = {xex | x € J}, which always is
a symmetric cone, i.e., a self-dual and homogenous convex cone (see for example
[FA94])).

The only example relevant for us is the case J = S", the symmetric n X n-
matrices with real entries, with product defined by

1
XeY := 5(XY +YX),

and the inner product the Euclidean (trace) inner product (X,Y) = trace(XY). It
is easy to see (e.g., from the spectral decomposition) that its cone of squares is
exactly the positive semidefinite cone S'.

Since the product of a Jordan algebra is commutative, we have

2xey=xey+yex=(x+y)P—x*—y>

which means that subspaces are closed under multiplication, if and only if they
include all squares. Similarly, isomorphisms between (Euclidean) Jordan algebras
are exactly the bijective linear maps satisfying ¢ (x?) = (¢ (x))>2.

Definition 2.5. A Jordan algebra J is called special, if it is isomorphic to the
algebra one gets from a real associative algebra by equipping the latter with the
product x e y = %(xy + yx).

There is only a single (up to isomorphisms) simple Jordan algebra which is
not special, the algebra of Hermitian 3 x 3-matrices of Octonions H5(Q). The for
us relevant case J = S" is special.
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Definition 2.6. A subspace (not necessarily a subalgebra) S of a Jordan algebra
is called unital, if there is an element e € S such thateea =aee=aforalla €S.

An important fact for us is that every Euclidean Jordan algebra is unital.

One main result of [Per17, Theorem 5.2.3] is an alternative description of
the CSICs when the ambient space is a special Euclidean Jordan algebra. In this
case the condition P5(K) C K in Theorem [2.4|— with K the cone of squares in J
— is equivalent to S being closed under taking squares, i.e. to S being a Jordan
subalgebra of 7, if S is unital.

This gives an algorithm for finding the minimal admissible subspace, which is
defined as follows.

Definition 2.7. The unique minimal admissible subspace is

Smn= (] S

S is admissible

As mentioned before, we may now formulate an algorithm for S_;,,.

Theorem 2.8 (Theorem 3.2 in [[PP19]]). If V = J is a Euclidean, special Jordan
algebra, and K its cone of squares, then S, is the output of Algorithm

Algorithm 1: Finding S,;,

S «span{C;,Xq c1}
repeat

S« S+P.(S)

S« S+span{X? | X €S}
until converged;

2.1.3 A Combinatorial Reduction Algorithm

The fourth step of Algorithm [1|is not linear, and hard to implement. But, con-
veniently, Permenter does introduce three combinatorial algorithms in his PhD
thesis ([Per17], Chapter 7) for the cone S'}, which all find orthogonal 0/1-bases
for an optimal unital admissible subspace with certain additional properties. A
0/1-basis is a basis where each element has entries solely in {0,1}. If the basis
is orthogonal, this implies that no two basis elements have nonzero entries in the
same position. Here we will only mention one of the algorithms, since the other
ones cannot give us better reductions for our special case.
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Partition Subspaces. The second combinatorial algorithm by Permenter [[Per17]]
finds an optimal unital partition subspace, which is a subspace with 0/1-basis,
the elements of which sum to the all-one matrix. We call these basis elements
characteristic matrices of the partition. We can describe the basis uniquely with a
partition of the coordinates of R™*", i.e. of [n] x [n], simply by having one part in
the partition for every basis element with ones in the corresponding coordinates.
For example the following spaces are partition spaces:

P1: )

b a b
b B P3:P1/\P2: b a
c c C

S o Q
St o

b
b 5 PZZ
C

St Q R/
St Q R/

c
c
d
where P; AP, is the coarsest (i.e., the smallest dimensional) partition space refining
both P; and P,. A partition space A refines the partition space B, if B is a subspace
of A.

For our purposes an important special case is a so-called Jordan configuration,
defined as follows.

Definition 2.9. A partition P of A x A, where A is a finite set, is called a Jordan
configuration, if its characteristic matrices Bp satisfy

e X=XT forall X € Bp,
* XY +YX espan Bp forall X,Y € Bp,
* [ €span Bp.

In words, a Jordan configuration is a basis of a unital partition space that is
also a Jordan subalgebra of S".

A more general example of a partition space, also of interest to us, is a so-called
coherent algebra (see e.g., [[CamO03]]).

Definition 2.10. A partition P of A x A, where A is a finite set, is called a coherent
configuration, if its characteristic matrices Bp satisfy

e IfX € Bp then also XT € Bp,
* XY espan Bp forallX,Y € Bp,

* ] €span Bp.
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Thus, a coherent configuration gives a 0/1 basis of a partition subspace that
is also a matrix *-algebra, namely the associated coherent algebra. Note that
the symmetric part of a coherent configuration is a Jordan configuration. It was
recently shown in [[MRK20]] that the converse is not true, there are infinite Jordan
configurations that are not the symmetric part of a coherent configuration.

To restrict the algorithm [1| to partition subspaces, we need more notation:
part(A) is the smallest partition space containing the matrix (or subspace) A, which
is simply the partition space given by the unique entries of A.

Algorithm 2: Partition algorithm ([[Per17])
P « part(C,) A part(Xg 1)
repeat
P « P Apart(P-(P))

P « P Apart(span{X? | X € P})
until converged;

There are two basic ways to implement this algorithm: One can use polyno-
mial matrices, or randomization. For the first variant one introduces (commuting)
variables t; for each element of a basis By, ...,B; of P, and then refines the par-
tition with part(Pl;(Zf:1 t;B;)) = p.eurt(Zi.{:1 t;P-(B;)) and part((Zi{:1 t;B;)?). If
we for example take P, from the example above, one has

te tp tp t2 +2t2 2 tp+ 2 ety R+t
ty to tp| = 2t,tp + 7 t2 +2t7 taty + 13 +tpte |,
ty tp t, taty + 13 +tpte toty+ 13 +tpte 27 + t2

of which the unique polynomials induce the partition P;.

The second variant refines the partition with a random element in the partition
space after projecting it to £ and after squaring it. While one has to be more
careful about rounding errors here, it is both easier to implement and much faster.

Remark 2.11. We note that the first variant of the partition algorithm presented
here is very similar to the Weisfeiler-Leman (WL) algorithm [[LW68]], that finds the
coarsest coherent configuration refining a given partition of [n] x [n]. The only
difference is that the WL algorithm uses non-commuting variables ¢;, as opposed
to commuting ones; see [[Bab+97|] on details of the implementation of the WL
algorithm.
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Algorithm 3: Partition algorithm, randomized ([[Per17]])
P « part(C,) A part(X, 1)
repeat
X « random element of P

P « P Apart(P(X))
P « P Apart(X?)
until converged,

2.2 Extension to the Doubly Nonnegative Cone

We will now fix the cone K in to be the doubly nonnegative cone D" :=
S NRE". Since we will refer to nonnegative, symmetric matrices frequently, we
also introduce the notation N = S" N R}*". Even though D" is not a cone of
squares in a Euclidean Jordan algebra, one may readily adapt some results of the
last section to this setting.

We start with an elementary, but important observation.

Proposition 2.12. Assume that a subspace S C S™ has a basis of nonnegative matri-
ces with pairwise disjoint supports. Then the orthogonal projection Pg onto S satisfies
Ps(D") € D" if it satisfies Pg(ST) C ST.

Proof. If S has a basis of nonnegative matrices with disjoint supports, then it has
an orthonormal basis with this property, say A; (i € [d]), and the orthogonal

projection is of the form
d

Pg(X) = Z(Ai>X>Ai~

i=1
Since the Euclidean inner product of two nonnegative matrices is nonnegative,

we have

Pg(N™) S N,

and, since D" C S", and Ps(S") C S'} by assumption,
Ps(D") € S" NN = D",
O

If we consider partition subspaces, we may therefore use results on admissible
partition subspaces for the case K =S/, as follows.
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Corollary 2.13. Consider a conic optimization problem of the form (2.3), with V =
S", and K = SY, and let S be an admissible partition subspace for this problem.
Then, S is also an admissible partition subspace for the related problem where we
replace K =S by K =D".

The important practical implication is that we may use Algorithm 3to find an
admissible Jordan configuration for conic optimization problems on the cone D"
(but we do not know if it is optimal in general). In the next section we will do
precisely this for an SDP relaxation of the quadratic assignment problem.

It is instructive though to ask how restrictive it is to only consider admissible
partition subspaces. In what follows, we show that the partition subspace struc-
ture is actually imposed by some relatively weak assumptions.

To this end, we first recall a result on nonnegative projection matrices; recall
that a matrix P is a nonnegative projection matrix if P2 = P and P maps non-
negative vectors to nonnegative vectors. If, in addition, P = PT, then it is called
a nonnegative, orthogonal projection matrix. The following characterization of
nonnegative projection matrices is taken from [Gal04, Theorem 2.38], but origi-
nally due to Belitskii and Lyubich (cf. [BL88, p. 108]). Since there is a typo in the
proof of the proposition in [BL88], we include a detailed fixed proof in Appendix
[Al

Proposition 2.14 (Theorem 2.1.11 in [BL88]]). The general form of a nonnegative
projection matrix is
P=(A+B)CT (2.6)

where r = rank(P), A,B,C e R"*", ATA=1, C"A=1,B"A=0and B'C =0.

As a consequence, a nonnegative, orthogonal projection matrix has the fol-
lowing structure.

Corollary 2.15. Any n x n symmetric nonnegative orthogonal projection matrix P
with r-dimensional range takes the form P = CCT for some C € RY*" such that
CTC =1. In particular, the columns of C form a nonnegative, orthonormal basis of
the range of P, and these basis vectors therefore have disjoint supports.

Proof. With reference to (2.6)), one has
P=Pl = pPA=PTA<— A+B)cTA=c(AT +BT) A<= A+B=C.

Thus, by one has P = CCT, and CTC = I. Since nonnegative vectors can
only be orthogonal if they have disjoint supports, the columns of C have this

property.
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Finally, recall that a projection matrix is symmetric if and only if it corresponds
to an orthogonal projection. O

One may easily extend this to orthogonal projection operators, as follows.

Proposition 2.16. Assume that a given orthogonal projection Pg with range S € S"
satisfies Ps(N™) € N™. Then:

1. S has a basis of nonnegative matrices with disjoint supports.
2. If, in addition, S contains the all-ones matrix J, then it is a partition subspace.

3. If, in addition to the condition in item 2), Ps(S}) € S and S contains the
identity matrix, then S is a Jordan configuration.

Proof. Since Py is self-adjoint, we may write it as a symmetric matrix, say Mp,,

with respect to the standard orthonormal basis of S". For an X € S", we define
1

the vector svec(X) € R2"("+1) a5

T
SVec(X) == (Xll’ '\/_Zle, ey \/_Zan,Xzz, 1/_2X32, ceey ’\/_2Xn2, .. .,Xnn) .

Thus, svec(X) gives the coordinates of X in the standard orthonormal basis of S".
One therefore has

svec(Ps(X)) = Mp, - svec(X) VX e S".

Choosing svee(X) as the standard unit vectors in Rz makes it clear that
Mp, € N 2n(n+1), Thus, the first claim now follows from Corollary namely
that S has a basis of nonnegative matrices with pairwise disjoint supports. If S
contains the all-ones matrix J, then it must hold that these basis matrices are 0/1,
proving the second claim.

Finally, to prove the third claim, we recall that S unital and Ps(S}) € S}
implies that S is a Euclidean Jordan algebra, as mentioned in Section[2.1.2] Since
it has a 0/1 basis, it is in fact a Jordan configuration if we also assume I € S.

O

The last proposition shows that partition subspaces are closely related to non-
negative projections.

The question remains if there exists an orthogonal projection Pg : S" — S"
with range S C S that satisfies Ps(D") € D", but not Pg(N™) € N™.
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Proposition 2.17. Let Pg be an orthogonal projection with range S that satisfies
Ps(D™) C D" IfI €8, then Pg(N™) C N™

Proof. Let X € N™. Since X € (D")" = N" + S/} and Ps((D")") C (D")*, we
know that the diagonal entries of P4(X) are nonnegative. To see the same for the
off-diagonal entries, let r be the spectral radius of X. Then X + rI € D", which
implies that P¢(X +rI) € D™ has nonnegative off-diagonal entries. Since Ps(I) =1
we have Pg(X) = Ps(X + rI)—rI, thus showing that Pg(X) has nonnegative off-
diagonal entries and therefore Pe(X) € ™. O

Hence, all admissible subspaces that contain J and I are automatically Jordan
configurations for conic problems over the doubly nonnegative cone, if they are
S’} -positive, by the last two propositions. It is still an open problem whether D"-
positive implies S’} -positive.

Remark 2.18. The additional restriction to 0/1 bases is not w.l.0.g., for example
consider the subspace spanned by a single idempotent matrix A > 0 with multiple
different entries. This subspace is closed under squaring (1A)? = A24, and it has
a unit e = A. Such an A exists, e.g.

=308
2\ 5 1+5

So S = span{A} is a unital Jordan algebra, with basis {A}. Since A > 0, an
S’} -positive projection to S is D"-positive, but S does not have a 0/1-basis. Since
coherent algebras are Jordan algebras, this shows that a restriction to the subspace
having a 0/1-basis or to the subspace being a coherent algebra is a truly stronger
condition than is needed by Theorem [2.4

2.3 Reducing the '-Function

The #'-function of a graph G = (V, E), as given in (2.1)), is a doubly nonnegative
semidefinite program of size n := |V|. Here we can say a bit less about admissible
subspaces in the general case. As seen in Theorem [2.4] every admissible subspace
needs to contain C, and X, »1. Here it is straightforward to see that C, is exactly
the adjacency matrix of the complementary graph G, and XorL = %In. Thus,
we know at least that S contains the identity. This implies that every admissible
subspace for the #’-function has a basis of nonnegative matrices with disjoint

supports, by Propositions and
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But an admissible subspace here does not necessarily need to contain the all-
one matrix J,. One obtains an easy example by G = ([n], {{i,j} if i > m or j > m}
for n > m > 0. It is easy to check that an admissible subspace for this problem is

)

of the form

St o Q
St Q o
Q o o

c
\ gy
here shown for n = 7 and m = 3. While this case is not too interesting, this shows

that the Jordan reduction can be better than a group-symmetry reduction, which
would result in the five-dimensional subspace given by

[a b b ddd d)
b a b dd d d
b b ad d d d
d d d ¢c e e e
d d d e ¢ e e
d d d e e ¢ e
\dddeeec]

Do note though that in this case the three additional variables will be eliminated
by the constraints of the SDP soon after.

2.3.1 The ¥'-Function of Erdés-Rényi Graphs

Let g be an odd prime, and let V = ]Fz be a three-dimensional vector space over
the finite field of order q. The set of one dimensional subspaces, i.e. the projective
plane, of V is denoted by PG(2,q). There are q> + q + 1 such subspaces, which
form the vertices of the Erdds-Rényi graph ER(q). Two vertices are adjacent if
they are distinct and orthogonal, i.e., for two representing vectors x and y we
have xT y = 0. The interested reader is referred to the papers [GNOS8; Kle+09al],
and the references therein, for more details on these graphs.

We are interested in the size of a maximum stable set of these graphs, specifi-
cally upper bounds for this value.
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In [[GNO8]] the authors derive the upper bound

1
Vi +a+4(q+ 1T

2q+1/§+1 ’
q2+q+1

2.7)

which was shown to be at most as good as the '-function in [Kle+09a]. The
bound is obtained from a generalization of the Hoffman-Delsarte bound
[Del73] for nearly regular graphs, where one adds loops to a graph to make it
regular.

The ¥ -function of ER(q) is a doubly nonnegative semidefinite program of size
q®> + q + 1. Without further reductions one can practically solve this for up to
q = 17. In [Kle+09a] the authors reduced the problem size enough to solve it for
up to g = 31, and in this chapter we managed to solve it for up to g = 97.

We applied the reduction algorithm, numerically block-diagonalized (more on
that next section) and solved the resulting problems for all primes from q = 3 to
97, as shown in Tables[2.1] and Interestingly, the reduced block sizes always
are one block of size 3 x 3, and [%] blocks of size 2 x 2, i.e., the problem nearly
reduces to a second order cone problem. By comparison, the problem was reduced
to SDPs of matrix size 2g + 11 in [[Kle+09al].

2.4 The Julia Package

We provide a package "SDPSymmetryReduction.jl" as part of the Julia registry,
with full source code available at https://github.com/DanielBrosch/
SDPSymmetryReduction. j1. We provide functions to both find an optimal
admissible partition subspace for a given SDB and to block-diagonalize it after.

To enter a semidefinite program one has to provide (potentially sparse) vec-
tors and matrices C € ]R”Z,A € R™" and b € R™ as in (vectorizing the
variable X). We provide examples for how one can approach this for both the
#'-function of a given graph and for the SDP-bound (3.I). Since we return a
partition based symmetry reduction, it is not necessary to give entry-wise non-
negativity constraints, as long as one remembers to use nonnegative variables in
the final, reduced SDP (see also the example in.

Determining an Admissible Subspace. The function ‘admPartSubspace’ deter-
mines an optimal admissible partition subspace for the problem, by Algorithm [3


https://github.com/DanielBrosch/SDPSymmetryReduction.jl
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q q2 +q+1 Jordanred. (s) block-diag. (s)  blocks (size x mult.)
3 13 0.001 0.001 3x1,2x2
5 31 0.002 0.006 3x1,2x3
7 57 0.007 0.011 3x1,2x4
11 133 0.067 0.033 3x1,2x6
13 183 0.092 0.051 3x1,2x7
17 307 0.241 0.170 3x1,2x9
19 381 0.421 0.303 3x1,2x10
23 553 1.019 0.723 3x1,2x12
29 871 2.455 2.392 3x1,2x15
31 993 3.398 3.664 3x1,2x16
37 1407 7.745 9.068 3x1,2x19
41 1723 13.039 16.358 3x1,2x21
43 1893 14.533 21.508 3x1,2x22
47 2257 19.910 36.711 3x1,2x24
53 2863 33.271 72.052 3x1,2x27
59 3541 51.463 140.119 3x1,2x30
61 3783 54.714 166.267 3x1,2x31
67 4557 78.579 332.438 3x1,2x34
71 5113 115.303 487.162 3x1,2x36
73 5403 118.058 545.498 3x1,2x37
79 6321 179.084 886.065 3x1,2x40
83 6973 215.983 1336.901 3x1,2x%x42
89 8011 293.947 1931.723 3x1,2x45
97 9507 434.341 2912.840 3x1,2x49

Table 2.1: Results of the numerical symmetry reduction of the Theta’ function of
Erdés-Rényi graphs.

This is done using a randomized Jordan-reduction algorithm, and it returns a Jor-
dan algebra. SDPs can be restricted to such a subspace without changing their
optimal value.

Given C,A and b, admPartSubspace(C, a, b) returns a Partition P with Pn giv-

ing the number of parts of the partition, and P.P returning an integer valued matrix
with entries 1,...,n defining the partition.

For example, let C, A and b define the #’'-function of the cycle graph Cs. If we
label the vertices such that its adjacency matrix is

= O O = O
S O = O
o = O VR O
= O R O O
SO = O O =
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q solve time (s) ¥ (ER(q)) EV bound
3 0.002 5.000 5.560
5 0.003 10.067 10.556
7 0.002 15.743 16.727
11 0.003 31.088 32.051
13 0.003 40.509 41.025
17  0.004 60.221 61.291
19 0.004 71.301 72.493
23 0.004 96.240 96.858
29  0.006 136.978 137.910
31 0.007 151.702 152.707
37 0.007 199.269 200.203
41 0.009 233.390 234.312
43 0.009 250.917 252.063
47  0.011 287.772 288.907
53 0.013 346.626 347.388
59 0.015 408.548 409.534
61 0.015 430.219 431.030
67 0.020 496.438 497.775
71 0.019 543.128 544.095
73  0.021 566.915 567.787
79  0.945 639.644 640.932
83 1.111 690.583 691.375
89 0.115 768.469 769.481
97 0.108 877.075 878.027

Table 2.2: The resulting bounds for the stable set number of Erdés-Rényi graphs.

then calling admPartSubspace(C, a, b) returns the partition P with Pn = 3 and

el

!

Il
DWW N -

2 3
1 2
21
3 2
3 3

N = N W W

2

= N W W

i.e., we can restrict the feasible set to the three-dimensional subspace given by P.

Block-Diagonalizing a Jordan-Algebra. The function ‘blockDiagonalize‘ deter-
mines a block-diagonalization of a (Jordan)-algebra given by a partition P using
a randomized algorithm. It implements the Algorithm from [Mur+10] (see also

[KDP11]]). To our knowledge this is the first implementation available to the pub-

lic.

Remark 2.19. Every matrix x-algebra over C is isomorphic to a direct sum of

full matrix *-algebras over C. But the situation over the reals has more cases (as
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detailed in [[MM10])); this is the underlying property of block-diagonalization over
the reals. We currently offer two versions of the block-diagonalization function:
One to attempt to block-diagonalize it fully over the reals (which does fail in the
cases mentioned in [[MM10[]), and one over the complex numbers, which never
fails (at the cost of potentially being non-optimal when working with real valued
SDPs).

Remark 2.20. The algorithm only provides an approximate, rational block-
diagonalization. This may lead to numerical issues in some cases, potentially
requiring very high precision computations. In some cases it may be more stable
numerically to only compute the Jordan-algebra, reducing the number of vari-
ables, and skipping the block-diagonalization. However, we did not run into such
a case in practice in the examples considered here and in Chapter [3]

blockDiagonalize(P) returns (a rational approximation of) a real block-
diagonalization blkd, if it exists, otherwise ‘nothing'.

* blkd.blkSizes returns an integer array of the sizes of the blocks.

* blkd.blks returns an array of length Pn containing arrays of (real) matrices
of sizes blkd.blkSizes. l.e., blkd.blks[i] is the image of the basis element
given by the 0/1-matrix with a one in the positions where PP is i.

blockDiagonalize(P; complex = true) returns the same, but with complex
valued matrices, and should be used if no real block-diagonalization was found.
To use the complex matrices in practice, remember that a Hermitian matrix Y is
positive semidefinite if and only if

(real(Y) —imag(Y))
imag(Y) real(Y)

is positive semidefinite.

Continuing the example of reducing 9'(Cs), blockDiagonalize(P) here returns
a block-diagonalization blkd with blkd.blkSizes =[1,1,1] (i.e., three blocks of
size 1 x 1), and the image of the basis is

blkd.blks ~[[1,1,1],
[—1.618,0.618,2],
[0.618,—1.618, 2]].
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This means that

a b ¢c ¢ b

b a b ¢ c a—1.618b+0.618c > 0,
c b ab c|>*>0={a+0.6180—-1.618>0, ,
c ¢ b a b a+2b+2c>0,

b ¢c ¢ b a

which allows us to rewrite 4'(Cs) as a linear program in the three variables a, b, c.

2.5 Concluding Remarks

We have extended the Jordan symmetry reduction method to the doubly non-
negative cone, and showed that for this cone that the restriction to admissible
subspaces that are partition-spaces is not a strong requirement in Section 2.2 In
Section we have seen that the optimal admissible subspace of the '-function
can always be given by a nonnegative basis with disjoint supports, and applied this
reduction to Erdés-Rényi -graph instances. Finally, we describe the Julia package
"SDPSymmetryReduction.jl", available at https://github.com/DanielBro
sch/SDPSymmetryReduction. j1, implementing the described algorithms in
Section[2.4] In Appendix[2.6|we give a complete code example as to how one can
use this package to calculate %' (ER(q)).

It may be possible to combine the Jordan symmetry reduction method with
facial reduction, similar to what the authors do in [HSW19]]. There a significant
speed-up in computations was observed when solving the symmetry and facial
reduced doubly nonnegative SDPs with a first order method (more specifically, an
alternating direction method of multipliers). In future work similar ideas for the
Jordan reduction method may be worth exploring.

2.6 Example Use of the Software Package

In this appendix we give a complete example how to compute the 9’-function of
ER(q), where q = 31, using block-diagonalization, and solving the reduced SDP
with JuMP and Mosek.

using SDPSymmetryReduction

using LinearAlgebra, SparseArrays
using JuMP, MosekTools


https://github.com/DanielBrosch/SDPSymmetryReduction.jl
https://github.com/DanielBrosch/SDPSymmetryReduction.jl
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## Calculating the Theta’-function of Erdos-Renyi graphs
q = 31

# Generating the adjacency matrix of ER(q)
PG2q = vcat([[0, O, 1171,

[[0, 1, b] for b 0:q-117,

[[1, a, b] for 0:9q-1 for b = 0:q-11)
Adj = [x? * y % q == 0 for x in PG2q, y in PG2q]

)
]

Adj[diagind (Adj)] .= 0

# Theta’ SDP

N = length(PG2q) # = gq~2+q+1

C = ones(N"2)

A = hcat(vec(Adj), vec(Matrix(I, N, N)))°’

b = [0, 1]

# Find the optimal admissible subspace (= Jordan algebra)

P = admPartSubspace(C, A, b, true)

# Block-diagonalize the algebra
blkD = blockDiagonalize (P, true)

# Calculate the coefficients of the new SDP

PMat = hcat([sparse(vec(P.P .== i)) for i = 1:P.n]...)
newA = A *x PMat

newB = b

newC = C’ * PMat

# Solve with optimizer of choice
= Model (Mosek.Optimizer)

=}

# Initialize variables corresponding to the parts of
# the partition P. They are nonnegative since the

# original SDP-matrices are entry-wise nonnegative.
x = @variable(m, x[1:P.n] >= 0)

@constraint (m, newA * x .== newB)
@objective (m, Max, newC * x)

# Setup the block-diagonalized PSD-constraints
psdBlocks = sum(blkD.blks[i] .* x[i] for i = 1:P.n)
for blk in psdBlocks
if size(blk, 1) > 1
@constraint (m, blk in PSDCone ())
else



Chapter 2. Jordan Symmetry Reduction over the Doubly Nonnegative Cone 41

@constraint (m, blk .>= 0)
end
end

optimize! (m)

@show termination_status (m)
@show value (newC * x)
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Comparison and Reduction of Relaxations
of the Quadratic Assignment Problem

A quadratic assignment problem in Koopmans-Beckmann form is given by three
matrices A = (a;;), B = (b;;),C = (c;;) € R™", and can be written as

n n
QAP(A,B, C) = I'nlSI'l ( Z ai]-b@(i)q,(j) + ch(i)> N

S
Peon\ (=1 i—1

where S,, is the set of all permutations of n elements. If C = 0, then we shorten the
notation to QAP(A, B), and if all data matrices are symmetric, we call the quadratic
assignment problem symmetric.

This is a quadratic optimization problem, which can be seen if we write the
objective using permutation matrices:

)Erelll_ll‘l (A, XBXT) +(C,X),

where (X,Y) = tr(XTY) is the trace inner product, and II,, the set of n x n per-
mutation matrices.

Because of the very general form of the problem, it is not surprising that it
is NP-complete (see for example §7.1.7 in [BDM12]]), which motivates the search

43
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for good approximations and bounds; see, e.g., the survey [Loi+07]] and the book
[BDM12] for an overview. In Section [3.1] we describe three such bounds, in both
increasing complexity and strength. The first is a projected eigenvalue bound,
which was first introduced in [HRW92][], which, similar to the eigenvalue bound
of [[FBR87[], is based on the eigenvalues of the data matrices. The second bound, a
convex quadratic programming bound, then improves this bound by adding a con-
vex quadratic term to the objective, as introduced in [[ABO1a[] (see also [[ABO1bj
Ans+02]]). The third bound, which was introduced in [[Zha+98]] and later re-
formulated in [PRO9]], is a semidefinite programming relaxation of the quadratic
assignment problem. As it is the most complex computationally, it is natural to
expect it to be stronger than the two other bounds, which we prove in our first
main result Theorem [3.3]

In Section we then apply the Jordan reduction method, which we inves-
tigated in Chapter |2} to the strongest of the three bounds. Finally, we apply this
reduction algorithm to the benchmark instances of QAPLib in Section

3.1 Three Bounds for the QAP

In this section we will consider three different bounds for QAPs, of increasing
computational complexity. In Section [3.2] we compare the different bounds, and
we reduce the strongest of them in Section [3.3] Later, in Chapter [4| we apply the
bounds to a problem coming from discrete energy minimization.

3.1.1 Projected Eigenvalue Bound

The first bound relevant for this chapter is the projected eigenvalue bound, which
was introduced in [HRW92]], a stronger variant of the eigenvalue bound for QAP
(see [FBR87]]), which is based on projecting the matrices into a space the same
dimension as the span of the permutation matrices.

We denote the all-ones vector with e, and the elements of the canonical basis
as e;.

Proposition 3.1 ([HRW9O0[],[HRW92[], cf. Prop. 7.23 in [BDM12]]). Let V be the
nx(n—1) matrix, of which the columns form an orthonormal basis of the orthogonal
complement of the all-ones vector e. Define A :=VTAV, B :== VTBV, and collect their
eigenvalues in the vectors A; and uj respectively. Set D := %AeeTB. The projected
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eigenvalue bound for the symmetric QAP(A, B) is given by

(eTAe)(e”Be)
n2

>

n
PB(A,B) i= (Az, up) + gleigl Z dip(iy —
"i=1

where (x,y)” = min,eg, > X4 (i)Yi- One then has PB(A, B) < QAP(A, B).

One may calculate PB(A, B) by sorting A; and uj to compute (A4, ugz)~ (see
Proposition 5.8 in [BDM12]) and solving one linear assignment problem

n

min d: -
pes, & ip(i)
l=

3.1.2 Quadratic Programming Bound

The second bound we consider is a convex quadratic programming (CQP) bound,
introduced in [JABO1a[], which is based on the same projection as the bound in
Proposition [3.1] We will see that it is at least as good as the projected eigenvalue
bound. Here we relax X € II,, to Xe =XTe=eand X >0, i.e., we optimize over
doubly stochastic matrices instead of permutation matrices.

In the following I, and J, denote the identity and all-ones matrices respec-
tively of size n x n, E;; denotes the n x n matrix with a single one at position (i, j),
and ® the Kronecker product.

Hadley, Rendl and Wolkowicz ([HRW9O[],[HRW92[]) observed that every dou-
bly stochastic matrix can be written as

1
X==eel +VYVT,
n

where V is the nx(n—1) matrix of which the columns form an orthonormal basis of
the orthogonal complement of e, as before. Wehave VIV =1, ;, VVT =1 n—%eeT
and Y = VTXV. As before, we set A= VTAV and B = VIBV, and collect their
eigenvalues in the vectors A; and uj.

In Section 3 of [[ABO1al]], Anstreicher and Brixius introduce the following CQP

bound for quadratic assignment problems.

Proposition 3.2 ([ABO1al]). Let A and B be symmetric matrices of size n x n, and
define the pair (S*, T*) to be any optimal solution of the problem

max{tr(S+T):B@A—IH®S—T®IH?O},
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so the matrix Q == B®A—1,®S*—T*® I, > 0 is positive semidefinite, and
tr(S* + T*) = (A4, ug)". Then we get a convex quadratic bound for QAP(A, B),
which is at least as good as PB(A, B), by

(eTAe)(eTBe)

N 2
QPB(A,B) :=min y'Qy + (Azuz)" + —tr(BJ,AX) — O

s.t. X =0 is doubly stochastic,
1
X=—ee +VYVT,
n

y =vec(Y).

In other words, one always has PB(A,B) < QPB(A, B).

One may compute QPB(A, B) by solving a linear assignment problem to ob-
tain Q, and then solving a CQP in O(n?) variables. For details, see Section 4 in
[ABO1a].

3.1.3 SDP Bound

The following semidefinite programming relaxation for QAP(A, B, C) was stud-
ied by Povh and Rendl [PRO9]], which is equivalent to an earlier bound by Zhao,
Karisch, Rendl and Wolkowicz [[Zha+98]]:

SDPQAP(A,B,C) :==min (B ®A+ Diag(vec(C)),Y) 3.1
(I,®Ej;,Y)=1forj=1,...,n,
(Ejj®I,,Y)=1forj=1,...,n,
(,eWJ,—-I)+U,—1,)®I,Y)=0,

(an,Y) = nz,

S.t.

n? n?xn?
Y e S+ mRZO 5

where A,B,C € R™" and A and B are symmetric, and S” denotes the cone of
positive semidefinite matrices of size n x n. We write SDPQAP(A,B) if C = 0. In
general, if the dimension of matrices is clear, we write X >= 0 instead of X € S} to
denote positive semidefinite matrices.

The bound SDPQAP(A, B, C) is expensive to compute, as it involves an SDP

with doubly nonnegative matrix variables of order n? x n2.
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3.2 Comparison of the Bounds

The three bounds PB(A, B), QPB(A,B) and SDPQAP(A, B) increase in computa-
tional complexity, hence, we would expect that the bounds do get better accord-
ingly. As it turns out, we can show the expected order of the bound quality.

Theorem 3.3. For symmetric matrices A and B we have
PB(A,B) < QPB(A,B) < SDPQAP(A,B) < QAP(A,B).

Proving this bound is quite technical. The outermost inequalities are known,
hence, we only need to show the inequality in the middle. Instead of doing this
directly, we first introduce another SDP-based bound, which lies in between the
bounds QPB and SDPQAP. This bound, which we will call SDPPB, is based on
the same projection used for PB and QPB.

Again we start with the observation that for every doubly stochastic n x n-
matrix X we can always find an n —1 x n — 1-matrix Y with

1
X==eel +VYVT,
n

where V= (v;]|...|v,—1) is the n x (n — 1) matrix of which the columns form an
orthonormal basis of the orthogonal complement of the all-one vector e. Set y =
vec(Y'), the vector we obtain by gluing the columns of Y together. The idea of this
bound is now to relax U = yy! to be a positive semidefinite matrix with certain
constraints, and to relax y = vec(Y) to a variable u. Since yy' —yyT =0 3> 0,
we add the constraint that U —uu? 3= 0.

We can rewrite the objective function of the QAP at X = zee” + VY VT as:

1 1 T
tr(AXBXT) =tr (A(—eeT + VYVT)B (—eeT + VYVT) )
n n
1 Tp,,T LW Ty T
=tr —2Aee Bee® |+tr| —Aee' BVY'V
n n
1 1
+tr (—AVYVTBeeT) + tr(—AVYVTBVYTVT)
n n
o 2 1
=twr(AYBY") + = tr (BJ,AVYVT) + —(e"Ae)(e" Be)
n n
- 2 1
=(B®A yy")+ Zvec (VTBJHAV)T y+ —z(eTAe)(eTBe).
n n

Thus, we can write it as linear function of yy! and y, which we relax to U and u
respectively. To make this bound at least as good as the convex quadratic bound
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QPB(A,B), we have to add more conditions, which follow from U = yy! =
vec(VIXV)vec(VIXV)T. We have, forall 1 <i,j <n—1, that

(I®E;,U)=tr(E;V'XVIVTXTV)

= (vaX(I— )XT)
=t ()= = e (v )

=tr(vTv-)—ltr(e v; vT )= ij,

and analogously we can show that (E; i®1, U)=25; j as well. Here 6;; denotes the
Kronecker Delta which is one if i = j, and zero otherwise. Finally, the property
that X = —ee + VY VT is nonnegative is equivalent to (V ® V)y > ——e Qe.

Proposition 3.4. With A, B and V as defined in Proposition we obtain a bound
for QAP(A, B) by:

L 2 1
SDPPB(A,B) :==min (B®A,U)+ =vec(VIBJAV) u+ —2(eTAe)(eTBe) (3.2)
n n

1 uf
s.t. =0,
u U

<E”®1n—13U>:6ij Vi,j=1,...,n—1,
(In 1®E1]: >:6U Vi,j=1,...,n—1,

1
(VeViu=——e®e.
n

Lemma 3.5.
SDPPB(A,B) = QPB(A, B).

Proof. Let (U,u) be an optimal solution of SDPPB(A,B). Then we construct a
feasible solution for QPB(A, B) by setting y = u, since (V ® V)u + %eeT >0, and
thus X = %eeT +VYVT > 0 for vec(Y) = y. The matrix X is doubly stochastic,
since (e®e;)) (Ve V)u=(e'Vee/V)u=0and (¢;®e)" (V®V)u=0, so adding
VYVT to the doubly stochastic matrix %eeT
matrix.

results in another doubly stochastic

In the following Q is as defined in Proposition By the Schur complement
theorem we know that U —uu” 3 0, hence, we have that

u'Qu < (Q,U)
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= (B®A, U)—(I®S* U)—(T*®I, U)

=(BoAU)- ZS*I@EU,U ZT*E ®1,U)

i,j=1 i,j=1
= (B®A,U) —tr(S*) —tr(T*)
=(B®AU)— (Azuz) -

Thus, we can compare the two bounds by
TA 2 L. r T
QPB(A,B) <y Qy + (A4, up) + —tr(BJAX) — —2(e Ae)(e’ Be)
n n
~ 2 1
< (B®AU)+ - tr(BJAX) — —Z(eTAe)(eTBe)
n n
f 2 1
= (B®A,U) + =vec(V'BJAV) u+ —(e” Ae)(e" Be)
n n
= SDPPB(A, B).
O

To prove the other inequality, we make use of a lemma of Povh and Rendl
[PROY|]]. They give an alternative description of the feasible set of QAPSDP in
terms of blocks of Y. For this we split the n x n-matrix-variable Y of (3.1I)) into

n? blocks of size n x n, which we call Y. We write Y = [Y(ij)]Ki i< and use

similar notation for other block-matrices.

Lemma 3.6 (Lemma 6 in [PRO9]). AY =[YW)] _ j<n € Sf, Y > 0 is feasible for
(3.1) if and only if

(l) (In ® (Jn _In) + (Jn _In) ®In:Y> = O,

(i) w(Y@)=1 Vi, Y diag(vY®)=e,
(iii) Ye = diag(YU)) Vi, j,

(iv) Y, v =e diag(YUi))T.

Lemma 3.7.
SDPPB(A,B) < SDPQAP(A,B).

Proof. With the properties of Lemma we can show that we get a feasible so-
lution for SDPPB(A, B) from a feasible solution Y of SDPQAP(A,B) by setting
=WTeVvhy(VvxV)andu= (VT ® VT)y, which is the transformation to a
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Slater-feasible variant of SDPQAP (see e.g., the thesis of Uwe Truetsch [[Trul4]).
Similarly to Y, we can split U into (n — 1)? blocks of size (n—1) x (n— 1), which
we call UG, We get an explicit formula for these blocks in terms of the Y, if
we see V®V as n(n— 1) blocks of size n x (n— 1), since then all block sizes are
compatible with multiplication.

U=WTeVvhy (v xV),

n
=T ®VT)(Z Y(ik)vkjv) ,
<i<n
<n

k=1

n n
(S sreny)
=1 k=1 1<i,j<n—1

hence .
U — Z ViV, VI YOV,
Lk=1
We can now use ((i))-((iv)) to derive some properties of U. First note that
by (@) and ({{)) we know that tr(Y)) = &;;, and by (({0)) and ({{i))) that

tr(YW)J) = 1. Hence, we see that

(Ei; ®I,1,U) = tr(UW),

n
= tr( > V“ijVTY(”‘)V),

[,k=1
& 1
= > ViV tr(Y(lk) (In——Jn)),
k=1 n
n 1 n
=2 ViVl == 2 ViV,
=1 L,k=1

Ty _0—5..
=v; vj—0=0jj.

Similarly, we can use 21:11 ViiVie = (VYD) = 65— 2, (@, (@) and (@) to

show that

n—1
(I,-1 ®E;j,U) = (Z U(ii)) >
ij

i=1

n—1 n
=| 2 D VYV |
ij

i=1l,k=1
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n n
= (Z yTywy -1 > VTY(”‘)V) ,
=1 n i

Lk=1

1
= (VTV — —VTJV) ,
n ij

= (I,-1—0);; =6y

To construct a feasible u with the objective value we need, we use that we can
add Y —yy"” > 0, y = diag(Y) to (3.I) without changing the optimal value of
SDPQAP. With an optimal solution (Y, y) we thus set

U,w)=(vTevhHy(eV), v eviy).

With we see that
VeVu=WVeV)Vievhy,
1 1
=(I—-=J)e—=J)y,
n n
1 1 1
=y——(J®I)——(I®J)+—2Jy,
n n n

1 1
=y——e=——e.
n n

Since Y and Y — yyT are positive semidefinite, the matrices (VI @ VT)Y(V ®
V)=Uand (VI V)Y —yy")(V®V)=U-—uu’ are positive semidefinite
as well, and thus feasible for SDPPB(A, B). What remains to be seen is that the
objective values of the two programs are the same.

BAU)=tr(VeV) (VI eV (BeA)(Ve V) (VI eVv)Y),

— ([~ 2 e (I = 20)BOAU - ~0)® (I — ~))Y),
n n n n
— (BOANY — LeyT) (I — D)@ (I — L0,
n n n
— (B @AY — ZeyT — ~yeT + =),
n n n
=(B®AY)— geT(B ®A)y + iz(eTAe)(eTBe),
n n
and

2 2
“vec(VIBIAV) u = Zvec(VIBJIAV)T (VT @ VT)y,
n n
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2
= “vec(VVTBJAVV )Ty,
n
2 1 1
= Zvec((I — =J)BJA(I — =J)Ty,
n n n
2 2
= Zvec(BJA) y — —zvec(BJA)T(I ®J)y
n n
2 2
— = vec(BJA)' (J ® I)y + —vec(BJA) Jy,
n n
2 2
= Zvec(BJA) y — —z(eTAe)(eTBe),
n n
thus
D A 2 T T 1 T T
(B®A,U) + —vec(V'BJAV) u+ —2(6 Ae)(e'Be) = (B®A,Y).
n n

Here we used properties ((1))-((iv))), that vec(ABC) = (CT ® A)vec(B) and that A
and B are symmetric. O

Proof of Theorem The only inequality we have to show is
QPB(A, B) < SDPQAP(A, B),

since the leftmost inequality was shown in [[ABOla]]. By Lemma [3.5/and Lemma
we have
QPB(A,B) < SDPPB(A,B) < SDPQAP(A,B)

and the theorem follows. O

Remark 3.8. While it was expected that SDPQAP(A, B), which has O(n*) linear
inequality constraints, is better than the projected eigenvalue bound PB(A, B), it
was less so for the bound SDPPB(A, B) introduced during the proof of Theorem
since it only has ©(n?) linear inequality constraints.

3.3 Symmetry Reduction for the SDP Bound

We will now investigate the Jordan reduction method, which was described in
Chapter [2] for the SDP bound for quadratic assignment problems.

First, we have to transform this program into conic form, as seen on the right
side of equation (2.3)). We get a feasible solution X, by forming the outer product
of a vectorized permutation-matrix, for example we can set

X, = vec(I,)vec(I,)T.
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We get the space £, as seen in Chapter [2] by
L={XeS” | (A,X)=0 Vie[m]},
where
{Aitictm) = Un2, @ (U, — 1) + (U, — 1) ® I, I, ® Ej; and Ej; ® I, (j € [n])}

are the data-matrices of the constraints of the SDP relaxation (3.1)). Accordingly,
the orthogonal complement is exactly £ = span{A;, ..., A,,}.

Theorem 3.9. Consider an admissible subspace, say S C S”z, for the QAP relaxation
(3.1) with n > 2. Assume that I € S or Ps(N™) € N™. Then:

1. S has a basis of nonnegative matrices with disjoint supports.

2. If S is a Jordan subalgebra of S“z, i.e. closed under taking squares, then S is a
Jordan configuration.

3. If Pg(S}) €S, and S is unital, then S is a Jordan configuration.

Proof. Let S be an admissible subspace for the QAP relaxation with n > 2.
The first claim of the theorem is an immediate consequence of Propositions[2.17
and

To show the second claim, note that, by assumption, S contains X, ,. and its
square, which we will now calculate. In [[BK22b]] the authors show that:

1 1
Xopo=——Wp—1,8J,—J, &®I,)+ ——Ip.
’ n2—n n—1

Straightforward calculation now yields

x2 M2+, ! les +J el)+ I
0.0 T 2(n—1)2 " p(n—1)2- " T Gy
xt =L n-2 ,

0t = (m_1)2 0Lt + n(n—12" "
Thus, S contains the all-ones matrix if n > 2, since

L e

n(n—1)2"" oLt (n—1)27 0Lt
and the right-hand-side terms both belong to S. Thus, S must therefore have a
0/1 basis, i.e. it must be a partition subspace, since it has a basis of nonnegative
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matrices with disjoint supports. To show that it is in fact a Jordan configuration,
we only need to show still that it contains the identity matrix. To this end, it
suffices to note that all the diagonal entries of X oL are the same, and different
from the off-diagonal entries. Since S has a 0/1 bas1s it must therefore contain
the identity.

We now prove the third claim in the theorem. If we assume Pg(S'}) € S'}, and
that S unital, then S is closed under taking squares, i.e. it is a Jordan subalgebra of
S™ [[Per17, Lemma 5.2.2]. Now the result follows from part 2 of this theorem. []

The important practical implication of this theorem is that the optimal admis-
sible Jordan configuration S of the QAP relaxation may be computed using
Algorithm [3] The resulting reduction is at least as good as the known ones from
the literature, as we now show. "At least as good" means here that the other
algorithms return partition spaces which refine the partition space returned by
Algorithm Thus, the better reduction results in an optimization problem in
fewer variables.

Corollary 3.10. This symmetry reduction of the QAP relaxation via Algorithm
Blis at least as good as both the group symmetry reduction (see [KS10; KS12|]) and
the reduction to the smallest coherent algebra containing the data matrices of the
program (via the Weisfeiler-Leman algorithm [LW68|]).

Proof. The symmetric part of a coherent configuration is a Jordan configuration,
and the partition given by the orbitals of a group leaving the program invariant
is a coherent configuration. Both the partition spaces given by the coherent con-
figuration and the partition given by orbitals are admissible since they adhere to
stricter conditions allowing for symmetry reduction than required for admissible
subspaces. Since Algorithm |3|returns the coarsest admissible Jordan configura-
tion, both coherent configurations returned by the other algorithms refine it. [

3.3.1 Results of Reductions of QAPLib Problems

In practice the (partition) Jordan reduction is not much stronger than group sym-
metry reduction, and reduction to the smallest coherent algebra containing the
data matrices. When comparing reductions for data from QAPLib [[BKR97[], only
a single reduction (esc16f), of the ones that were symmetry reduced before, was
stronger, the others were exactly the same as reported in [[KS10]], where the re-
duction was done using group symmetry. But we managed to reduce some larger
instances for the first time. We also do gain a large speed up in determining the



Chapter 3. Comparison and Reduction of Relaxations of the QAP 55

reduction, since we avoid having to determine the automorphism groups of ma-
trices. In Table we give the dimension of the smallest admissible partition
subspace for each problem (for which we determined a reduction), the original
number of variables of the problem, and the time needed for the reduction. In
Table [3.2] we show the time needed to block-diagonalize (using the algorithm de-
scribed in [Mur+10]) and solve these problems afterwards (if the dimension of
the admissible subspace was at most 3000), as well as the resulting bounds. The
optimal value of most of these is known exactly which we give in the last row,
taken from http://anjos.mgi.polymtl.ca/QAPLib/inst.html.

3.4 Concluding Remarks

We have shown that indeed the optimal admissible subspace semidefinite pro-
gramming relaxation of the quadratic assignment problem is a Jordan configura-
tion in Theorem of Section under some weak requirements, and applied
this to the symmetric instances of QAPLib.


http://anjos.mgi.polymtl.ca/QAPLib/inst.html
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QAP Dim. Red. dim. Jordan red. (s)
chr18b 52650 14742 0.358
escléa 32896 150 0.162
escl6b 32896 155 0.192
escl6e 32896 405 0.194
escl6d 32896 405 0.171
escl6e 32896 135 0.166
escl6f 32896 3 0.100
esclég 32896 230 0.207
esc16h 32896 90 0.130
escl6i 32896 280 0.254
escl6j 32896 150 0.214
esc32a 524800 2112 3.826
esc32b 524800 96 3.306
esc32¢ 524800 366 3.228
esc32d 524800 342 3.097
esc32e 524800 120 2.885
esc32g 524800 180 2.858
esc32h 524800 666 3.051
escb4a 8390656 679 57.581
kra32 524800 28752 3.099
nugl2 10440 2952 0.077
nugls 25425 7425 0.152
nugléb 32896 4704 0.147
nug20 80200 21000 0.819
nug21 97461 27783 0.474
nug22 117370 29766 0.757
nug24 166176 41760 1.010
nug25 195625 28675 1.132
nug27 266085 75087 1.489
nug28 307720 78792 1.865
scrl2 10440 2952 0.057
scrl5 25425 13275 0.147
taib4c 8390656 75 55.839
tho30 405450 112950 2.927
tho40 1280800 333600 9.477

wil50 3126250 813750 27.123

Table 3.1: Results of the numerical symmetry reduction of QAPLib problems using
Algorithm
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QAP block-diag. (s) solve (s)  blocks (size x mult.)  optimal value QAP optimum
escl6a 0.884 0.229 6x5,3%x5,1x%x15, 63.285 68
escl6b 0.749 0.285 7 x5,1x15, 289.999 292
escl6ec 2.766 0.759 12 x 5,1 x15, 153.999 160
escl6d 2.714 0.373 12 x 5,1 x 15, 13.000 16
escl6e 0.753 0.159 6x52x51x15, 26.337 28
escl6f 0.040 0.048 1x3, 0.000 0
esclog 1.109 0.217 9x%x5,1x5, 24.740 26
escl6h 0.414 0.125 5x5,1x15, 976.228 996
escl6i 1.572 0.296 10 x 5,1 x5, 11.375 14
escl6j 0.690 0.167 7 x5,1x10, 7.794 8
esc32a 482.027 23.958 26 x 6,1 X6, 103.320 130
esc32b 11.502 0.041 2x 24,1 x 24, 131.883 168
esc32c 51.146 0.296 10 x 6,1 x 36, 615.178 642
esc32d 56.076 0.213 9x%x6,2x12,1x 36, 190.227 200
esc32e 11.436 0.054 5x6,1 %30, 1.900 2
esc32g 14.941 0.096 7%6,1x12, 5.833 6
esc32h 114.943 1.135 14 x 6,1 x 36, 424.398 438
escb4a 1985.917 0.885 13x7,2x7,1x21, 97.750 116
nugl2 12.884 80.019 48 x 2,24 x 2, 567.970 578
scrl2 12.894 83.330 48 x 2,24 x 2, 31409.997 31410
taib4c 182.909 0.153 2x 15,1 x 30, 1811366.481 >1855928

Table 3.2: Details on solving (3.1)) for QAPLib instances via block-diagonalization.
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Energy Minimization on a Toric Grid as a
QAP

In this chapter we apply the three bounds described in Chapter (3| to a discrete
energy minimization problem. It was first described in [Tai95|] as the problem of
printing a particular shade of gray, by repeating the same tile of black and white
squares in all directions. Other applications from physics are the search for ground
states of a two-dimensional repulsive lattice gas at zero temperature ([Wat97[]),
and more generally the Falicov-Kimball model ([FK69; Ken94]]), which is relevant
for modelling valence fluctuations in transition metal oxides, binary alloys and
high-temperature super-conductors ([Wat97]]).

To get a distribution of black and white tiles as equal as possible, it is natu-
ral to view the problem of printing a shade of gray as a problem of minimizing
the potential energy between repulsive particles on a toric grid. This problem
can then be reformulated as a quadratic assignment problem, which allows us to
apply the three bounds of Chapter [3|to this problem. We will see in Proposition
[4.4)and Proposition[4.5|that both the projected eigenvalue bound, and the convex
quadratic programming bound, coincide with an eigenvalue bound for this prob-
lem introduced in [BDL13]. In Section[4.2]we describe the technique one may
use to calculate the semidefinite programming bound, which involves a symmetry

59
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reduction of the problem to a more manageable size. OQur approach is based on
the recent Jordan reduction method of Parrilo and Permenter [PP19]]. Finally, in
Section 4.4 we present numerical results on the bounds for instances on different
grid sizes, including the semidefinite programming bound after Jordan reduction,
and thus prove optimality of certain grid arrangements. In this way we extend
earlier results by Bouman, Draisma and van Leeuwaarden [[BDL13]].

Energy minimization in the continuous setting, specifically on spheres and in
Euclidean space, were studied before by Cohn and Kumar [[CKO6]]. There the au-
thors prove universal optimality of certain particle configurations, i.e. optimality
for all reasonable potential functions. After symmetry reduction, they reduce their
bound to an infinite sized linear program, with variables that correspond to the
distances between particles, and how often they appear. The main difference in
this work, other than us placing the particles on a discrete (toric) grid, is that we
do not consider universal optimality, but instead work with a fixed function for
the potential energy of pairs of particles. This allows us to consider bounds which
are, after reduction, based on variables that correspond to all vectors between
pairs of particles.

4.1 Energy Minimization on a Toric Grid as a QAP

We generalize a problem described by Taillard in [Tai95[], which models the prob-
lem of printing a certain shade of gray with only black and white squares ("pixels").
An example of these problems is included in the QAPLib dataset [BKR97[], namely
Taib4c.

The goal is to print a particular shade of gray with a given density m/n (ratio
of black to total squares), which is done by repeating a grid of n = n; x n, square
cases, exactly m of which are black. We want the cases to be as regular as possible,
so it is natural to model this as an energy minimization problem, with repulsive
particles corresponding to the black squares. =~ We define [k] := {1,2,...,k}.
If we have two particles (i.e. black squares) at locations (x;,y;) € [ny] x [n,]
and (x,,y,) € [n;] % [n,], the potential energy between them is inverse to their
distance, where the distance is given by the shortest path metric on the toric grid,
which also known as Lee metric. We use this grid, since we wish to tile the plane
with the n; x ny-rectangles, as can be seen in Figure The potential energy
associated with two repulsive particles at respective positions (x1, y;) € [n;]x[n,]



Chapter 4. Energy Minimization on a Toric Grid as a QAP 61

and (x5, y,) € [n1] x [ny] is

1
dree((x1,¥1), (x2,¥2))
if the coordinates are different, where

f(Xl,)’l),(xz,}’z) =

dpee((x1, y1), (X2, ¥2)) = min(|xq —x3|, ny —|x7 —x3|) +min(|y; —y2 |, no—|y1—y2l)

is the Lee distance, given by the shortest path metric on the toric grid. We set
fii=0.
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Figure 4.1: Example of an n; x n, = 8 x 8 grid tiling with m = 4, and the corre-
sponding toric interpretation of the 8 x 8 grid.

We can then formulate this problem as QAP with matrices A = (q;;),B =
(b;;) € R™", indexed by grid points i = (x;,y;) € [m] x [n,], j = (xj,¥;) €
[n1]x [ny], given by

1, ifi,j<m b f f “4.1)
a' j = J ii — ii— . . . ). .
ij 0, otherwise. ij i,j (i, (xj,55)
In the definition of A we compared a grid point to an integer m. The ordering of
the grid points does not matter for the optimal value or the symmetry reduction, so
it is enough to assume that we have any fixed ordering of the indices, i.e. we may
associate [n] with [n;] x [n,] and will write [n] = [n;] x [ny] when convenient.
We may also assume that the ordering is such that the nonzero elements of the
matrix A are given by the m x m-block in the upper left corner, so that

n

min 2, 4ijba(ye() = WD 2, brtyegy =, Min D fab (4.2)
i,j=1 i,j<m [T]=m a,beT
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Note that the QAP has dimension n = n; X n,, and its semidefinite relaxation
has dimension n?, which is already 4096 on an 8 x 8 grid.

To reduce the number of cases one has to look at, we can show a that selecting
the complement of an optimal solution leads to another optimal solution.

Proposition 4.1. Consider a [n] = [n;] x [n,] grid, and a function f : [n] x [n]
with Zje[n]f(i,j) = Zje[n]f(j,i) =c for alli € [n] and a constant c € R. Then,

if T C [n] minimizes
Z fa b>
retminto 52

then S = [n]\ T minimizes

min .
SClnyIx[nz] 2 fon

|S|=n—m a,bes

Proof. We can rewrite the objective function as

Zfab_ Zfab Zfab Zfab"’Zfab

a,beT a,be[n] a¢T a€[n] a¢T
be[n] b¢T bét
=cn—2c(n—m)+ Z fab-
a,bes

Since the term cn—2c(n—m) is independent of T and S, minimizing >, ,; fab
is equivalent to minimizing Y. ;s fap- O

4.1.1 Eigenvalue Bound of Bouman, Draisma and Leeuwaarden

Problem (4.2) was considered before in [BDL13|], specifically for the case of the
Lee-metric, and m = % (which we can see as special case of our variant). They
took a look at a different relaxation of the problem, which they call fractional total
energy

min x!Bx (4.3)

st. xIx=xTe=m,

where B = (b; ;) is the matrix of potential energies between grid points i and j,
as defined in In the relaxation (4.3), the discrete variables x; correspond
to particle positions, relaxed to continuous values. Thus, if x is the characteristic
vector of a subset of m particles, then it is exactly the potential energy of the set
of particles. The optimal solution of the relaxation (4.3)) may be expressed in
terms of the eigenvalues of B as follows.
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Proposition 4.2 (Proposition 2.5. in [BDL13[]). Let A, be the smallest eigenvalue
of B, and A, the eigenvalue of B corresponding to e. Then the set of optimal solutions
of the minimization problem consists of all vectors of the form Tre + y, where
y belongs to the eigenspace of B with eigenvalue A, is perpendicular to e, and

2
satisfies y'y =m—""-.
The optimal value, and thus a lower bound for the minimum potential energy of

m particles on a toric grid with n nodes, is given by:
2 2

A= + Amin (m - m—) : (4.4)
n n

We will from now on refer to the bound (4.4) as BDL-eigenvalue bound,
named after the authors.

Remark 4.3. The energy minimization problem on a toric grid is a special case of
the so-called m-cluster problem, or minimum weight m-subgraph problem (see e.g.,
[MR12]). Indeed, the toric grid defines the graph in question, the edge weights
are the energies between grid points, and the minimum weight m-subgraph cor-
responds to the m grid points where the particles are placed in a minimum energy
configuration. An SDP-bound with n x n matrix variables was proposed for the
maximum weight m-subgraph problem in [MR12], which is of the form [4.5}

1 1 1
inf —~e"Be+ =e"By + =(B,Y 4.5
y ¢ By+2(BY) (4.5)
S.t. eTy =2m-—n,

Zif}j:@m—”)y}‘ forj=1,...,n,
i

;=1 fori=1,...,n,

T
()
y Y

It is straightforward to check that this bound is at most as good as for
our problem. Indeed, since the weighted graph given by B is vertex transitive, we
obtain a feasible solution (Y, y) for (with the same objective value) from a
feasible solution x for by setting

y =sym(2x —e) = (2Tm — 1) eand Y =R((2x —e)(2x —e)1),

where sym averages a vector over the orbits of the automorphism group of the
graph given by B, and R is the Reynolds operator of the same group (i.e. it averages
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matrix entries over the 2-orbits of the group). Thus, this bound is not strong
enough to improve the BDL-eigenvalue bound (4.4)).

4.1.2 Bound Comparison

We now want to compare the BDL-eigenvalue bound with the QAP relaxations
described last section, as well as the different QAP relaxations for this specific
case.

Proposition 4.4. The BDL-eigenvalue bound of [BDL13], see (4.4), coincides with
the projected eigenvalue bound (see Proposition |3.1)) for the QAP problem (4.2).

Proof. The matrix D in Proposition [3.1]is now given by
2 2
D= =Aee’B=2A;=(m,...,m,0,...,0)TeT,
n n S——
m times

and thus has entries Alsz in the first m rows, and zeros otherwise. As such, the
permutation ¢ does not influence the result, and

n 2
. Z 2m
rrgn diw(i) = A’lT (4.6)
i=1

We know that e is an eigenvector of B, hence, we have

(eTAe)(eTBe) m*Ain N m>
n2 o2 g

The matrix A has rank one, so A has rank one as well. Since e is an eigenvector of
B, B has the same eigenvalues as B, except for A;, thus we get

(A'A) ILLB)_ = A'max(A)A'min(B) = tr(A)A'min'
The eigenvalue of A is exactly
tr(A) = tr(VTAV),

=tr(A)— %tr(AJ ),

= m-—-—.
n
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Combining these, we see that the projection bound is the same as the eigenvalue
bound:

(eTAe)(eTBe)

n
PB(A,B) = (A4, 1)~ +H}}nzdiw(i) - 2
i=1

O

Thus, the BDL-eigenvalue bound (4.4)) is the same as the weakest of the QAP
bounds we considered, namely the bound PB(A, B). Furthermore, even the convex
quadratic bound cannot give us better bounds here, as we show now.

Proposition 4.5. If A and B are of the form

1, ifi,j<m
ai]':

0, otherwise. i,j i,j (i y:),(xj,x5)

as defined for the energy minimization problem, then we have that

PB(A,B) = QPB(A, B),

where
n
_ _ . (eTAe)(eTBe)
PB(A,B) = (Az, ug)” + m(pm; diyai)— —
. TA _ 2 (eTAe)(eTBe)
QPB(A,B) = min Y 'Qy + Az uz)” + —tr(BJAX) — ———F——,
X>0 doubly stochastic n n2

X=1eel+vyvT
y=vec(Y)

where D = (d;;) = %AJ B and Q is positive semidefinite, as defined before (see Propo-
sition 3.1} (3.2)).

Proof. If we eliminate the terms which appear in both programs, we see that we
want to show

n
A 2
min Y d; ;i) = min TQy + =tr(BJAX).
1 Z fe() X>0 doubly stochasticy Q}’ n ( )

=
! x=LleeT+vyvT

y=vec(Y)
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By definition of D the two linear terms are equal, except that on the left we mini-
mize over permutations, and on the right over doubly stochastic matrices. Because
the terms are linear, and doubly stochastic matrices are convex combinations of
permutations, the minima of the two linear terms are equal. Since Q is posi-
tive semidefinite, we thus want to find a doubly stochastic X = %J + VY VT with
yTQy = 0, which minimizes the linear term. Earlier in we have seen that

n 2
2m
Zdw(i) =A— Vo,
i=1 n

and is thus the linear term is constant. Hence, the term is also minimized for the
average X = %J of all permutations. For this X we have Y = %VTJ V =0, and
consequently yTQy = 0. Thus, there is a feasible X of QPB(A, B) with objective
value PB(A, B), and the Proposition follows since QPB(A, B) > PB(A, B). O

Thus, it makes sense to consider the SDP-bound SDPQAP(A, B) for the energy
minimization QAP problem (4.1)), if one wants to find stronger bounds than the
BDL-bound used in [[BDL13]].

4.2 Reducing the Relaxation of the Energy Minimization
Problem

In this section we exploit the symmetry of the SDP-bound SDPQAP in the case of
the energy minimization problem. Recall from Section [4.1], and with reference to
Figure that this is a quadratic assignment problem given by A and B, where
B = (b;;) is indexed by toric grid points, and b;; (i # j) equals the inverse of
the Lee distance (the shortest path on the grid) between grid points i and j, and
b;; = 0 for all i. The matrix A is zero except for a square block of all-ones in the
upper left corner, of size equal to the number of particles on the toric grid. There
are many approaches to exploit the symmetry of a conic optimization problem.
Earlier work on group-theoretical symmetry reductions of SDP bounds for QAP
was done in [KS10; KS12[]. We chose to apply the Jordan Reduction method of
Parrilo and Permenter [PP19]] to our problem, which we will quickly summarize.

4.2.1 The Jordan Reduction

Parrilo and Permenter [[PP19]] introduced a set of three conditions a subspace has
to fulfill, such that it is possible to use it for symmetry reduction. Here we revisit
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just some of their results. A more detailed introduction, as well as an extension
to the doubly nonnegative cone, is in Chapter 2]

Definition 4.6. A projection is a linear transformation P: V — V defined on a
vector space V which is idempotent, i.e., P?> = P. If V is equipped with an inner
product, the projection is called orthogonal, if it is self-adjoint with respect to this
inner product. We denote the orthogonal projection onto a subspace £ C V by P,.

We assume that the problem to be reduced is in the form

inf  (C,X)
st. XeXy+L “4.7)
X e Sﬁ,

where X, € R™", and £ is a linear subspace of R™".

Theorem 4.7 (Theorem 5.2.4 and Proposition 1.4.1 in [[Per17]]). Consider the
conic optimization problem (4.7) and let S € R™" be a subspace of R™*". Define
Cl: = PE(C) and Xo’ﬁj_ = PcJ_(Xo). IfolllflllS

(a) C,C’XO,L',J- ES,
(b) P,(S)CS,
(c) S2{X? : Xe8},

then restricting the feasible set of conic program (4.7) to S results in another —
potentially significantly smaller — program, with the same optimal value:

inf (PS(C)JX>
s.t. X €Ps(Xp)+LNS,
X esins.

We call such an S admissible for the problem (4.7).

We will use the concept of a Jordan algebra: for our purposes this will be a sub-
space of symmetric matrices that is closed under the product X oY = %(X Y+YX).
It follows from condition (c) in the theorem that every admissible subspace is
a Jordan algebra. Indeed, a subspace of symmetric matrices is a Jordan alge-
bra if and only if it is closed under taking squares, due to the identity X ¢ Y =
$((X +Y)?—x2—Y?). We will denote the full Jordan algebra of symmetric n x n
matrices by S".
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Note that for the SDP-bound SDPQAP one would actually use the cone of entry-
wise nonnegative matrices (i.e. doubly nonnegative matrices), as opposed to S.
To deal with the nonnegativity, we will in fact work with admissible subspaces
that have 0-1 bases and where the basis matrices have disjoint support (so-called
partition subspaces).

4.2.2 Symmetric Circulant Matrices

First, we need some well-known properties of (symmetric) circulant matrices,
which will appear later in the construction of the admissible subspaces of the
relaxation of the energy minimization problem.

Definition 4.8. An n x n matrix C is called circulant, if each row is rotated one
element to the right relative to the row above, i.e., Cj; = ¢j_; moan for all i, j and
fitting ¢, k=0,...,n—1.

Proposition 4.9. A symmetric circulant n x n matrix C has at most | 5]+1 = ["T’Ll]
unique entries, and ¢, = Cp_g.-

Proof. Let j =i and k = j —1i. By definition, we have ¢, = C;; = Cj; = ¢—(j—) =
c,—k- Hence, C is given by cg, . NCESE O

This allows us to construct symmetric circulant matrices from a given ¢ €
n+1 . . .
RI"Z 1. We call this function C = circ,(cg, - - - C[%J).

Proposition 4.10 (E.g., Theorem 7 in [[Gra06]]). The product of two circulant ma-
trices is a circulant matrix, and the product commutes. The product of symmetric

circulant matrices is symmetric.

We call the Jordan algebra (with product X e¢ Y = %(X Y +YX) = XY) of
symmetric circulant n x n matrices €". We define a 0/1-basis for €" by

{Cl.”zcircn(di) : i=O,...,[gJ}, (4.8)

where for i ¢ {0,5} we setd; =¢; € RL2*1 the vector with a one in position i,
and zero otherwise. For i = 0 and i = 3, if n is even, we set d; = 2e;.
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4.2.3 Admissible Subspaces

To reduce the program SDPQAP(A, B) in (3.1) for the energy minimization prob-
lem (4.1), one should find an admissible subspace S for every such problem. In
this case £ is the subspace given by the Y € s" with

(I, ®E;;,Y) =0 for j € [n],

(Ejj®I,,Y)=0for j €[n],
(T,Y) =0,
(Jn2,Y) =0,

where T =1,®(J,—I,)+(J,—I,)®I,, and X, is any symmetric matrix satisfying
the linear constraints of the SDP (3.1)), e.g., X, = vec(I,))vec(I,)T.

Note here that we are missing the constraint that X is entry-wise nonnegative.
But it is easy to check that if we restrict S to be a partition subspace (i.e., a subspace
with an orthogonal 0/1-basis), then Pg(X) is doubly-nonnegative if X is.

Recall that, for n = n;n,, the matrix B € R"*" is defined by B, y).(x,.y,) =
1/dpee((x1,y71),(x9,¥2)), where d;.. is the Lee-distance (length of the shortest
path on the toric grid). The ordering of the indices [n; ]x[n,] = [n] we left implicit
in earlier sections of this chapter, but now we fix it to (x,y) — ny(x — 1)+ y.
A € R™" is the matrix with an m x m all-one block in the top left corner, and
otherwise zero.

In this section we will make use of Tensor products of algebras. As a reminder,
if Aq,...,Aq, € R™™™M is a basis of a matrix algebra 4, and Bj,...,Bg, € R"™*"™
a basis of a matrix algebra B, then A ® B is the nyn, x nyn, matrix algebra with
basis A; ® B, for i € [d;],] € [d,].

We restrict ourselves to a partition subspace, which means that the exact val-
ues of the entries of the matrix do not matter to us, only the pattern of unique
elements. For the first of the three properties, we take a look at the structure of
C:=B®A

Lemma 4.11. B € ¢™ ® €™, i.e., B is a block matrix, with n, rows and columns of
blocks, which are arranged in a symmetric circulant pattern, and each of these blocks
is an ny X ny symmetric circulant matrix.

Proof. The Lee-distance between (x;,y;) and (x5, y,) depends only on x5 — x;
mod n; and y, —y; mod n,, and the order of the arguments do not matter. This
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means that both the sub-matrices for fixed x and for fixed y coordinates are sym-
metric circulant matrices:

n

(B(i,h),(j,J/z))1gi,j,5n1 S (B(xl’i):(xbj))]_Si)j)SnZ S

The chosen ordering of the indices (x,y) — ny(x —1) + y thus results in B €
ch e, O

In the case n; = n, we can restrict the algebra further.
Lemma 4.12. If n; = n,, then
Bee™m™M :={X e " : X y)(onys) =X (o)} > (4.9)
and €™M is a Jordan subalgebra of €™ ® €1,

Proof. B is has this symmetry by definition of the Lee-distance. €""™ is a subalge-
bra, because it is the restriction of an algebra to the commutant of {P, 1}, where P
is the n x n permutation matrix switching the indices corresponding to each (x, y)
with the one corresponding to (y, x). O

The other relevant Jordan algebra for our problem is described in the following
proposition.

Proposition 4.13. The subspace of n x n matrices with pattern

(0 b o ble oo el e
b
m {
b bac ...... C
C ------ Cde e
e
n—m A
L e
¢ ce---ed}

form a Jordan algebra, say J™™. We call the 0/1-basis corresponding to this pattern
Ja,JpsJc,Jdp,JE-
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Proof. A straightforward calculation shows that squaring such a matrix results in
another matrix of the same pattern with parameters

a’ =a?+(m—1)b%+(n—m)c?,

b’ =2ab+ (m—2)b%+ (n—m)c?,

¢ =(a+(m—-1b)c+(d+(n—m—1e)c,
d =d*>+(n—m—1)e*+mc?,

e’ =2de+ (n—m—2)e? + mc>.
O

We now want to show that the space S := ¢™ ® ¢"2 ® J™™, respectively S =
¢ 7™M if ny = n,, is admissible. We do this by verifying the three conditions
listed in Theorem

Theorem 4.14. The subspace S := €™ ® €"2 @ J™™, respectively S = ¢ @ J™™
if n; = n, is admissible for (3.1)), where B and A are the matrices corresponding to
the problem of minimizing the energy of m particles on an n; x ny grid.

For 2 < m < n—2 the dimension of S is 5[“1;1 'I[HZZH] in the case n, # n,, and

%[m;l]([ngl] + 1) in the case n; = n,.

Proof. We first show that P-(S) € S. To this end, note that both T =I,,®(J,,—I,,)+
(Jn—I,)®I, and J,. are elements of S, since J,, =J, ®J,, and I, =1, ®I, are
both in €™ ® €"2 (and in €™ if n; = n,), as well as in ™™ because I,, = J, +Jp
and J, =I,+Jg+J; +Jg. Thus, T and J,2 can be written as linear combination
of Kronecker products of elements of €™, €™z and 7™™, and are as such elements
of S.

The other two constraints are given by matrices I, ® E;; and Ej; ® I,,, which
only overlap with the two basis elements Cgl ® ng ®J, and Cgl ® ng ®Jp. Since
Co' ®Cy*®Jy =211 I,®Ej; and Cg' ®C*®Jp = >, . I, ®Ej;, both of these
matrices are projected to zero.

Thus, all basis elements of S are sent to elements of S, and P-(S) C S.

Next, we show C, € S. By Lemma Lemma [4.12|and the definition of 4,
we know that C =B®A € S. Since P;(S) € S, that C, € S as well.

Next, we show that X, .1 € S. To project X, = vec(I,)vec(I,)" onto £, the
span of the constraint matrices, we first notice only two of them have nonzero
entries outside the diagonal, the all-one matrix J,2, and the matrix I, ® (J,, —
I,) +(J, —I,) ® I,, which we will call T from now on. The matrices I, ® E;; for
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j =1,...,n sum to the identity matrix I,2, which means that we can easily find
an orthogonal basis of the off diagonal part of £*:

Bl :T,
BZ :an —Inz —T.

Since (T, X,) = 0 and (J,2,X,) = n? we get
(B3, Xo) = (Jn2,Xo) — (I;2,Xo) =n* —n.
Hence, the off-diagonal part of X, .1 is the matrix

B,, X, 2 1
(By O>Bz n-—n B, — B,.
(By, By)

T n4—n2—2n(n2—n) > n2-n

The diagonal part of X, . is the matrix %I a2, Since
1 1
(E]] ® In, ;Inz —X0> = <E]] ® In, ;In2> - (E]] ® IH’X0> =1—-1= O,

and analogously (I, ® E;;, 2I,> — X,) = 0. Combining the two parts we see

ji>n

1
BZ + _In2.
n

Xo,ct = 2

Since Jy2, I2 and T are elements of S, we get that X, »1 €.

Finally, we note that S is a Jordan algebra. This completes the proof that S
is admissible. The dimension of S follows from ¢" having dimension [%1] and
J™™ having dimension 5. In the case n; = n, the dimension is lower, since we
can combine the basis elements Cl."1 ® CJ'.I1 and C;” ® Cin1 foreach pairi #j. O

Thus, we have found an admissible subspace S for (3.1), where A and B are
the matrices corresponding to the problem of minimizing the energy of m particles
on an n; X n, toric grid. Its dimension is of order O(n,n,), which is significantly
less than the original number of variables M = O(n‘l*n‘z‘). The number of
variables can be reduced further by fixing the variables corresponding to nonzero
entries of I, ® (J, —I,) + (J, —I,,) ® I,, to zero. Thus, if {Bq,...,B;} is a 0/1-
basis of an admissible subspace, then it is enough to optimize over variables in
the subspace S, with basis

{Bi : <Bi’1n®(Jn_1n)+(Jn_ln)®In> :0}
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This results in 3] n12+ L n22+ !

nq +1 ( ny +1 )
+1)|-1
(151
variables in the case n; = n,. A few examples can be seen in Table Note that
the resulting subspace is generally not a Jordan algebra anymore.

1—1 variables in the case n; # n,, and

1.5

Table 4.1: Number of variables before and after symmetry reduction.

(ny,ny) dim(S"™)  dim(S) dim(S,)
(4,4) 32896 30 17
(5,5) 195625 30 17
(6,6) 840456 50 29
(8,8) 8390656 75 44

(10,10) 50005000 105 62

(12,12) 215001216 140 83

(24,24) 55037822976 455 272

(100, 100) ~5-101 6630 3977
(1000, 1000) ~5-10% 628755 377252

(6,5) 405450 60 35
(10,5) 3126250 90 53
(24,12) 3439895040 455 272

4.2.4 Block-Diagonalization

We now want to block-diagonalize the admissible subspace S := ¢ @ ¢"2 @ 7™,
respectively S = ¢"v™ @ 7™ if n; = n,. We do this by making use of the fact
that S is a tensor product of algebras, which allows us to block-diagonalize each
part on its own.

Lemma 4.15 (See, for example, [[Gra06], [KPSO8]). The 0/1-basis {C" : i =
0,...,15]} of € has a common set of eigenvectors, given by the columns of the dis-

crete Fourier transform matrix:

1 ..
Q?] = ﬁe—Zﬂ'\/—_ll]/n’ i,j=0,...,n—1.

The eigenvalues are

An(CP) = 2cos(2tmk/n), m=0,...,n—1,k:0,...,LgJ,
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and note that
An(C) = An-m(GDs - m=1,..,15Lk=0,...,[Z].
Thus, we can block-diagonalize €" by sending C;' to the vector

ACT) = (Ao(CP), ..., A (CMY).

n
2

To block-diagonalize 7™™, one may use the Jordan isomorphism ¢ : 7™ —
R ® R & S? given by

¢(JA)=(n_m01o)» ¢(JB)=(_10m_1 0)’ ¢(Jc)= M(Oogé),

00 0 0

¢(JD):(0100)’ ¢(JE):(O_10 0 )

01 0 n—m—1

This isomorphism was used implicitly in [KOP11[], but may also be verified directly
by confirming that ¢ (X?) = [¢(X)]? for all X € J™™.

We can now combine these block-diagonalizations by noticing that it is enough
to block-diagonalize each of the algebras separately; see, for example, Section 7.2.
in [[KS10[]]. We obtain the final reduction shown in the next theorem. The proof
is omitted since it is straightforward: One just has to calculate the inner products
between the basis elements of the algebra and the data matrices, and eliminate
variables fixed to zero by (B;, I, ® (J, —I,) + (J, —I,,) ® I,,) = 0. We then further
scaled some variables and matrices to simplify terms further.

In the following we use the constants

2mki 2mlj
dx ::cos( T l)cos(ﬂ),
Y ng ny

which arise from the diagonalization of the circulant matrices.
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Theorem 4.16. The bound from (3.1), where the matrices A, B correspond to the
energy minimization problem with parameters n,, n,, n = nyn, and m, equals the
optimal value of the following semidefinite program:

y.b._’b
inf n » ~2— (4.10)
it750 LT
s.t. Z (yil}_’b +yl?”]f_’w + yil}‘_’w) =n—1, (4.11)
i+j>0
n n
forallOSkS[éJ,OSlSLEZJ:
m 0 y'b.—>b yb<—>w
(8 n—m)+ Z dl]jl (l 1.113<—>W 2 vlvj—>w >05 (412)
n i+j>0 Zyij -le
m(m—1) kL, b—b
— = D diyi =0, (4.13)
i+j>0
n—m)(n—m-—1 wes
(n=m)X ) > diyr=v >, (4.14)
n i+j>0
b—=b . wow b<_)w>0v. >0 i=0 ng =0 ny
yl] ’le Jyl] —_ l+]> 2 l_ PR ] E 2 J_ 3 ? .

We can interpret the variables as averaged occurrences of pairs of black points
(b — b), pairs of white points (w — w), and pairs of a white and a black point
(b — w), at distance (i, j). Le. if we have a given configuration, we can count
how many pairs of points at distance (i, j) are both black, and then set yb_’b to
this value divided by the total number of pairs, to construct a feasible solutlon
Variables corresponding to distances bigger than |_ 5 J respectively |_ J are looped
around and added onto smaller distance variables, i.e. we may have variable val-
ues bigger than one.

The semidefinite program in Theorem has block sizes of order at most
2 x 2, and is therefore a second-order cone program, which can be solved very
efficiently; see e.g. [Lob+98]. Thus, we were able to solve the SDP relaxation for
toric grids of sizes up to 100 x 100. Subsequently, we were also able to prove op-
timality of certain configurations of particles on toric grids, as detailed in Section

4.4
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4.3 Towards the Checkerboard Conjecture
In [IBDL13]] the authors conjecture the following.

Conjecture 4.17 (Checkerboard conjecture, [BDL13[]). For any d-dimensional
toric grid of size ny x ny x - -+ X ng, with ny,...,n, all even, and for any reasonable
function f of the Lee distance, the arrangements of m = %]_[le n; particles that
minimize the maximal f-energy experienced by any of the particles are the two
checkerboard patterns, and only these.

While the general case of the checkerboard conjecture is still open, the authors
prove various cases in [[BDL13]], the strongest of which assumes that f is strictly
completely monotonic, and each n; is either 2 or a multiple of 4.

In this section we attempt to make some progress towards the general two-
dimensional case for the fixed function f = x~!
inverse of the Lee distance and n; and n, are even.

We start by taking a look at the dual of SDP (4.10).

, i.e. the energy is given by the

Corollary 4.18. The bound from (3.1)), where the matrices A, B correspond to the
energy minimization problem with parameters ny, n,, n = nyn, and m, equals the
optimal value of the following semidefinite program:

m n—m
sup (n—1)z%— (—X“+ Xk’) 4.15
p (n—1)z ; —XH X (4.15)
_1 Cm)(n—m—1
1), (emeeme1)
n n

s.t. forallOSiS{%J,OSjS[%J,i+j>O:

b klykl b
Z +Zdij(X11—zkl)S
kl

n
i+j’
= kloykl _ w
Z +Zdij(X22—zkl)SO,
kl
b kl -kl
2%+ > dixil <o,
kl
zZE]RJr,

n ny
zb,zweRi(k,l) | kef0,...| 2|}, 1e]0,...| 2 |}

xM es? forallke{o,...,[%J}, zqo,...,[ﬂj}.

3
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Proof. We dualized the symmetry reduced SDP (4.10). Here z*, z°, 2" and XX
dualize (4.11), (4.13), (4.14) and (4.12) respectively. O

Here it is less clear how to interpret the variables. Numerically we observed
that the optimal solution is not unique, but that there always is a "nice" optimal
solution to the program in a sparse subspace. Since every feasible dual solution
results in a valid bound, adding further constraints can only result in another,
potentially weaker, valid bound. Since we do not have an argument here as to
why we can add these constraints without making the bound worse, we see the
following linear bound as a weaker version of the dual bound (4.15).

Corollary 4.19. The following linear program is a lower bound for the total energy
of m particles on a toric grid of size ny X ny:

sup (m—l)zz—ﬂetx
n
. ny . ny | . .
s.t. forallOSlS{?J,OS]S[?J,l+]>0:

n n
—ZZ + Z dflxkl < —,
m J

k+1>0

zZ€R+,

GREL(U) | k+1>0, ke€{0,...| 3|}, LefO,..., ["TZJ}}.

n
ZZ,

w
g7 =
00 n—m

2 =0 ifk+1>0,

n—m-o_q
XOOZZE(_ml m )’
n—m

xfl=0 ifk+1>0andi+j>0.

O

Remark 4.20. Numerically this bound seems to be exactly the same as the original
bound. Since we did not find a proof of this, we conjecture that this bound is
equivalent to the bound obtained from (3.1)).
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Now we want to construct an optimal solution for this problem in the case
ny = 2ky,ny = 2ky,m = 5 to prove the Checkerboard Conjecture. For this, we
first add a redundant constraint %z2+etx = %zz+etx, which allows us to rewrite
the program.

sup (m—1)zz—metx (4.16)
n
L2 Lo% 4elx
st. (D, ®Dn2)(mx )s (m ) : (4.17)
2%, x>0
where
(=(5F))
. = | cos
t i,j=0,.., & ]
and

b—( n n n n n )t
N0+ 04k, 1407 1k Tk k)

Numerically we observed that in the checkerboard case m = 5 we can always
obtain an optimal solution if we assume that the inequality constraint (4.17) is
sharp. The inverse of D, is

Dt =2 (0 (),
where

1 P t
(i) = 7 ifi € {0, 5}
V2, otherwise.

Assuming equality we have

L2 Lo% 4elx
(mx ) _ (D;ll ®D;21) (m ) , (4.18)

and writing out the first row allows us to eliminate the x variable completely.

EZZ = i (1 (EZZ + etx) + 1Cn1:n2) 5
m n\4\m 2
=L s Zomm
m n n
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2
n-—n
= g% —2C™M"
m

= (2n—2)z% —2C™ "™

where
n
C"l,nz = IGYEA YL i) —.
> e Qb

i=0,...,k1
j=0,...,k,
i+j>0

Note that C™"™ is exactly the potential energy in the case that there is a particle on
every spot on the grid. Substituting this for e x and assuming equality in (4.18)
results in the univariate linear program

n
sup — Ezz + o2

_ i\ [2nzg® —2CM2
s.t. (Dnll ® Dnzl) ( b ) >0, (4.19)

2= > 0.

Note that every feasible solution still results in a valid lower bound of the energy
minimization problem (in the case m = n/2), as we are only making the dual
more strict.

Let us take a look now at the constraints in (4.19). The first row is redundant,
as we know it is exactly %zz = 2z* > 0. The other constraints are of the form

S nin e or T ani) (Zﬂlj)
ng= —C""2 4 ¢ (i)c"2(j)—— cos CcoSs >0
S i) cos

i=0,...,k; n 2
j=0,....ky
i+j>0
fork =0,...,k;, L =0,...,ky, k+1 > 0, if we rescale the constraints to make

the coefficient of z* the same in all constraints. The only difference between
the different constraints are the cosine terms, and all coefficients in the sum are
nonnegative.

We can make this problem more clear by bringing the objective term to one
side in each of the constraints to obtain

1 2mki 2nlj
—EZZ-I-CS— cMo2 4 E c"(i)c™(j)- n ,cos( l)cos( ])
2 2 — i+j n; ny
=0,...,kq

j=0,....ky
i+j>0
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1 ) L n 2mki 2mlj
= — m 2 —
5 E cM(i)c (])i+]_(1+cos( " )cos( le ))

i=0,...,k; 1
j=0,...k,
i+7>0

The sum here describes exactly the energy of a "fractional", but periodic set of
particles with weight

1 + 1cos(znkl)cos(zmj) (4.20)

2 2 n, ny

in position (i, j). I.e., the minimum energy of these fractional solutions is a lower
bound for the minimum energy in the system. Note that while we were optimizing
over ("}:2) possible choices of particle positions before, there are now just k;k,—1
possibilities. While this bound is generally weaker than the SDP bound we started
with, this one seems to be sharp in the checkerboard case m = 5.

Indeed, in the case k = k; and [ = k,, this (fractional) set of particles is exactly

the checkerboard solution .

2
What remains to be shown is that this is really the minimum energy between the
different fractional solutions for k =0,...,k;, 1 =0,...,ky, k+1> 0.

While we do not manage to prove that the checkerboard is the optimal con-
figuration of the fractional solutions described by (4.20), this approach reduces
the (numerically sharp) bound for the two-dimensional case of Conjecture |4.17
for a fixed potential function to a search over just O(n,n,) fractional solutions. It
seems reasonable to expect that, with some more work, optimality of the checker-
board can be proven this way. It remains to be seen whether this approach, while

1 L
+ = (=1)".
oD

stronger than the bounds used in [[BDL13]], is strong enough to prove the conjec-
ture for arbitrary potential functions (as the approach of [[BDL13]] seems to fail
there). As we will see in Section 4.4|our bound is sharp for more general particle
configurations other than m = 3, which may lead to a more general conjecture
about lattice-like particle arrangements on toric grids.

4.4 Numerical Results

Here we compare the eigenvalue-bound with the SDP-bound for the energy mini-
mization problems. The upper bounds were found using simulated annealing (see
Algorithm [4).
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Algorithm 4: Simulated annealing algorithm

iter « number of iterations to perform
P « random configuration of m particles
val « energy of P = E(P)
T <1

iter 1
R Vo

for it « 1 to iterations do
T «—aT

PP

Move a random particle of P’ to a neighboring position

if E(P’) < val or exp(—(E(P’)—val)/T) = rand(0, 1) then
val « E(P’)

L PP

return val

Calculating the SDP-bound directly is prohibitively slow, which is why we ex-
ploited the symmetries of the problems first, as described in Section After
this reduction we can calculate these bounds very efficiently, solving a case of the
problem on a 10 x 10-grid in 0.2s, 1.3s on a 50 x 50-grid, and in about 40s on
100 x 100-grid, using Mosek on a 4-core 3.4GHz Processor. In [BDL13[] Bouman,

Draisma and van Leeuwaarden prove optimality for the checkerboard arrange-

niny
52,

grid sizes we checked as well, but we do get some more cases where the bound is

sharp.

ment in the cases that n; = n, are even, and m = This can be seen for the

If one of the bounds is sharp, then we get a proof of optimality for these
parameters, if we can construct the exact optimal solution. Furthermore, we can
even prove optimality in some cases even if the bound is not completely sharp,
as explained in the following Proposition. This allows us to work around small
numerical rounding issues in some cases, by rounding to an exact rational solution
close enough to the optimum.

Proposition 4.21. Let V = {vy,..., v} be the set of unique entries of the matrix of
potentials B. The one-dimensional shortest-vector-problem for these values is

r=min |s—t|

k
s.t. s,te{x=22al—vi | aiEZ}

i=1
sF#E¢L.
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If a feasible solution of the QAP has objective value that differs by less than r from
the SDP lower bound, then this feasible solution is optimal.

Proof. Both the matrix A and the optimization variable X € II,, of this QAP are
symmetric 0/1-matrices, and B is symmetric as well, with zeros on the main diag-
onal, which means that the objective value is of the form Z? i k1=1%ik b XX =
Z? j=1,i<j 2 b;;, where a;; € Z. Hence, different objective values have to at least
differ by r. O

For the inverse Lee-distance potential on a 6 x 6-grid the set V is

and r = 2 (% + % - %) = %, which is optimal since 30 is the least common de-
nominator of the fractions in 2V. Similarly, one finds r = ﬁ for a 7 x 7-grid,
r= 4% for a 8 x 8-grid and r = ﬁ on a 10 x 10-grid. In the Tables
and [4.5|we give the bounds for square grids of sizes 6,7,8 and 10 respectively. As
proven in Proposition we only need to consider m < 7. Bold font in the tables
signify sharp bounds, in the sense of Proposition[4.21] which we then illustrate in
Figures and

Note that we could find several new optimal configurations by computing the
SDP bound SDPQAP(A, B), for example the case m = 20 on a 10 x 10 grid. We
do not include results for the weaker SDP bound SDPPB(A, B) in the tables, since
these turned out to equal the projected eigenvalue bound for small instances. We
do not know if these bounds coincide in general, though.

In these small cases we noticed that the bound is sharp only in (some) cases
where m divides nyn,, and are, except in the case m = 4 for some choices of n; and
n,, given by lattices. In these cases the nonzero variables yil}_’b do actually hint
as to how the lattice can be constructed. For example in the case n; = ny = 10,
m = 20 the optimal solution has yl.l}_’b = 0 except for yé’s_’ b= yé’s_’ b = 0.2 and
yfz_’ b — yfg_’ b — yé’: b= y:ﬁ’;’ b = 0.4, and their symmetric counterparts. Com-
pare these to the drawing in Figure[4.5} These are exactly the distances appearing
in the drawing, namely (0, 5), (5,5), (1,2), (1,3), (2,4), and (3,4). We can use
this knowledge to construct the solution as follows. The size of the orbit of a sin-
gle point, repeatedly shifting it in direction (i, j), is lcm(lcm(l—.n]’i, lcm(%), where
lcm(a, b) denotes the least common multiple of a and b. We say that two lattice
directions are distinct, if the corresponding orbits of the same point overlap only
in that point. In this example the orbit sizes are 2 for the directions (0,5) and
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(5,5), 5 for (2,4), and 10 for (1,2), (1,3) and (3,4). If we now choose pairwise
distinct orbits of orbit sizes factoring m, we can reconstruct the lattice solution by
taking repeated orbits. In this case we can construct the solution in Figure [4.5|for
n; = n, = 10 and m = 20 by choosing the triple of generators {(0, 5), (5, 5),(2,4)}
or any of the pairs {(1,2),(0,5)}, {(1,2),(5,5)},{(1,3),(0,5)},{(3,4),(5,5)}. Al-
ternatively we can find a second solution (which is the same, but mirrored), by
choosing swapping the two axes of each generator.

This way one can rapidly find cases where the bound is sharp, at least numer-
ically. We do not get formal mathematical proofs for these cases in the sense of
Proposition as we cannot make the numerical gap small enough. In about
30 minutes we were able to identify 2382 such cases (of the 15083 cases where m
divides nn,), from grid sizes 1 x 1 to 50 x 50. We list a few such cases in Figure

4.5 Concluding Remarks

We have been able to use semidefinite programming bounds to identify several
new minimum energy configurations of repulsing particles on a toric grid, as
shown in Figure for example. The next step would be to use our insight on
optimal lattice configurations that we obtained numerically, to prove optimality
for the generalized families of corresponding lattice configurations, similar to the
way the authors of [BDL13]] proved optimality of certain 'checkerboard’ configu-
rations. While even the general checkerboard case is still open, we constructed
parts of the optimal solution for these cases in[4.3] which is numerically sharp, but
did not manage to prove sharpness. Investigating this and similar cases remains
a topic for future research.

While we only explicitly considered the potential energy function given by the
inverse of the Lee metric, all results in this chapter generalize to a much wider
family of functions in a straightforward manner. It may be of interest to attempt
to prove universal optimality of certain configurations for all (reasonable) poten-
tial functions, similar to what was done in [[CKO06] for points on spheres. Another
interesting question is whether one could obtain stronger bounds than the ones
considered in [[CK06{] based on the QAP formulation for both the sphere and Eu-
clidean space, and how the bounds [|[CKO06]] fit between the three bounds consid-
ered in this chapter. If one considers the limit of the linear program in Corollary
as the grid size approaches infinity, one would obtain an infinite dimensional
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LP similar to [[CKO6]], but with constraints and variables corresponding to each ap-
pearing vector between points, not just their distances.

3
" " f‘#:

m=1 m=2 m=4

Figure 4.2: Optimal arrangements on a 6 x 6 grid

Figure 4.3: Optimal arrangements on a 7 x 7 grid
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m=4 m =32

Figure 4.4: Optimal arrangements on a 8 x 8 grid

Figure 4.5: Optimal arrangements on a 10 x 10 grid
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n;=21,n,=42,m=42, n,=24,n,=44,m=4,
generated by (1,13) generated by (12,11)
My =24, =40,m=120, ny=26,1,=39,m=78
generated by (1,3) lgener,atzed by’ (1,5) ’
n;=45,n,=45,m=675, n;=45,n,=45,m=405,
generated by {(1,1),(0,3)} generated by {(1,2),(0,5)}

n;=42,n,=42,m=84,
generated by {(1,8),(0,21)}

Figure 4.6: A small selection of cases where the SDP bound is sharp for larger
grids.
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Upper bounds from

m PB(A,B) SDPQAP(A,B) . i
simulated annealing

1 -1.514815 0.000000 0.000000

2 -2.125926 0.333319 0.333333

3 -1.833333 1.349939 1.500000

4 -0.637037 2.999892 3.000000

5 1.462963 5.416640 5.666667

6 4.466667 8.599983 8.666667

7 8.374074 12.622685 13.000000

8  13.185185 17.407305 17.600000

9  18.900000 22.937178 23.466667

10 25.518519 29.212957 29.666667

11 33.040741 36.233780 36.666667

12 41.466667 44.000000 44.000000

13 50.796296 53.065277 54.366667

14 61.029630 62.959998 64.666667

15  72.166667 73.687450 75.500000

16  84.207407 85.273263 86.666667

17  97.151852 97.718432 98.666667

18 111.000000 111.000000 111.000000

Table 4.2: The bounds on a 6x6 grid
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Upper bounds from

m PB(A,B) SDPQAP(A,B) . ]
simulated annealing
1 -1.535637 0.000000 0.000000
2  -2.287844 0.333330 0.333333
3 -2.256623 1.243763 1.300000
4  -1.441972 2.723982 2.800000
5 0.156109 4.784851 4.866667
6 2.537619 7.533726 7.800000
7 5.702558 10.916369 10.966667
8 9.650926 15.043550 15.500000
9  14.382724 19.814560 20.366667
10 19.897950 25.325560 25.900000
11 26.196607 31.554779 32.166667
12 33.278692 38.455887 39.033333
13 41.144207 46.029212 46.733333
14 49.793151 54.274568 54.933333
15 59.225525 63.260772 64.433333
16 69.441328 73.172931 74.100000
17  80.440560 83.797024 85.200000
18 92.223221 95.162225 96.600000
19 104.789312  107.298752 109.033333
20 118.138832  120.154716 122.000000
21 132.271782  133.732016 134.866667
22 147.188160  148.029982 150.066667
23 162.887969  163.048746 165.700000
24 179.371206  179.371185 182.266667

Table 4.3: The bounds on a 7x7 grid
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Upper bounds from
m  PB(A,B) SDPQAP(A,B) . !

simulated annealing
1 -1.670238 0.000000 0.000000
2 -2.654762 0.249994 0.250000
3  -2.953571 1.014038 1.133333
4 -2.566667 2.266433 2.266667
5 -1.494048 4.062460 4.233333
6 0.264286 6.435304 6.583333
7 2.708333 9.423375 9.666667
8 5.838095 12.965443 13.000000
9 9.653571 17.078833 17.442857
10 14.154762 21.749475 22.126190
11 19.341667 26.990007 27.628571
12 25.214286 32.848535 33.666667
13 31.772619 39.445606 40.352381
14 39.016667 46.636662 47.350000
15  46.946429 54.421402 54.950000
16  55.561905 62.799758 63.076190
17 64.863095 71.971752 72.921429
18  74.850000 81.768179 83.023810
19  85.522619 92.238774 93.535714
20 96.880952 103.368587 104.300000
21 108.925000 115.126506 116.114286
22 121.654762 127.522322 128.483333
23 135.070238 140.541217 141.719048
24  149.171429  154.193846 155.514286
25 163.958333 168.487184 170.390476
26 179.430952 183.448522 185.711905
27 195.589286  199.055388 201.416667
28 212.433333 215.278915 217.333333
29 229.963095  232.135382 234.083333
30 248.178571  249.661718 251.083333
31 267.079762  267.846258 268.750000
32 286.666667 286.666665 286.666667

Table 4.4: The bounds on a 8x8 grid
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Upper bounds from

m PB(A,B) SDPQAP(A,B) . .
simulated annealing
1 -1.716889 0.000000 0.000000
2 -2.883429 0.199988 0.200000
3 -3.499619 0.811542 0.904762
4 -3.565460 1.807631 1.809524
5 -3.080952 3.233819 3.333333
6 -2.046095 5.131049 5.233333
7 -0.460889 7.479826 7.700000
8 1.674667 10.307204 10.355556
9 4.360571 13.579004 13.800000
10  7.596825 17.298929 17.433333
11 11.383429 21.467188 21.876190
12 15.720381 26.234485 26.679365
13 20.607683 31.472262 32.029365
14  26.045333 37.183990 37.744444
15  32.033333 43.378553 44.096825
16  38.571683 50.037058 50.736508
17  45.660381 57.183049 57.922222
18  53.299429 64.786226 65.342857
19  61.488825 72.867194 73.285714
20 70.228571 81.428359 81.428571
21  79.518667 90.810097 91.739683
22 89.359111 100.699416 102.068254
23 99.749905 111.093201 112.648413
24 110.691048  121.990693 123.492857
25 122.182540  133.400133 134.938889
26 134.224381 145.304277 146.824603
27 146.816571 157.729721 159.401587
28 159.959111 170.652552 172.295238
29 173.652000  184.080092 185.607937
30 187.895238  198.017798 199.388095
31 202.688825  212.458779 214.014286
32 218.032762  227.417991 228.861111
33 233.927048  242.967654 244.254762
34 250.371683  259.050406 260.466667
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Upper bounds from

m  PB(A,B) SDPQAP(A,B) . !
simulated annealing
35 267.366667  275.649622 277.788889
36 284.912000 292.759839 295.125397
37 303.007683  310.386054 312.823810
38 321.653714 328.520878 331.160317
39 340.850095 347.242354 349.413492
40 360.596825  366.466726 368.701587
41 380.893905 386.186323 389.195238
42 401.741333 406.463567 410.162698
43 423.139111  427.236004 431.381746
44 445.087238  448.524441 452.888889
45 467.585714  470.378907 474.000000
46 490.634540  492.906204 496.033333
47 514.233714 515.926534 518.650000
48 538.383238 539.531651 541.466667
49 563.083111  563.667331 564.800000
50 588.333333 588.332003 588.333333

Table 4.5: The bounds on a 10x10 grid
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Optimizing Hypergraph-Based
Polynomials Modeling Job-Occupancy in
Queuing with Redundancy Scheduling

In this chapter we consider the minimization of two classes of polynomials over the
standard simplex. These polynomials have their variables labeled by the edges of
a complete uniform hypergraph and their coefficients are defined in terms of some
cardinality patterns of unions of edges. They arise naturally within the modeling
of job-occupancy in some queuing problems with redundancy scheduling policies
[CBL21|]. The question is whether these polynomials attain their minimum value
at the barycenter of the standard simplex, which corresponds to showing optimal-
ity of the uniform distribution for the underlying queuing problem. This chapter
is devoted to this question, which is conjectured to be true by [[CBL21[]]. While
in all the other chapters we use symmetry reduction to reduce the size of a sym-
metric optimization problem, we here use it as a tool to show that a symmetric
polynomial is convex.

93
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5.1 Introduction

We now introduce the classes of polynomials of interest. Given integers n,L > 2
wesetV =[n]={1,...,n}and E={e CV : |e] = L}, so that (V, E) can be seen as
the complete L-uniform hypergraph on n elements. We set m := |E| = (g), where
we omit the explicit dependence on n, L to simplify notation, and we let

A, = {x =(X)ecg ER™ : x > O,er = 1}
e€E
denote the standard simplex in R™. The elements of A, correspond to probability
vectors on m items and the barycenter x* = %(1, ..., 1) of A, corresponds to the
uniform probability vector.
Given an integer d > 2 we consider the following m-variate polynomial in the
variables x = (x, : e € E), which is a main player in the chapter:

fa(x) = Z Uﬁ (5.1)

So f,; is a homogeneous polynomial with degree d. We are interested in the fol-
lowing optimization problem

*:= min f,;(x
£i = min fo(x),

asking to minimize the polynomial f,; over the simplex A ,. The main conjecture,
which is stated in [[CBL21]], claims that the minimum is attained at the uniform
probability.

Conjecture 5.1. Given integers n,d, L > 2, is the polynomial f;(x) in (5.1)) attains
its minimum over A,, at the barycenter x* of A,,.

As explained in [[CBL21[], the motivation for this conjecture comes from its
relevance to a problem in queuing theory, that we will briefly describe in the next
section. In this chapter we are only able to give a partial positive answer to this
conjecture, namely, in the case d = 2 (which follows from Theorem below)
and in the case d = 3 and L = 2 (Theorem below). As a first step toward
understanding the polynomials f; we investigate a related, easier to analyze, class
of polynomials.

Given an integer d > 2 we consider the following related class of polynomials

1
pa)= > ——————x, x,, (5.2)

Xe ..
eqU...Ue !
(e1,.--.eq)EE4 | 1 d|
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which are also homogeneous with degree d. Note that, for degree d = 2, we
have f, = %pz. For degree d > 3 the polynomials f; have a related, but more
complicated structure than the polynomials p; (see Section for more details
on the links between both classes). Here too we may ask whether the minimum
of p, over the standard simplex A,, is attained at the uniform probability vector
x*. For the polynomials p; we are able to give a positive answer in the general
case. The following is the first main result of the chapter.

Theorem 5.2. For any integers n, L,d > 2, the global minimum of the polynomial
pq from (5.2) over the standard simplex A,, is attained at the barycenter x* =
1(1,...,1) of A,

As noted above, f, and p, coincide up to positive scaling, hence, it follows
directly that Question has a positive answer in the case d = 2. As a further
partial result we give a positive answer for the case of degree d = 3 and edge size
L = 2. The following is the second main result.

Theorem 5.3. For n > 2, d = 3 and L = 2, the global minimum of the polynomial
f4 from over the standard simplex A,, is attained at the barycenter x* =
1(1,...,1) of Ap.

As we will see, the analysis of the polynomials f, is technically much more
involved than for the polynomials p;, and we have only partial results so far. In
both cases the key ingredient is showing that the polynomials are convex on the
simplex, i.e., that they have positive semidefinite Hessians at any vector in A,,. It
turns out that the Hessian of the polynomial p; enters some way as a component of
the Hessian of the polynomial f;. So this forms a natural motivation for the study
of the polynomials p4, though they form a natural class of symmetric polynomials
that are interesting for their own sake.

Exploiting symmetry plays a central role in our proofs. Indeed, the key idea is
to show that the polynomials are convex, which, combined with their symmetry
properties, implies that the global minimum is attained at the barycenter of the
simplex. For this we show that their Hessian matrices are positive semidefinite at
each point of the simplex, which we do through exploiting again their symmetry
structure and links to Terwilliger algebras.

Symmetry is a widely used ingredient in optimization, in particular in semidef-
inite optimization and algebraic questions involving polynomials. We mention
a few landmark examples as background information. Symmetry can indeed
be used to formulate equivalent, more compact reformulations for semidefinite
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programs. The underlying mathematical fact is Artin-Wedderburn theory, which
shows that matrix x-algebras can be block-diagonalized (see Theorem be-
low). An early well-known example is the linear programming reformulation
from [[Sch79] for the Theta number of Hamming graphs, showing the link to the
Delsarte bound and Bose-Mesner algebras of Hamming schemes [[Del73; [DL98]].
Symmetry is used more generally to give tractable reformulations for the semidefi-
nite bounds arising from the next levels of Lasserre’s hierarchy in [[Sch05[] (which
gives the explicit block-diagonalization for the Terwilliger algebra of Hamming
schemes, see Theorem below) and, e.g., in [[GSTO8]], [[GMS12]], [[Lau07]],
[LPS17]. For more examples and a broad exposition about the use of symmetry in
semidefinite programming we refer, e.g., to [Bac+11}; [KPSO7|] and further refer-
ences therein. Symmetry is also a crucial ingredient in the study of algebraic ques-
tions about polynomials, like representations in terms of sums-of-squares, and in
polynomial optimization, as we will explain in detail in Chapter |7} We refer to
[[GP0O4] for a broad exposition and, e.g., to [Rie+13]] (for compact reformulations
of Lasserre relaxations of symmetric polynomial optimization problems), [[Rie12]
(for methods to reduce the number of variables in programs involving symmetric
polynomials), and the recent works [Ray+18; RST18]] (which consider symmetric
polynomials with variables indexed by the k-subsets hypercube (as in our case)
and uncover links with the theory of flag algebras by Razborov [Raz07]]).

Example 5.4. As an illustration let us consider the polynomial p; for edge size
L = 2. Given a sequence e = (eq,...,e4) € E9 set ¢, = 1/|e; U...Ue,| as a
shorthand for the coefficients in the definition of the polynomial py. So
we need to enumerate the possible configurations of d-tuples of edges, i.e., the
distinct multigraphs with d edges. Note that their number is given by the OEIS
sequence A050535 [[OEI99al], which takes the values 1,3,8,23,66,212,686 for
d=1,2,3,4,5,6,7.

For d = 1, we have p;(x) = %Z x,. For d = 2 we have

ecE

1o , 1 1
pz(x)ZEer +§ Z xelxez+z Z Xe, Xe, -
ek (e1,€2)€E?: (e1,e0)EE?:
le;Uey|=3 le;Uesy|=4

We show in Figure the three possible patterns for pairs of edges e = (e, e,)
and the corresponding coefficients c,.
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Figure 5.1: The three patterns of pairs of edges in case (d =2,L = 2)

In the same way, for d > 3, py(x) = Zidzz %qd’k(x), where the summand
qq4,k(x) is a summation over all d-tuples of edges with a given pattern, depending
on the cardinality of their union:

qd,k(x) = Z Xey "7 Xy

(e1,....eq4)€E™:
le1U...Ueq|=k

For the case d = 3 we need to consider the values k = 2,3,4,5,6; as an illus-
tration we show in Figure all the eight possible patterns of triplets of edges
e = (e, ey, e3) and the corresponding coefficients c, that contribute to the sum-

mands qs k.
=%
1 1 1
Ce=13 Ce=73 Ce=73

Figure 5.2: The eight patterns of triplets of edges in case (d =3,L = 2)

Organization of the chapter. In the rest of this section we first indicate in Sec-
tion how the polynomials f; naturally arise within a problem of queuing
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theory with redundancy scheduling policies. After that we present in Section|[5.2.2]
the main ideas of the proofs, which highly rely on exploiting symmetry properties
of the polynomials. This involves in particular using the Terwilliger algebra of the
binary Hamming cube, so we include some preliminaries about these Terwilliger
algebras in Section[5.2.3]

In Section we give the full proof for Theorem showing that the poly-
nomials p, attain their global minimum at the barycenter of the simplex and, in
Section we investigate the second class of polynomials f;. We prove several
properties of these polynomials, which we use to show Theorem We also
present a range of values of (n,d, L) for which the polynomials f; are indeed
convex and thus Conjecture is indeed true.

Some notation. Throughout we let I, J denote the identity matrix and the all-ones
matrix, whose size should be clear from the context. When we want to specify the
size we let I, (resp. J,,) denote the n x n identity matrix (resp. all-ones matrix)
and, given two integers n,m > 1, J,,, , denotes the m x n all-ones matrix. For a
symmetric matrix A the notation A > 0 means that A is positive semidefinite. Given
two matrices A, B € R™" we let AoB € R™*" denote their Hadamard product, with
entries (Ao B);; = A;;B;; for i, j € [n]. It is known that A = 0 and B = 0 implies
AoB > 0, which follows from the fact that the matrix AoB is a principal sub-matrix
of the Kronecker product of A and B.

For a sequence a € N" we set |a| = Z?zl a; and, for an integer d € N, we
set N} = {a € N" : |a| = d}. Given a vector x € R" and a € N" we set x* =
x;x ... x,". Throughout we let uy,...,u,, denote the standard basis of R™, where
all entries of u; are 0 except its ith entry which is equal to 1. We let S,, denote the
set of permutations of the set V = [n].

5.2 Preliminaries

In this section we first explain the relevance of the polynomials f; and p,4 for the
problem from queuing theory considered in [[CBL21[]]. Then we present a sketch
of proof for our main results, and we conclude with some preliminaries about
Terwilliger algebras that we will use in the symmetry reduction.

5.2.1 Motivation

Our motivation for the study of the polynomials p; and f; comes from their rel-
evance to a problem in queuing theory. The question whether they attain their
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minimum at the uniform probability distribution was posed to us by the authors
of [[CBL21]], who conjecture this to establish a result about the asymptotic behav-
ior of the job occupancy in a parallel-server system with redundancy scheduling
in the light-traffic regime (in contrast to the heavy-traffic regime considered in
[CBL20[]). In what follows we will give only a high level sketch of this connec-
tion, and we refer to the paper [[CBL21]] for a detailed exposition. We also refer
to [[CBL21} ICBL20]] for an extended review of the relevant literature.

A crucial mechanism that has been considered to improve the performance of
parallel-server systems in queuing theory is redundancy scheduling. The key fea-
ture of this policy is that several replicas are created for each arriving job, which
are then assigned to distinct servers (and then, as soon as the first of these repli-
cas completes (or enters) service on a server the remaining ones are stopped).
The underlying idea is that sending replicas of the same job to several servers
will increase the chance of having shorter queuing times. This however must be
weighted against the risk of wastage of capacity. An important question is thus
to assess the impact of redundancy scheduling policies. While most papers in the
literature of redundant scheduling assume that the set of servers to which the
replicas are sent is selected uniformly at random, the paper [[CBL21|] considers
the case when the set of servers is selected according to a given probability dis-
tribution, and it investigates what is the impact of this probability distribution on
the performance of the system. It is shown there that while the impact remains
relatively limited in the heavy-traffic regime, the system occupancy is much more
sensitive to the selected probability distribution in the light-traffic regime.

We will now only introduce a few elements of the model considered in
[[CBL21]], so that we can make the link to the polynomials studied in this chapter.
We keep our presentation high level and refer to [[CBL21]] for details. The setting
is as follows. There are n parallel servers, with average speed u. Jobs arrive as a
Poisson process of rate nA for some A > 0. When a job arrives, L replicas of it are
created that are sent — with probability x, — to a subset e C [n] of L servers.
Here, L > 2 is an integer and x = (x,).ef is a probability distribution on the set
E ={e C[n]:|e] =L} of possible collections of L servers. As noted in [[CBL21]]
this can be seen as selecting an edge e € E with probability x, in the uniform
hypergraph (V = [n], E) (with edge size L).

An important performance parameter is the system occupancy at time t, which
is represented by a vector (eq, ...,ey) € EM, where M = M(t) is the total num-
ber of jobs present in the system and e; € E is the collection of servers to which
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the replicas of the ith longest job in the system have been assigned. We need
three modeling assumptions. First one needs to assume suitable stability condi-
tions. Second, all servers should have the same speed u and, third, the service
requirements of the jobs are assumed to be independent and exponentially dis-
tributed with unit mean. Under these assumptions, the stationary distribution of
the occupancy of the above edge selection is given by

n(eq,....ey) = Cl_[

M|61 U.

for some constant C > 0 ([|[Gar+16[], see equation (1) in [[CBL21]]). Following
[CBL21]], let Q;(x) be a random variable with the stationary distribution of the
system occupancy when the edge selection is given by the probability vector x =
(x.)ecg- It then follows that, for any integer d > 1, the probability that d jobs are
present in the system is given by

Pl =dl= > nle,....eq).

(e1,...,eq )EE4

Hence, P[Q;(x) = 0] = C and

PQ,(x) =d] =PlQ:(x) = 01(%)d 2 11 lex ux Ue|

(See equation (7) in [[CBL21[]). Therefore, P[Q,(x) = d] is the polynomial f,(x)
(up to a scalar multiple). In [[CBL21]] the light-traffic regime is considered, i.e.,
when A | 0, in the case L = 2. By doing a Taylor expansion one can see that

PLQ,( = 0= 1+0(1), PLQ1(0 > d] = (%) () + o(A")

(see equation (10) in [[CBL21]]). Therefore, with x* =(1,...,1)/|E| denoting the
uniform probability vector, we have

i PRGN =d] . fa(x) +0(1)
2o P[Qu(x)=d] 2o fy(x)+o(1)

Hence, if the polynomial f; attains its minimum at the uniform distribution x*,

then one has
P[Q;(x*) = d]

A PO, >d] -
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If this holds for each d, this indicates that in the light-traffic regime the system
occupancy is minimized when selecting the assignments to the servers of the job
replicas uniformly at random. This thus motivates Conjecture stating that the
polynomial f; attains its minimum over the probability simplex at the uniform
point x*.

5.2.2 Sketch of Proof

Here we give a sketch of proof for our main results. We start with indicating the
main steps for proving Theorem dealing with the (simpler) class of polyno-
mials p; and after that we briefly indicate how to deal with the polynomials f;.

A first easy observation is that in order to show that the polynomial p, attains
its minimum at the barycenter of the standard simplex A, it suffices to show that
Dgq is convex over A,,. This follows from a symmetry argument, namely we exploit
the fact that the polynomial p; is invariant under the permutations of the edge
set E that are induced by permutations of [n].

Lemma 5.5. Assume the polynomial p, is convex on the simplex A,,. Then the point
x*=(1/m)(1,...,1) € A, is a global minimizer of pg over A,,.

Proof. The key fact we use is that the polynomial p; enjoys some symmetry prop-
erty; namely, for any tuple (eq,...,eq) € E9, the coefficient of the monomial
e, """ Xe, inpgis1/|e;U...Uey|, which depends only on the cardinality of the set
e;U...Uey. Recallthat E = {e CV =[n]: |e| = L}. Any permutation o € S,, of [n]
induces a permutation of E (still denoted o) by setting o(e) = {jo(1),---»Jo)}
for e = {j;,...,j.} € E. In turn, o acts on A,, by setting o(x) = (Xg(e))eca,,

X,

for x = (x,).cp € A,,,. We now observe that p, is invariant under this action of
permutations o € S,,. Indeed, for any o € S,, we have

O-(pd)(x) = pd(O'(X)) = Z(el .eq)EEd mxa(el) o 'xa(ed)
= Z L Xp ot X
(fis-ofa)Ed Ia‘l(fl)u Ua‘l(fd)l AT

= pa(x).

Let x € A,, be a global minimizer of p;. For any permutation o € S, the per-
muted point o (x) belongs to A, and p4(x) = p4(c(x)) holds. Hence, for the full

symmetrization of x,
= 2 o)

! ges,
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we have x* € A, and all its entries are equal, so that x* = %(1, ...,1). Moreover,
as the polynomial p, is convex over A,,, we have:

CSEE D WHCEHETHO!

‘oeS,

This shows that x* is again a global minimizer of p; in A,,. As x* = %(1, e 1),
the proof is complete. O

Therefore, we are left with the task of showing that the polynomial p, is con-
vex over the simplex A, or, equivalently, that its Hessian matrix

H(pg)(x) = (8%py(x)/3x,0xf), fer

is positive semidefinite over A,,. This forms the core technical part of the proof.
Here is a rough sketch of our proof technique.

A first step is to express the Hessian matrix of p; as a matrix polynomial,
involving a collection of matrices M,, which (up to positive scaling) are the coef-
ficients of the Hessian H(p,) in the monomial basis; see Lemma The next
step is to show that each of the matrices M, appearing in this decomposition of the
Hessian is positive semidefinite. For this, one first reduces to the task of showing
that a certain set of well-structured matrices are positive semidefinite, see Lemma
and Lemma After that, this last task is done by showing that these
matrices lie in the Terwilliger algebra of the Hamming cube, which enables us to
exploit its explicitly known block-diagonalization. The proof is then concluded by
using an integral representation argument, see Section [5.3.3

The treatment for the polynomials f; has the same starting point: the polyno-
mial f; is invariant under any permutation of the edge set E induced by permu-
tations of [n], and thus it suffices to show that f; is convex in order to conclude
that it attains its global minimum at the barycenter of the simplex (i.e., the ana-
logue of Lemma [5.5|holds for f;). After that we again express the Hessian matrix
H(f4) as a matrix polynomial, involving a collection of matrices Q, that occur
as its coefficients in the monomial basis; see Lemma Hence, here too, the
task boils down to showing that each of these matrices Q, is positive semidefi-
nite. This task turns out to be considerably more difficult than for the matrices
M, which occurred in the analysis of the polynomial p4. As a first step toward the
analysis of the matrices Q, we give a recursive reformulation for them, which also
makes apparent how the matrices M, enter their definition (namely as a factor
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of a Hadamard product definition of Q,); see Lemma Based on this we can
show that the matrices Q, are indeed positive semidefinite in the case d = 3 and
L = 2, thus showing Theorem|[5.3} see Section[5.4.2

5.2.3 Preliminaries on the Terwilliger Algebra

As mentioned above we need to exploit the symmetry structure of the polynomial
pq in order to show that its Hessian matrix is positive semidefinite. A crucial in-
gredient will be that the Hessian matrix can be decomposed into matrices that
(after some reduction steps) all lie in the Terwilliger algebra of the binary Ham-
ming cube. We begin with introducing the definition of the Terwilliger algebra A,,
of the binary Hamming cube on n elements.

Definition 5.6 (Terwilliger algebra of the binary Hamming cube). Let P, de-
note the collection of all subsets of the set V = [n]. For every triple of nonnegative
integers i, j, t we define the 2" x 2" matrix Dl.t]., indexed by P,,, with entries

(Dit,j)s T

>

B

1 if |S|=1,|T|=jISNT|=t,
0 else

for sets S, T € P,.. Then the Terwilliger algebra of the binary Hamming cube, de-
noted by A, is defined as the (real) span of all these matrices:

Anz{ Z xit’jDiij:xit’jeR}.

i,j,t=0

It is easy to see that 4, is a matrix x-algebra, i.e., A, is closed under taking
linear combinations, matrix multiplications and transposition. One way to see
this is by realizing that the matrices Dl.t’ ; are exactly the indicator matrices of the
orbits of pairs in P, x P,, under the element-wise action of the symmetric group
Sp-

All matrix x-algebras can be block-diagonalized by Artin-Wedderburn theory
(see [Wed34], see also [[BEK78]] for a proof).

Theorem 5.7 (Artin-Wedderburn). Let A be a matrix x-algebra. Then there exist
nonnegative integers d and mq, ..., my and a x-algebra isomorphism

d
p: A— @kaxmk.
k=1
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The important property here is that ¢ is an algebra isomorphism. Hence, we
know that this isomorphism maintains positive semidefiniteness: for any matrix
Ae A, wehaveA > 0 < ¢(A) = 0. Moreover, the matrix ((A) is block-diagonal,
with d diagonal blocks of sizes my, ..., my. This is a crucial property which can be
exploited in order to get a more efficient way of encoding positive semidefiniteness
of matrices in A.

The explicit block-diagonalization of the Terwilliger algebra .A,, was given by
Schrijver [[Sch05]].

Theorem 5.8 (Schrijver [[Sch05]]). The Terwilliger algebra A, can be block-
diagonalized into | 5] + 1 blocks, of sizes mj = n—2k +1 for k = 0,...,| 5]
The algebra isomorphism ¢ sends the matrix

A= Z xl] lJ

i,j,t=0
to the block-matrix p(A) = n/ 21Bk, where the matrix B;, € R™>*™k is given by
—k
) n—2k\"2(n— 2k 2
Be= (7 Z/jukxl] B (5.3)

fork=0,1,..., [%J. Here, for any nonnegative integers i, j, t, k, we set
—2k \(n—k—£\(n—k—¢
V()G e
Bk = Z( ) n—k—{¢ i—1{ j—t >-4)
In particular, we have

ZXU Di; =0 =B =0 fork=0,1,...,.2) 5.5)
i,j,t=0

5.3 Proof of Theorem 5.2

In this section we give the proof of Theorem As a warm-up we start with the
special case when the degree is d = 2 and the edge size is L = 2, where we can
easily show that the polynomial p, is convex.

After that we proceed to the general case. We follow the steps as sketched
earlier. First we express the Hessian matrix of p; as a matrix polynomial, so that
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it suffices to show that a set of matrices are positive semidefinite; namely the ma-
trices M, in (5.11) for any y € N' ,, which are (up to scaling) the coefficients of
H(pg4) in the monomial basis. After that we indicate some reductions that lead to
the task of showing that another set of smaller, well-structured matrices are posi-
tive semidefinite; namely the matrices M, in || for any integer p < L(d —2).
Finally, we show the positive semidefiniteness of these matrices M, by exploiting
a link to the Terwilliger algebra of the Boolean Hamming cube.

5.3.1 TheCased=2and L =2

Here we consider the polynomial

1
pa(x)= > ——x.x;,
cror le VSl
where E = {e C [n] : |e| = 2}. We show that the polynomial p, is convex over the
standard simplex or, equivalently, that its Hessian matrix is positive semidefinite
over A,,. Here, the Hessian matrix of p, is given by H(p,) = 2M, where M is the
matrix indexed by E with entries

1
M. , =
“f T leuf]

fore,f €E. (5.6)

Consider the matrices A,,A3,A4 indexed by E, with entries
(A s =1 ifleuf|=s, (A).s =0 otherwise, fors=2,3,4.

Then, we have A, = I and A, + A3 +A,4 = J. Clearly we can express the matrix M
as a linear combination of these matrices:

1 1 1 1 1 1 1 1 1
M=—-I+-A3+-Ay=-1+—=A3+-J=—I+-J+—=(A3+2I). (5.7)
2 3 4 4 12 4 12 4 12

We can now conclude that M > 0 (and thus the polynomial p, is convex) in view
of the next lemma, which claims that A; + 21 > 0.

Lemma 5.9. Consider the (g) x n matrix T, with entries (I;,),; = |eN{i}| fore € E
and i € [n]. Then A3 +2I =T, I’ = 0.

Proof. Direct verification. O

Note that the matrices A, = I,A3,A, generate the Bose-Mesner algebra of the
Johnson scheme JJ, with length n and weight 2, and thus the matrix M belongs
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to this Bose-Mesner algebra (see [[DL98]] for details on the Johnson scheme). For
arbitrary degree d > 3 and edge size L = 2 one could proceed to show that the
Hessian matrix of p, is convex by using a similar symmetry reduction based on the
Bose-Mesner algebra of the Johnson scheme Jg for suitable values of p. However,
for general edge size L > 3 we will need to use a richer algebra, namely the
Terwilliger algebra of the Hamming cube. Hence, we will treat in the rest of the
section the general case d > 2 and L > 2.

5.3.2 Computing the Hessian Matrix of p,

In this section we indicate how to compute the Hessian matrix of the polynomial

P4 (X‘) = Z ﬁxeil ce xeid s (5.8)
where, as before, E = {e CV =[n]: |e| = L} with L > 2. We begin with getting
the explicit coefficients of the polynomial p; expressed in the standard monomial
basis. The basic fact we will now use is that the coefficients depend only on the
set of distinct edges that are present in the tuple (e;,...,e;,) € E? and not on
their multiplicities.

To formalize this, recall m = |E| and let us label the edges as eq, ..., e,, so that
E ={ey,...,ey}. Forad-tuple e :=(e;,...,e; ) € E4 with iy, ...,i; € [m], define
the sequence a(e) € N™, where, for { € [m], a(e), is the number of indices among

iy,...,1g that are equal to £. Then we have:
a(£)1 a(é)m — a(e
xeil PP XEid —_ e PP xem =X (_)

and |a(e)| = d so that a(e) € NJ'. This justifies the following definition. For

a € N7, consider a d-tuple e = (e; ..., ¢;,) € E? such that a(e) = a and define
1
Cyi= ————. (5.9
@ |€i1U...U€id|
As an example, ford =n=m = 3, if a = (1,0,2) then ¢, = m and if a =

(2,0,1) then we also have ¢, = e

We can now reformulate the polynomial p, in the (usual) monomial basis.
Lemma 5.10. The polynomial p4 from can be reformulated as follows:
d!
pa(x)= Z Cq—x7, (5.10)
al
aeNY

setting a! = a;!--- a,! and where c, is as defined in (5.9).
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Proof. Using the definition of the coefficients c,, we can rewrite p; as

pa)=2 (X :m)’f“:Z( >

aENG  e=(¢; aeNy  ecEd:a(e)=a

which is equal to D aeNT ca%x“. Here, for this last equality, we use the monomial
theorem, which claims the identity

d
- d!
E x;| = E —x?,
al
i=1 aeNm

or, equivalently, that the number of d-tuples e € E¢ for which a(e) = a is equal to
d!/al. O

We now proceed to compute the Hessian matrix of p.

Lemma 5.11. The Hessian of the polynomial p, is the matrix

Hpoe) = (22 sy,

8xei3xej i,j=1

where, for any y € N7, we set

M, = (cy+ui+u]_)?jj:1 (5.11)
and where the vectors u,...,u,, € R™ denote the standard basis of R™.

Proof. The partial derivatives of p; are

3pd(x)_ d' a—u; d' /5
0xe 2 Gamay = 2 g

aeN}:a;>1 BeNG,

Similarly, we see that

2
% = Z L'Cﬁ-‘rulxﬁ_uj = Z C)/+ul-+uj d_:xy.
Xe;OXer  pent p>1 (B —uy)t ’

YENZ ,

This concludes the proof. O
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Hence, if we can show that the matrices M, in are all positive semidef-
inite then it follows directly that the Hessian matrix of p,; is positive semidefinite
on the standard simplex. In the rest of this section we indicate two successive
simplifications that reduce the task of checking positive semidefiniteness of the
matrices M, (for y € N?_z) to the same task for a smaller set of simpler matri-
ces: first for the matrices My, (for W C V), and second for the matrices M, (for
0 < p < n integer). In Section [5.3.3|we will make a final reduction to show that
the matrices M, are positive semidefinite, exploiting the fact that they belong to
Terwilliger algebras.

We begin with the first reduction. For y € N™, define its support as the set
S,={e€E:y,>1}and let
W, = U e

e€S,

denote the subset of elements of V = [n] that are covered by some edge in the
support of y. Then, for any i, j € [m], the support of y+u;+u; is the set S, U{e;, e;},

and we have .

(M), e; = Cpvupbu; = W.Ue el
yUei e,

Hence, the matrix M, depends only on the set W, (and not on the specific choice
of the sequence v). This justifies defining the matrices

1
My =\——— 5.12
w (|WUeuf|)e,feE (5.12)
for any set W €V = [n]. Hence, for any y € NJ' ,, we have:
M.), - MW)/. (5.13)

Summarizing, we have shown:

Lemma 5.12. Assume that the matrices My, from (5.12) are positive semidefinite
forall W CV with |W| =L (ifd = 3) and |W| < L(d —2). Then the polynomial pg4
is convex over the standard simplex.

If d = 2 then there is only one matrix to check, namely the matrix My (for
W = 0). Note that the matrix My coincides with the matrix in (5.6), so we already
know that it is positive semidefinite when I = 2. However, if d > 3, then one
needs to check all the matrices of the form My, in (5.12]).
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Now comes the second reduction, which will be useful to link these matrices
My, to the Terwilliger algebra. We observe that in the matrix My, there are iden-
tical rows and columns and the reduction consists simply in removing duplicate
rows and columns in My, and keeping just one copy. For this set p := |W| and
U :=V\W, so that |U| = n—p. In addition, set

F:={e\W:e€E}={eCU:L—p<le|<L}, (5.14)

which consists of the intersections with U of the edges in E. Then, F = E when
p = 0 and the condition |e| = L — p is redundant when p > L. Now we consider
the following matrix M, which is indexed by F, with entries

(Mp)e’f = m fore,f €F. (5.15)
Note that for p = 0 the matrix M, coincides with the matrix My in (and
with the matrix in ). The next lemma links the matrices My, and M, and
relies on showing that M, is obtained from My, by deleting duplicate rows and

columns.

Lemma 5.13. Let L > 2 and d > 2. Consider the matrices My, in and M,
in (5.15). The following assertions are equivalent:

(D) My =0forall W=e;U...Ueq_o withey,...,eq_o €E.
(i) M, =0 forall p < L(d —2) such that p > L ifd > 3.

Proof. 1If d = 2 then the result holds since M, = My as observed above. So assume
nowd > 3. Let W = ¢e; U...Uey_y, Where ey,...,e4_o € E, and set p = |W|.
Consider the partition of the set E into E = Ul.L:OEl-, where E; = {e € E : [e\W| =i}.
With respect to this partition of its index set, the matrix My, has the following
block-form:

0,0 0,1 0,L
My A My Lo | My
B My~ | My |- | My
MW - . . . . B)
T,0 LT .. I.L
MW MW MW

where the block M;V] has its rows indexed by E; and its columns by E;. Note that,
if two edges e, e’ € E satisfy e \ W = e’ \ W, then the two rows of My, indexed by
e and e’ coincide: for any f € E we have

1 B 1
WI+1eUH\W] — [W|+I[(e'Uf)\W]|

(M];\’/])e,f = = (M];\’/J)e’,f'
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In fact, after removing these duplicate rows (and columns) and keeping only one
copy for each subset of U =V \ W, we obtain the matrix

0,0 01 | ... 0,L
Mli i Mp : Mp
5 1, - 1L
Mp Mp MP
5
I,0 i |... I.L
Mp Mp Mp

which coincides with the matrix M, in (5.15)). Indeed, the above matrix is indexed
by the set F in |I and its block-form is with respect to the partition F = Ul.L:OFi,
where F; = {e C U : |e] = i}. So the block M;,’J has its rows indexed by F;, its
columns indexed by F;, and its entries are

1 1
p+leufl p+i+j—lenf]

(M) = fore € F, f €F;. (5.16)
As the matrices M), arise from My, by removing its duplicate rows and columns
it is clear that the matrices M, are positive semidefinite if and only if the same
holds for the matrices M,. This concludes the proof. O

In the next section we show that the matrices M,, are positive semidefinite for
all 0 < p < n by exploiting their link to Terwilliger algebras.

5.3.3 The General Cased >2and L >2

In Section [5.2.3|we gave preliminary results on the Terwilliger algebra, which we
will now use to prove that the matrices M, in are positive semidefinite. Fix
an integer 0 < p < n and consider the matrix M, in (5.15)), which has a block-
form with blocks as in . We start with observing that M, belongs to the
Terwilliger algebra A,_,. This is clear .si.nce relation provides the explicit
correspondence between the blocks M;,’] of M, and the generating matrices Dit,j
of the algebra A,_,:

after setting

t

=" 5.17
MoopHit+j—t (>-17)
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Let By be the corresponding matrices from (5.3)) (replacing n by n —p). Then, in
view of Theorem we know that M), > 0 if and only if By > 0 for all 0 < k <

L(n—p)/2].

In what follows p, k are fixed integers. We now proceed to show that By > 0.
To simplify the notation we introduce the following parameters

a(i) := (”_l_p_fk)_%, b(e, 1) := (”_Zi’:k_e), c(0) := (n:,p__kz_kg)

for any integers i,{. Note that we may omit the obvious bounding conditions on
i and £ since the corresponding parameters are zero if these conditions are not
satisfied; for instance, a(i) =0 if i < k and b({,i) = 0 if £ > i. Then we have

min{i,j} n—p—k
Bkz(a(i)a(f) >, ﬁit,j,kxit,j) (5.18)
=0 i,j=k
and
n—p e
— {— . .
Bijx -—EZ(;(—U t(t)c(f)b(f,l)b(m)- (5.19)

We now give an integral reformulation for the entries of the matrix B from (5.18]).
It is based on the fact that

1
1 .
- = f z7ldz  for any integer i > 1, (5.20)
i

0

which permits to give an integral reformulation for the scalars x; ; in (5.17). This
simple but powerful fact will be very useful to show B, > 0. Note that this is
similar to the classical argument used by Hilbert [Hil94]] to show that the Hilbert

matrix (; +}_1

)i ;=1 is positive semidefinite for any n € N.

Lemma 5.14. We have

min{i,j} min{i,j} 1
> Bl= > c(e)b(e,i)b(e,j)f 8,2 ds,
t=0 (=0 0

where we define the function g(£,z) = zp_l(lz;z)[ forz€(0,1].
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. . t .
Proof. First we use the expressions of B , in 1' and of x; ; in ( i and we
exchange the summations in ¢t and £ to obtain

min{i,j} min{i,j} , ¢ 1 iy
_ _t . .
2, Byt = 2 (;p—+i+j_t( () Jemee.pee. . 20

Now we use (5.20), which gives the following integral representation

1
P i — =J gPTHI—t=1gy,
prirj— 0

Using this integral representation (and the binomial theorem for the equality
marked (*) below) we can reformulate the inner summation appearing in (5.21))
as follows:

{ I { ¢ 1
( 1)l—t( ): (_1)E—t( )J zp+i+j—t—1dz
Zp+l+]—t t ; t) )y
1 { t
" 1\ (¢
— Zp+l+]—1(_1)l( (__) ( ))dz
1
;)J Zp+1+] 1( 1)( (1__) dz
0 Z
1 {
— Zp+i+j—1(_1)f (Z_]‘) dZ
0 Z
1 ¢
= zP~1 (1;2) 2t dg.
0 Z

This concludes the proof. O

—~

We can now proceed to show that the matrices By in (5.18) are positive
semidefinite.

Lemma 5.15. We have By, = 0.

Proof. We use Lemma to reformulate the matrix By. First, note that in the
result of Lemmal(5.14} since b(¢,i)b({, j) = 0 if £ > min{i, j}, we may replace the
summation on £ from 0 < £ < min{i, j} to 0 < ¢ < n— p. This implies:

n—p—k

Bk—(a(l)a(.])zﬁl]k l]) =k



Chapter 5. Optimizing Hypergraph-Based Polynomials from Queuing Theory 113

1
f (Zg(e 2)e(0) F Db, D) Fa(iIb(E. ),
0

=0 —h(lz,) =h(l,z,))

J g(€,2)c(0) (h(€,z, D¢, 2 J)) ek
0

—H((,2,6)

J g(l,2)c(O)H(,z,k)dz > 0.
(=070 >0 =0

Here we used the fact that, for any £ € [0, n—p], the function g(¢, ) is nonnegative
on (0,1] and that the matrix H({,z, k) is positive semidefinite for any z € [0, 1]
since it is the outer product of the vector (h(¢,z,1));_, K with itself. O

Therefore, we have shown that the matrices B, are positive semidefinite and
thus the following result.

Corollary 5.16. The matrices M,, from are positive semidefinite for all 0 <
p<n

In view of Lemmas [5.12]and [5.13| we can conclude that the polynomial py, is
convex on A,,, which concludes the proof of Theorem 5.2

5.4 Investigating the Polynomials f;

Here we consider the second class of polynomials f; from (5.1)), namely

fax)= Z ]_[ .Y

(e1,...eq)€E? i=1

We address Conjecture which states that f,; attains its minimum value on the
simplex A,, at the barycenter of A,,. Here too, the conjecture follows if one can
show that f; is convex over A,,, as the analogue of Lemma extends easily
for the polynomial f;. We conjecture that convexity holds in general, which is a
stronger conjecture than Conjecture 5.1} and is not necessary to prove Conjecture

Conjecture 5.17. For any integers n, L,d > 2 the polynomial f; is convex over
the simplex A,,.
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For degree d = 2, we have f, = % P2, and thus we know from Theorem|5.2[that
fo is convex. We will prove in Section[5.4.2] that Conjecture holds for degree
d = 3 and edge size L = 2 and, in Section and Appendix A, we will give a
range of values for (n, L, d) that were numerically tested and support Conjecture

In what follows we begin in Section [5 with giving a polynomial matrix
decomposition for the Hessian of f. Hence, convexity of f; over A, follows if we
can show that a family of well-structured matrices Q,, arising as the coefficients of
H(f4) in the monomial basis, are positive semidefinite (see Lemmas[5.18). Then
we give a recursive reformulation for the matrices Q,, which makes apparent some
links to the matrices M, arising in the Hessian of p, (see Lemma. Using this
reformulation we can show positive semidefiniteness of the matrices Q, in the
case d = 3 and L = 2 (see Section [5.4.2). However, understanding the general
case is technically involved and would require developing new tools for exploiting
the symmetry structure present in the matrices Q, (which is now not captured by
the Terwilliger algebra). This goes beyond the scope of this chapter, and we leave
it for further research. In very recent work Polak [[Pol22]] has carried out this
symmetry reduction, which enables him to show that Conjecture holds in
the case when d <8 and L = 2.

5.4.1 Computing the Hessian of f;
We begin with expressing the polynomial f; in the standard monomial basis:

fa)= D x*  >7 ]_[“U —be (5.22)

aENY e=(e,....,eq)eE? =1 aeNy

where we set

1
ba == Z l_[ m (523)

Next we compute the Hessian of f; and we give a matrix polynomial reformulation
for it.

Lemma 5.18. The Hessian of the polynomial f; is given by

*f(x) _ ZyeNg_z(Yi + Dy + DX by, I #7,
axeiaxej ZyeN&”ﬁz (Yl + 1)(}/1 + Z)Xyby+2ui lfl = j,
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where, as before, u,...,u,, denote the standard basis of R™. In other words,

Hf)x)= > x'Q,,

YEN7 ,

where, for y € N7! ,, we define the symmetric m X m matrix Q, with entries

d—2
(Qij = (ri + Dy + Dby, 1 #J, Qi = (ri + 1)(vi +2)byyay, (5.24)
fori,j € [m]. Hence, H(f4)(x) = 0 forall x € A, if Q, = 0 forall y e N},

Proof. Direct verification. O

We now give a recursive reformulation for the coefficients of the polynomial
f,4 and for its Hessian matrix, that may be helpful for a proof by induction. Recall
the definition of the coefficients b, of f; in Fix a € N7. There are %

distinct tuples e such that a(e) = a. For any such sequence e = (e;,---,¢€;,
with iy,...,i3 € [m], @ = a(e) means that, for any { € [m], a, is the number of
occurrences of £ within the multiset {iy,...,iz}; so a, > 1if £ € {i;,...,i4} and
a, =0if £ & {iy,...,i4}. For instance, for e = (e, e5,€3,€9,€1), d =5, m =4, we
have (iy,...,i5) =(1,2,3,2,1) and a(e) =(2,2,1,0).

To reformulate b, we exploit the fact that b, enjoys some invariance property

under permutations of [d ], namely

=—ZZH

: O'ESde (ell’ . ld)eEd k=1 | 10'(1)

ale)=a

:% D Z]_[ — (5.25)

e; )eEd 0€Sy k= 1| lo(l) lcr(k)l

.U eig(k) |

ale)= a —g

Observe that the inner summation S in does not depend on the choice of
the sequence e such that a(e) = a; thus we may consider it fixed, denoted as
(ei,,---,e;,). Since there are ! possible choices for selecting this sequence, using
relation 5.25 we can reformulate b, as follows:

—ld'Zl_[ e Zﬂ

toeSy l la(l) € (k) ! OESy l lo(l)

.U eig(k)|
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1

Next we pull out the factor TG Te ]

= ¢, which occurs for k = d and get

Here, in the last equality marked (*), we use the fact that a; of the elements in
the multiset {i;,...,i;} are equal to k. Summarizing we have shown:

Lemma 5.19. For any a € N we have

bu=ce D, buy:
ke[m]:a, =1

We now proceed to give a recursive reformulation for the matrices Q, in
(5.24). First we reformulate them using the scaled parameters

b, :=al by, (5.26)
which satisfy the recursive relation:

bu=cy D obey,. (5.27)

k:ap=>1

Indeed, by Lemma|5.19|we have

~ bo—u, ~
by,=a!b,=alc, Z bo—u, =alcq Z T =Ca Z by, -
k:ap>1 kiap>1 o= Ug: k:ap>1
m _ 17 m
Lemma 5.20. For any y € Nj', we have Q, = - (by+ui+uj L1

Proof. Direct verification: for i # j we have (Q,);; = (y; + 1)(r; + 1)by+ui+uj =
/By+ui+uj(}/i+1)(Yj+1)/(}/+ui+uj)! = By+ui+uj/Y! and, fori = j, we have (Q,);; =
(ri + D(ri + 2)byyoy, = Dy (ri + Dy +2)/(y + 2u)! = by oy, /7! O
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Lemma 5.21. For d = 3 and y € N}’ , we have

Q (y+u+ul 1] 1 ( Z QY_uk ( Y+u; + )/+Ll )l] 1)
|

ke[m]y21

~~

Y =R

Y
=My o ( Z Qy—uy +RY)’
ke[m]:y =1
where the matrices M, were introduced in (5.11).

Proof. Combining Lemmas[5.19and [5.21] we obtain

1 ~
(Qy)l] ' y+u +u; = ﬁcy+ui+uj Z b}/+ui+uj—uk (Y +tu;+ uj)k
k:(r+u+u;)e=1

1 ~ ~ ~
= _|CY+ui+uj( Z bY+ui+uj—ukYk + by+uj(}/i +1)+ by+uj(Yi + 1))
v k#i,jiye=1

1 ~ ~ ~
= ﬁcy+ui+uj(kz by—uk+ui+quk + by+ui + by+uj)
=1

o~

b
_ Y=g tu+u; 1 ~
- Cy+ui+uj( Z W +— (by-b-ul + by+u ))
k=1

y+u +u]( Z (Qy uk)l] ( Y+u; +by+u ))

kiyi=1

which shows the claim. O

5.4.2 The Polynomial f; in the Case d =3, L =2

Here we show that the polynomial f; is convex in the case d =3 and L = 2. In
view of Lemma it suffices to show that the matrix Q, is positive semidefinite
for any y € NJ'. Up to symmetry it suffices to show that Q, = 0 for y = u;. In
view of Lemma we have

Qu1 = (Cu1+ui+uj Zl] 1 o(QO + (bu1+u + bu1+u )ll 1)
~——

-~

:Ru1

:Mu1

We have shown earlier that the matrix M, is positive semidefinite, which follows
from the fact that the matrix M, is positive semidefinite (in view of relation (5.13),
Lemma and Corollary 5.16). Hence, if we can show that Q, + R, = 0 then
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this will imply that Q,, = 0 and conclude the proof of Theorem In the rest of
this section we show that Qy +R,,, = 0.

We begin with describing the entries of the matrix Q +R,, . By definition, the
entries of Q, (case y = 0) are

2 2 .
(Qo)ii = 2byy, = I’ (Qo)ij = byy4y, = ——— fori# je[m].

le; Ul
Moreover, T?zul = 2by,, = % and /Bu1+ui = by, 4y, = M%l for i > 2. Using this we
obtain that
Qo+Ry =2 (—— 4 —— )" 25
07 legUe;|  le;Uel  legUe|/ij=1 "

where we define the matrix B as

_( 1 ot 1 )
leUf| leqUe| |eqUf|/esfeE

(5.28)

The main result of this section is the next lemma, which shows that the matrix B
(and thus Qg + R, is positive semidefinite. As observed above, this implies that
the polynomial f5 is convex for L = 2 and thus settles Conjecture for the case
d=3,1L=2.

Proposition 5.22. Assume L = 2. The matrix B in is positive semidefinite.

Before proceeding to the proof, let us make a few observations. Note that the
matrix B from (5.28)) can be decomposed as

1 1 1
b= (m)e’f€E+(|€1 Ue| " leg Uf|)e’f€E'

S AT

So, B = M, +R, where My = My has been shown earlier to be positive semidef-
inite (recall Corollary or note that M, is the matrix M from (5.6) as we
are in the case L = 2). On the other hand, the matrix R is not positive semidef-
inite. In fact, R has rank 2, and it has a negative eigenvalue. One can infer
from the results in Section [5.3.1] that A,,;,(M,) = 1/12, while one can check that
Amin(R) < —1/12 =—0.0833... when n > 6 (see Table[5.1]below). Hence, in gen-
eral one cannot argue that B > 0 by simply looking at the smallest eigenvalues
of its summands M, and R. On a very high level, we will show positive semidef-
initeness of the matrix B by observing that it has a simple block structure, which
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we can exploit by taking several successive Schur complements; in this way we
obtain well-structured matrices that can be directly shown to be positive semidef-
inite. The exact details are not difficult, but a bit technically involved.

In the rest of the section we prove Proposition To fix ideas we let e; be
the edge e; = {1, 2} and to simplify notation we set p =n—2 and q = (";2). Then
the index set of B can be partitioned into {e;} U I; U I, U I, setting I; = {{k,i} :
3<i<n}fork=1,2,and I, ={{i,j} :3<i<j<n}. Sol|lb|=|I] =pand
|| = q. With respect to this partition one can verify that the matrix B has the
following block-form:

€1 I I Iy
e 2 L, $p J14
B = L % p,1 Jp+ %Ip %Jp"'%lp %Jp,q"'%FT
I %Jp,l %Jp + %Ip JP + élp %Jp,q + ﬁFT
Ip \Jg1 | 3, +5T | 2,,+5T | M+3J,

Here M is the matrix from (replacing n by p = n—2). We have shown in
Section (see relation (5.7) and Lemma|[5.9) that M can be decomposed as
1 1 1 .
M=—I,+=J,+—TIT7,
1277477 12
where I' =T, is the (12’) x p matrix whose (f,i)th entry is |[{i} N f|.

We now proceed to show that the matrix B is positive semidefinite. Note
that its lower right diagonal block indexed by the set I, is positive semidefinite
(since M > 0). Our strategy is now to ‘eliminate’ the three borders indexed by
the sets {e;}, I; and I, successively, one by one, by taking Schur complements,
until reaching a final matrix (indexed by I,,) whose positive semidefiniteness can
be seen directly. To do the Schur complement operations we will need to invert
matrices of the form al + bJ. The next lemma indicates how to do that, its proof
is straightforward and thus omitted.

Lemma 5.23. For a, b € Rsuch that a+pb # 0, the matrix al,+bJ), is non-singular
with inverse

1 b
-1 _
(al, +bJp) ™ = ~(1,— = s
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Now come three steps where we successively eliminate the three borders of B
indexed by {e,}, I; and I,, by taking successive Schur complements with respect
to the upper left corner.

Step 1: We take a first Schur complement with respect to the upper left corner of
B (indexed by e;). We call B, the resulting matrix, which reads

1 11 1 5 1T
Jp+ 5l nht il e/pa L \
11 1 1 5 1T
lpt 1l Jp+glp 6/pqt 150
5 1 5 1 1 1T o 3
EJq,p+EF EJq,p"'ﬁF Elq+ﬁrr +71qu
7
§/p1
2
_Z17z 7 7
3 §/p1 (EJl,p 5J1p Jl,q)
Joa
5 1 1 1 1 1T
( 530p + 81 o8/p T 130 lpe t il \
1 1 5 1 1 1T
= | 8/ t =lp 53p T8l 8/pq t L
1 1 1 1 1 1ppT 4 1
w©lopt Bl | Blep Tl | Bl T +EJq}

Setting B; = 6B;, we obtain B > 0 <= B; > 0 & B; > 0, where

5 1 1 1 1T
( ot | 15l t3alp g 30T )
1 1 5 1 1T
B, = lp 3l olp +1p 3Jpqt 3l
1 1 1 1 1 1 T 1
3gptal | 3Jgpt 3l | 3lg+3IT" +3J;

Step 2: We now take the Schur complement with respect to the upper left corner
of B; (indexed by I;), where we use Lemma to invert it:

(I, +5/9J,) ' =1,—5/(5p +9)J,,.
After taking this Schur complement the resulting matrix §2 reads:

(34 | At )

B, =
2=\ 1y, + 11 | 41+ 2rr7 + 10,/
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1
=J, + 5 I 5
18“p
- I, — J ( S35, 30,0+3% FT)
3Jqp+ ir (P (5p+9) P) 18“p 3Ypg
11p+23 1T 3p+7
[ 7l +4(5p+9)JP | ZF +2(5p+9)Jp,q \
= 3p+7 1 1T 3p+7 .
\ 3l + 5Gpr0Jap | 21T 3IT +m%}

Setting B, = 4B, we obtain B > 0 & B, > 0 <= B, > 0, where

T4 2(3p+7)
r 5p+9 ‘]pq \

[31 4 11p+23

5p+9 P
2(3p+7) T 4 2(3p+7) .
\F-‘r 5pi0 Jq 21q+FF +5p—+9‘]q}

Step 3: Inverting the top left block of B, via Lemma gives

11p +23 )—1 1 (11p +23)
p

3+ ——— =-I,— .
(P 5p+9 37 3(11p2+38p+27) 7

Taking the third and final Schur complement with respect to this block in B, we

get the matrix

By =21, + 117 + 202+,
5p+9
—(FT + 28p+7) )(ll _ (11p +23) J )(FT + 28p+7) )
5p+9 TPJA3P 3(11p2+38p+27) ° S5p+9 P4
2 2(9p + 25
=21q+—rrT+(p—) .
3 3(11p +27)

It is now clear that B; > 0. In turn, this implies that B, > 0 and thus B > 0, which
concludes the proof of Proposition [5.22]

We conclude with an indication why the above proof seems difficult to extend
to the general case L > 3. The biggest hurdle lies in the richness of the possible
intersections between edges of large size. More concretely, recall that the (e, f )th
entry of the matrix B in depends on |eUf]|, |eUe; | and |f Ue;|. So one has to
take into account how the two edges e, f pairwise interact within e; and outside
it, which becomes technically involved when |e;| = L is large. So the matrix B has
an increasingly involved block structure when L grows. In addition, some blocks
in B may have a form that requires an additional symmetry reduction to become
amenable.
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5.4.3 Some Numerical Justification for Convexity of f;,

We have carried out some numerical experiments for a range of values of d, L, n
and verified that the matrices Q, are positive semidefinite for all y € N}, in these
cases. Hence, for these values the polynomial f; is convex and Conjecture [5.17
holds. Recall from Lemma that the matrix Q, can be decomposed as

( Z Qo + ):MYO(BY+RY)'

ke[ml:y=1

=B,

By the results in Section we already know that the matrix M, is positive
semidefinite. Hence, it now suffices to show that the matrix B, + R, is positive
semidefinite for each y € Nj_,. We did this in the previous section for the case
d =3 (and L = 2). We have computed the minimum eigenvalues of the matrices
Qy, B, and R, for different values of n, d and L and give this information for the
case L = 2 in Table[5.1|below (for d = 3) and in Tables in Appendix A (for
d > 4). (Further numerical results for L > 3 can be found in the arXiv version of
this chapter). In each case we consider the possible different cases for selecting
y € N} _, up to symmetry; the different instances of y are indicated in the column
labeled y. For instance, for d = 3, L = 2 there is only one possibility, say y = u;
corresponding to edge e; = {1, 2} (see Table[5.1). For d = 4, L = 2 there are three
possibilities: y = 2e; with e; = {1,2}, ¥y = u; +u, withe; = {1,2} and e, = {1, 3},
and y = u; +u, with e; = {1,2} and e, = {3,4} (see Table[5.2).

In all cases we find that Q, is positive semidefinite (in fact, positive definite).
As already mentioned in Section for the case d = 3, we see that in general
this cannot be deduced by considering its summands separately, since R, has a
negative smallest eigenvalue and A,,;,(By)+ Amin(R,) < 0 from a certain n (which
depends on d and L). In addition, we observe that A.;,(B,) stays constant from
a certain n while A,;;(R, ) keeps decreasing. It remains an open problem to show
that the property Q, = 0 holds in general.

For recent progress on this problem we refer to Polak [[Pol22]], who proved that
all the matrices Q, are positive semidefinite in the case d < 8 and L = 2. One of
the difficulties is that one needs to enumerate the distinct patterns for y € N7! ,,
i.e., the number of multigraphs with d —2 edges. As mentioned earlier in Example
this number is given by the OEIS sequence A050535 [[OEI99al], and it grows
quickly with d.
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5.5 Numerical Results for the Polynomials f;

We group here Table through Table which show the eigenvalues of the
matrices Q,, B, and R, for L = 2 and small values of n,d. To see that these are
indeed exhaustive, we again refer to the OEIS sequence A050535 [[OEI99a]] giving
the number of multigraphs with up to four edges. Note that some multigraphs can
only appear if the number n of vertices is large enough.

d L n Y Amin(Qy) Amin(By) Amin(Ry)

] 00556 0.1667 -0.0236
] 0.0347  0.0833  -0.0478
[[1,2]] 0.0347 0.0833  -0.0729
] 00347 0.0833  -0.0987
] 0.0347  0.0833  -0.1249
[[1,2]] 0.0347 0.0833 -0.1514

Table 5.1: Cased =3,L =2

W W w w w w
NN DNDNDNDN
0N O U1 AW

[ |

[ |

J—‘

N

—_—

d L n Y Amin(Qy) Amin(By) Amin(Ry)
4 2 3 [[1,2],[1,2]] 0.0185  0.0556 -0.0415
4 2 4 [[1,2],[1,2]] 0.0133 0.0347 -0.0805
4 2 5 [[1,2],[1,2]] 0.0133 0.0347  -0.1189
4 2 6 [[1,2],[1,2]] 0.0133 0.0347 -0.1572
4 2 3 [[1,3],[1,2]] 0.0593 0.1778 -0.0028
4 2 4 [[1,3],[1,2]] 0.0238  0.0802 -0.0478
4 2 5 [[1,3],[1,2]] 0.0214 0.0743  -0.092

4 2 6 [[1,3],[1,2]] 0.0214 0.0741 -0.1359
4 2 7 [[1,3],[1,2]] 0.0214 0.074 -0.1798
4 2 4 [[3,4],[1,2]] 0.0174 0.0694 -0.0012
4 2 5 [[3,4],[1,2]] 0.0174 0.0694 -0.029

4 2 6 [[3,4],[1,2]] 0.0174 0.0694 -0.0565
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d L n Y Amin(Q)/) Amin(By) Amin(Ry)

7 [[3,4],[1,2]] 0.0174  0.0694  -0.084
8 [[3,4],[1,2]] 0.0174 0.0694 -0.1115
4 2 9 [[3,4],[1,2]] 0.0174 0.0694  -0.139

Table 5.2: Cased =4,L =2

o
NN

d L n Y )'min(Qy) Amin(By) Amin(R)f)
5 2 3 [[1,2],[1,2],[1,2]] 0.0062 0.0185  -0.0425
5 2 4 [[1,2],[1,2],[1,2]] 0.0049 0.0133 -0.0804
5 2 5 [[1,2],[1,2],[1,2]] 0.0049 0.0133 -0.1163
5 2 3 [[1,3],[1,2],[1,2]] 0.0298  0.0894  -0.0062
5 2 4 [[1,3],[1,2],[1,2]] 0.0111 0.0396 -0.0605
5 2 5 [[1,3],[1,2],[1,2]] 0.0098 0.0358  -0.112
5 2 6 [[1,3],[1,2],[1,2]] 0.0098 0.0358  -0.162
5 2 4 [[3,4],[1,2],[1,2]] 0.0077 0.0307 -0.0085
5 2 5 [[3,4],[1,2],[1,2]] 0.0072 0.0307  -0.038
5 2 6 [[3,4],[1,2],[1,2]] 0.0067 0.0307  -0.0667
5 2 7 [[3,4],[1,2],[1,2]] 0.0067 0.0307 -0.0948
5 2 4 [[1,4],[1,3],[1,2]] 0.0263 0.1052  -0.009
5 2 5 [[1,4],[1,3],[1,2]] 0.0162 0.0716 -0.0681
5 2 6 [[1,4],[1,3],[1,2]] 0.0151 0.0676 -0.1255
5 2 7 [[1,4],[1,3],[1,2]] 0015  0.0675 -0.1819
5 2 8 [[1,4],[1,3],[1,2]] 0.015 0.0675 -0.2374
5 2 4 [[2,4],[1,3],[1,2]] 0.0188  0.0753  -0.0063
5 2 5 [[2,4],[1,3],[1,2]] 0.0151 0.0678 -0.0613
5 2 6 [[2,4],[1,3],[1,2]] 0.0139 0.0635 -0.1147
5 2 7 [[2,4],[1,3],[1,2]] 0.0139 0.0635  -0.167
5 2 8 [[2,4],[1,3],[1,2]] 0.0139 0.0635 -0.2186
5 2 5 [[2,3],[1,5],[1,4]] 0.0114 0.0571 -0.0053
5 2 6 [[2,3],[1,5],[1,4]] 0.0113 0.0569 -0.0395
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d L n Y Amin(Q}/) Amin(By) Amin(Ry)

5 2 7 [[2,3],[1,5],[1,4]] 0.0107 0.0569 -0.0731

5 2 8 [[2,3],[1,5],[1,4]] 0.0107 0.0569 -0.1062

5 2 9 [[2,3],[1,5],[1,4]] 0.0107 0.0569  -0.1391

5 2 3 [[2,3],[1,3],[1,2]] 0.0926 0.2778 -0.0

5 2 4 [[2,3],[1,3],[1,2]] 0.0237 0.085 -0.0967

5 2 5 [[2,3],[1,3],[1,2]] 0.0212 0.0764 -0.1882

5 2 6 [[2,3],[1,3],[1,2]] 0.0212 0.0764 -0.2766

5 2 6 [[56],[3,4],[1,2]] 0.0087 0.0521 -0.0011

5 2 7 [[56][3, 4],[1,2]] 0.0087 0.0521 -0.0233

5 2 8 [[56],[34],[1,2]] 0.0087 0.0521 -0.0452

5 2 9 [[56]1[3,4],[1,2]] 0.0087 0.0521 -0.067

5 2 10 [[5,6],[3,4],[1,2]] 0.0087 0.0521 -0.0885

5 2 11 [[5,6],[3,4],[1,2]] 0.0087  0.0521 -0.11

Table 5.3: Cased =5,L =2

d L n Y Amin(Qy) Amin(By) Amin(Ry)
6 2 3 [[1,2],[1,2],[1,2],[1,2]] ©0.0021  0.0062 -0.0349
6 2 4 [[1,2],[1,2],[1,2],[1,2]] 0.0017 0.0049 -0.0652
6 2 5 [[1,2],[1,2],[1,2],[1,2]] 0.0017 0.0049  -0.0931
6 2 3 [[1,3],[1,2],[1,2],[1,2]] 0.0124 0.0371  -0.0094
6 2 4 [[1,3],[1,2],[1,2],[1,2]] 0.0044 0.0165 -0.0579
6 2 5 [[1,3],[1,2],[1,2],[1,2]] 0.004  0.0148 -0.1029
6 2 6 [[1,3],[1,2],[1,2],[1,2]] 0.004  0.0148 -0.1457
6 2 3 [[1,3],[1,3],[1,2],[1,2]] 0.0261 0.0785 -0.0016
6 2 4 [[1,3],[1,3],[1,2],[1,2]] 0.0064 0.0237 -0.0626
6 2 5 [[1,3],[1,3],[1,2],[1,2]] 0.0057 0.0211 -0.1193
6 2 6 [[1,3],[1,3],[1,2],[1,2]] 0.0057 0.0211 -0.1732
6 2 4 [[3,4],[1,2],[1,2],[1,2]] 0.0031 0.0125 -0.0141
6 2 5 [[3,4],[1,2],[1,2],[1,2]] 0.0026 0.0124 -0.0384
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QL
~
=

Y Amin(Qy) A'min(By) kmin(Ry)

3,4],[1,2],[1,2],[1,2]] 0.0024 0.0115 -0.0616

3,4],[3,4],[1,2],[1,2]] 0.0038 0.0153  -0.0007
3,4],[3,4],[1,2],[1,2]] 0.0036 0.0153  -0.0255
3,4],[3,4],[1,2],[1,2]] 0.0033 0.0153  -0.0492
3,4],[3,4],[1,2],[1,2]] 0.0033 0.0153  -0.0721

1,4],[1,3],[1,2],[1,2]] 0.0147 0.0589  -0.0142
1,4],[1,3],[1,2],[1,2]] 0.0084 0.0386  -0.0771
1,4],[1,3],[1,2],[1,2]] 0.0078 0.036 -0.1372
1,4],[1,3],[1,2],[1,2]] 0.0078 0.036 -0.1952

2,4],[1,3],[1,2],[1,2]] 0.0129 0.0514  -0.0151
2,4],[1,3],[1,2],[1,2]] 0.0079 0.037 -0.0766
2,4],[1,3],[1,2],[1,2]] 0.0073 0.0344  -0.1352
2,4],[1,3],[1,2],[1,2]] 0.0073 0.0344  -0.1919

LI
N
LI
LI
N
LI
L[
N
L[
N
LI
L[
N
2,4],[1,3],[1,3],[1,2]] 0.0102  0.0407 -0.0089
2,4],[1,3],[1,3],[1,2]] 0.0074 0.0343  -0.064
2,4],[1,3],[1,3],[1,2]] 0.0068 0.0318 -0.1167
L[
LI
LI
L[
L[
L[
L[
N
L[
L[
LI
L[
N
5[
5[
N

2,4],[1,3],[1,3],[1,2]] 0.0068 0.0318 -0.1675

J

2,3],[1,5],[1,4],[1,4]] 0.0059 0.0294  -0.0148
2,3],[1,5],[1,4],[1,4]] 0.0052 0.0293  -0.0485
2,3],[1,5],[1,4],[1,4]] 0.0049 0.0278  -0.0813
2,3],[1,5],[1,4],[1,4]] 0.0049 0.0278  -0.1132

2,3],[2,3],[1,5],[1,4]] 0.0053 0.0266  -0.0055
2,3],[2,3],[1,5],[1,4]] 0.0047 0.0259  -0.0344
2,3],[2,3],[1,5],[1,4]] 0.0044 0.0249  -0.0623
2,3],[2,3],[1,5],[1,4]] 0.0044 0.0249  -0.0897

2,3],[1,3],[1,2],[1,2]] 0.0525 0.1574  -0.0017
2,3],[1,3],[1,2],[1,2]] 0.0125 0.0467  -0.1176
2,3],[1,3],[1,2],[1,2]] 0.0112 0.0416  -0.2252
2,3],[1,3],[1,2],[1,2]] 0.0112 0.0416  -0.3274

5,6],[3,4],[1,2],[1,2]] 0.0038 0.023 -0.0086
5,6],[3,4],[1,2],[1,2]] 0.0035 0.0229  -0.0278
5,6],[3,4],[1,2],[1,2]] 0.0033 0.022 -0.0466
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d L n Y Amin(Qy) Amin(By) Amin(Ry)
6 2 9 [[56]I[3, 4],[1,2],[1,2]] 0.0033 0.022 -0.065
6 2 5 [[1,5],[1,4],[1,3],[1,2]] 0.0208 0.104 -0.0167
6 2 6 [[1,5],[1,4],[1,3],[1,2]] 0.0121 0.066  -0.0852
6 2 7 [[1,5],[1,4],[1,3],[1,2]] 0.0115 0.063  -0.1515
6 2 8 [[1,5],[1,4],[1,3],[1,2]] 0.0115 0.0629 -0.2164
6 2 5 [[2,3],[1,5],[1,4],[1,2]] 0.0141 0.0706 -0.0132
6 2 6 [[2,3],[1,5],[1,4],[1,2]] 0.0107 0.0592 -0.0743
6 2 7 [[2,3],[1,5],[1,4],[1,2]] o0.0101 0.0562 -0.1336
6 2 8 [[2,3],[1,5],[1,4],[1,2]] 0.0101 0.0562 -0.1915
6 2 6 [[2,3],[1,6],[1,5],[1,4]] 0.0084 0.0505 -0.0119
6 2 7 [[2,3]1[1,6][1,5][1,4]] 0.0079  0.0503 -0.0503
6 2 8 [[23],[1,6],[1,5],[1,4]] 0.0075 0.049 -0.0879
6 2 9 [[2,3],[1,6],[1,5],[1,4]] 0.0075 0.0489 -0.1248
6 2 4 [[2,3],[1,4],[1,3],[1,2]] 0.0246 0.0985 -0.0122
6 2 5 [[2,3],[1,4],[1,3],[1,2]] 0.0162 0.0746 -0.1185
6 2 6 [[23],[1,4],[1,3],[1,2]] 0.0151 0.0695 -0.2198
6 2 7 [[2,3],[1,4],[1,3],[1,2]] 0.0151 0.0695 -0.3177
6 2 4 [[3,4],[2,4],[1,3],[1,2]] 0.0204 0.0815 -0.0003
6 2 5 [[3,4],[2 4],[1,3],[1,2]] 0.014  0.0644 -0.0946
6 2 6 [[3,4],[2 4],[1,3],[1,2]] 0.0129  0.0594 -0.1846
6 2 7 [[3,4],[2,4],[1,3],[1,2]] 0.0129 0.0594  -0.2716
6 2 6 [[2,6],[23],[1,5],[1,4]] 0.0077  0.046 -0.005
6 2 7 [[2,6],[23],[1,5],[1,4]] 0.0074 0.0456  -0.0392
6 2 8 [[2,6],[2,3],[1,5],[1,4]] 0.0071 0.0456 -0.0727
6 2 9 [[2,6],[23][1,5],[1,4]] 0.0071  0.0456 -0.1055
6 2 5 [[2,5],([2,3],[1,4],[1,3]] 0.0121 0.0603 -0.0084
6 2 6 [[2,5],[23],[1,4],[1,3]] 0.01 0.055  -0.0643
6 2 7 [[2,5],[2 3],[1,4],[1,3]] 0.0094 0.0523 -0.1184
6 2 8 [[2,5],[2,3],[1,4],[1,3]] 0.0094 0.0523 -0.1712
6 2 6 [[56],[24],[1,3],[1,2]] 0.0077 0.0461 -0.0096
6 2 7 [[56],[2 4],[1,3],[1,2]] 0.0073 0.0461 -0.0451
6 2 8 [[56],[24],[1,3],[1,2]] 0.007  0.0457 -0.0799
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d L n Y Amin(Qy) A'min(By) kmin(Ry)
6 2 9 [[56],[2 4],[1,3],[1,2]] 0.007  0.0457 -0.114
6 2 7 [[45][23],[1,7],[1,6]] 0.0057 0.0399  -0.0047
6 2 8 [[4,5],[2,3],11,7],[1,6]] 0.0056 0.0399 -0.0276
6 2 9 [[4,5],[23],[1,7],[1,6]] 0.0053 0.0398 -0.0501
6 2 10 [[4,5],[2,3],[1,7],[1,6]] 0.0053 0.0398  -0.0723
6 2 5 [[4,5],[23],[1,3],[1,2]] 00121 0.0606 -0.0192
6 2 6 [[4,5],[23],[1,3],[1,2]] 0.0112 0.0606 -0.0784
6 2 7 [[4,5],[2,3],[1,3],[1,2]] 0.0106 0.0594  -0.1359
6 2 8 [[4,5],[23],[1,3],[1,2]] 00106 0.0594 -0.1919
6 2 8 [[7,8],I[56][3,4],[1,2]] 0.0043 0.0347  -0.0008
6 2 9 [[7,8],I[5,6][3,4],[1,2]] 0.0043 0.0347  -0.0161
6 2 10 [[7,8][5, 6],[3,4],[1,2]] 0.0043 0.0347 -0.0312
6 2 11 [[7,8],[5,6] [3,4],[1,2]] 0.0043 0.0347  -0.0462

Table 5.4: Cased =6,L =2



Four Different Views at Flag Algebras

Flag algebras, first introduced by Alexander Razborov in 2007 [[Raz07/], unify and
generalize previous ideas of numerous authors, and remain one of the most pow-
erful tools in extremal combinatorics to date. While initially focused on extremal
(hyper-)graph theory (see, for example, Razborov’s own survey [[Raz13|] for some
early results), it has since found applications for various other extremal settings.
For example, the theory has been applied to limits of permutations (also known
as Permutons) [|SS18]], of (point) order types [Goa+18]], and of oriented graphs
[Gil+19].

Recently, a fascinating connection to polynomial optimization in the case
of (hyper-)graphs was found by Raymond, Saunderson, Singh and Thomas
[Ray+18]. The authors showed that one can recover the optimization hierar-
chies used to compute flag sums-of-squares certificates by considering a sequence
of symmetric polynomial optimization problems, and exploiting its symmetries
partially. Chapters [8 and [9] investigate these connections further: We generalize
the approach to arbitrary flag algebras, we fully exploit the symmetry of two
different optimization hierarchies, and we generalize the way these hierarchies
can converge in the limit. In the process we generalize notions coming from
the representation theory of the symmetric group in Chapter |8} which includes a
generalized notion of Young-tableau for different types of flags, as well as com-

129
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binatorial algorithms to work with these computationally. Finally, we provide an
extensive Julia software package implementing these findings, and provide some
examples.

This chapter focuses on flag algebras themselves: We explain the basics of flag
algebras in the non-induced setting, to our knowledge making it work for the first
time in the literature for arbitrary flag algebras. We compare the non-induced
and the more commonly used induced setting (which we will call Razborov set-
ting), provide a general translation of induced and non-induced flags to (limits
of) polynomials, and provide a novel "Character" basis for flag algebras.

6.1 What is a (Non-Induced) Flag Algebra?

We will here introduce some relevant details concerning flag algebras. In con-
trast to Razborov [[Raz07]], we will prioritize the setting of non-induced sub-flag
densities (to be defined in a moment). This simplifies many proofs, formulas
and theorems of Razborov considerably, and was, for example, already used in
the setting of graphs by the authors of [Ray+18]]. At the same time, it is only a
Mobius transformation away from Razborov’s setting, so translating between the
two settings is straightforward, as we will see in Section

Triangle Free Graphs. We start with probably the most common example, and
one of first milestones in extremal graph theory, known as Mantel’s theorem
[ManOQ7]], which answers the question: What is the maximum edge-density in a

triangle free graph, as the number of vertices approaches infinity?

%)
n=1’

each graph G, has more vertices than the graph G,_; before. To formalize the
problem, we first have to define the subgraph density of a given graph H in this
sequence. We choose to define the density of H = (V(H), E(H)), where V(H) =
[k]1={1,...,k}, EGH) € (X)) in G as

Here we are working with an increasing sequence of graphs G = (G,,) where

p(G,H) = lim P[{o,(i),04(j)} € E(Gy) V{i,j} € E(H)]
=n1_i>n010 Plo,(H) is a subgraph of G, ]

= lim Plo,(H)C G,]€[0,1],

where 0, is a permutation of vertices of G, chosen uniformly at random. We use
the notation G C G’ for denoting that G is a (non-induced) subgraph of G/, i.e.
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V(G) € V(G") and E(G) C E(G’). By definition, this is the limit of the probabilities
that, given a random way to embed H in G,, this results in a (non-induced) sub-
graph of G,,. Non-induced simply means that we may remove edges from G,, to
obtain H this way. While generally the limit p(G, H) does not exist, we can restrict
ourselves to convergent sequences, in the sense of the following proposition.

Proposition 6.1. Let G = (G,).2, be an increasing sequence of graphs. Then there
exists an increasing subsequence G of G such that the limit p(G,H) exists for every
graph H.

oo

oy, Where each d, is the (countably-infinite

Proof. Consider the sequence (d,,)
dimensional) vector

d, = (P[o,(H) is a subgraph of G, ) grapn € [0, 17%,

By Tychonoff’s theorem [[Tyc35[] products of compact spaces are compact, and the
countably infinite product of the interval (also known as Hilbert Cube [|SS78])
is metrizable, implying that [0, 1] is sequentially compact. Thus, there exists a
convergent subsequence of (d,)°°,, and the corresponding subsequence of graphs
G has the property we want to show. O

From now on, we are always working with increasing sequences of graphs,
which converge in the sense of Proposition whenever we mention graph se-
quences.

This kind of density is also called (see [Ray+18]]) the limit of the injective
density of H as a (not necessarily induced) subgraph in G. Injective means here
that the random embedding is injective (one to one), and no two vertices of H
end up on the same vertex of the G,,.

We can now formalize the problem of maximizing the edge-density in triangle
free graphs (in the limit) as

ex(ZA) = mgax{p(g,l) :p(G, ) =0},

where the maximum is taken over all (increasing and convergent) sequences G =
(G2, of graphs.
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An Easy Lower Bound. One can easily find a good lower bound for this problem:
We split the vertices into two sets with an (almost) equal number of vertices, and
fully connect the two subsets, to construct the complete bipartite graph G, =
Kray o). This sequence of graphs is obviously triangle free, and its edge density
approaches

LI5S 1

) 2

thus ex(l; /) is at least 3.

6.2 Upper Bounds via Flag Sums-of-Squares

But how can one prove that this bound, and thus this construction, is optimal?
Here Flag algebras come into play. We first note that the product of two densities
is equal to the density of the graph obtained by gluing the two graphs together on
distinct vertices.

Proposition 6.2. Let Hq, H, be graphs, and G be an (increasing, convergent) graph
sequence. Then

p(G,H1)p(G,H,) = p(G,H, UH,),

where H; U H, denotes the disjoint union of the graphs H,; and H,.

Proof. By definition, we have

p(G,H)p(G,Hz) = lim Ploy(H,) € G,]-Ploy(Hz) € Gy]

= lim P[oy(H,) € G, Ao (Hy) € G-
n—

As n increases, the probability that the two graphs H; and H, are sent to distinct
sets of vertices approaches one:

lim P[V(0a(H) N V(o7 (H) = 0] = 1.
By the law of total probability, this implies that

p(G,H,)p(G,Hy) = nll)fgo Plo,(H, UH,) € G,]=p(G,H; UH,).
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For example, we have

p(G.Dp(G, ) =p(G.<p), (6.1)

the product of the edge and triangle density is the density of the graph on five
vertices with a disjoint edge and triangle.

We can extend the definitions of density and product to partially labeled (or
flagged) graphs, which we call flags. The idea is to fix some entries of the ran-
dom permutation o, calling these fixed vertices the labeled vertices of a flag. For

instance, the density p (g, C?), where C? is a flag with one labeled vertex, is

p (g, C?) nl_i)nolo]P’[O'n (g) is a subgraph of G, | 0,(1) = 1]

. dean(l)
= lim ———,

n—-co n-—1

the limit of the (relative) degree of the vertex 1 in the sequence of graphs.
Formally, we define a flag F = (H, f ) to be a graph H together with an injective

function f : W — N, which assigns labels to a subset of vertices W C V(H). The

density of a flag F in a sequence of graphs is then defined analogously as

p(G,F) = lim Plon(H) € G, | on(w) = f(w)Vw e W]€[0,1],

where we can assume convergence as before in the unlabeled case. If W = 0, we
identify F = (H,f) =H.

Accordingly, the product of densities of two flags glues the vertices with the
same label on top of each other, and unlabeled vertices to distinct vertices.

Proposition 6.3. Let F; = (Hq, f;: W; — N), Fy = (Ho, fy: W; — N) be flags, and
G be an (increasing, convergent) graph sequence. Then

p(G,F1)p(G,F,) = p(G,F; - Fy),

where F,-F, denotes the gluing operator. The flag F;-F, is obtained by first taking the
disjoint union H; UH, of the graphs, adopting both of their labels, and then merging
vertices v; € V(Hy), v, € V(H,) if they have the same labels f1(v;) = fo(v5).

Proof. Analogous to the proof of Proposition [6.2] O
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The gluing rules in Propositions [6.2]and [6.3]are independent of the sequences
G. This allows us to drop the sequence G and p in the notation, using the flags
themselves to denote the functions which assigns graph sequences the densities
of the corresponding flags. I.e. the flag F from now on denotes the function

F(G) = p(G,F).

Indeed, the product rules such as equation ([6.1) are independent of the graph
sequence G, so we can write as

A=

An example of Proposition [6.3] gluing (multiplying) two flags, is

TeEe-qf

Note that double edges are merged, as we are working with simple graphs.

A useful observation here is that the density of the graph consisting of a single
isolated vertex is identical to one in any graph, so adding isolated vertices to a
graph does not change its density in the limit:

G-e=0G.

This allows us to eliminate appearing graphs with isolated vertices by replacing
them with the corresponding graphs without these vertices.

We can now consider real linear combinations of flags, sometimes also called
quantum graphs [Lov12[]. The set of all quantum graphs forms a real vector space
of functions assigning graph sequences a real number, with a basis given by all
flags without isolated vertices. Together with the gluing operation this vector
space forms an algebra, called the flag algebra of graphs Ag.pn. We say that a
quantum graph F € Ay, is nonnegative, denoted F > 0, if F(G) = 0 for all
(increasing, convergent) graph sequences G.

Since quantum graphs are functions assigning graph sequences real numbers,
squaring a quantum graph always results in a nonnegative quantum graph. For

(1@—2?)2=®—4<?+4R20,

example, we have
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where @ denotes the density of the empty graph, which is always 1, as a conse-
quence of the definition of subgraph densities.

The last operation we still need is the unlabeling operator. This operator, de-
noted by [-], averages a quantum graph over all possible choices of labels, effec-
tively removing all labels from vertices. Given a flag F = (H, f), we define the
unlabeling operator as

[F]1:=E[(H,mof)]=H,

where 7 is a random permutation in S.,. We extend the operator linearly to
quantum graphs.

Since averaging over nonnegative numbers results in a nonnegative number,
the unlabeling operator preserves nonnegativity. Thus, we have

w(w—z(?)z]l=|[®—4?+4}D\]l=®—41+4/\20, (6.2)

and, analogously,

[(8-Lo- o) JFonraze e

Combining the squares and into one sum-of-squares term we prove

§_1+A=|[§(1@‘2<?)2]l :
13- Lo o dd) =0

Thus, we obtain %—I > 0 (as we are in the case of triangle free graphs). This
shows that the edge density ] is at most % in triangle free graphs in the limit, and
that the lower bound construction coming from complete bipartite graphs is sharp
(in the limit).

As in the polynomial optimization case (6.9), we can restrict the appearing
flags to obtain semidefinite programming hierarchies to solve flag SOS computa-
tionally. There are two naive approaches to truncate the problems for flag alge-
bras: We can either restrict the number of edges in the appearing products H - H’
between flags, which we call the Lasserre hierarchy for flag SOS, and investigate
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in Chapter|[8] Alternatively, we can also restrict the number of vertices in the prod-
ucts H - H’, which is more commonly used for flag SOS [FV13]], and which we call
Razborov’s hierarchy for flag SOS. This second hierarchy we investigate in Chapter

ol

6.3 General Flag Algebras

Razborov defines flag algebras in a much more general setting, in the language of
finite model theory (see, for example, [HS18]] for an introduction). To quote, he
assumes we are working with a "universal first-order theory T with equality in a
language L containing only predicate symbols; we assume T has infinite models."

Basically, this says that our finite models M (for example a graph) are defined
on a base set (vertices) V(M ). We have a set of predicates Pl.M :V(M)™ — {0,1},
taking m; arguments each, and thus defining relations between vertices. In the
theory of graphs, for example, we have one predicate Pegg(i, j) indicating which
edges appear in the graph. The set of all true relations in a model M we call E(M),
as it generalizes the edge set of graphs. Having no constant symbols implies that
each vertex essentially has the same role (which is important, as this implies a
certain S,, symmetry), and equality allows us to differentiate between them (as
well as enforcing injectivity of homomorphisms). No function symbols and the
existence of infinite models imply existence of models of every cardinality (of
V(M)), and that each subset of vertices induces a sub-model.

Submodels are defined as the restriction of V(M) to a subset W C V(M) of
vertices, while keeping all values of predicates (i.e., relations) intact, as long as
all arguments come from within W. Two models M and N are isomorphic, if they
have the same number of vertices, and there exists a bijection o : V(M) — V(N)
such that PiM(xl,...,xmi) = PiN(a(xl), .++,0(xp,)) for each choice of vertices
x; € V(M).

For example, in the case of graphs we have one predicate Peqq. taking two
arguments i, j, and Pegg.(i,j) = 1 if {i, j} is an edge of our graph. The axioms
here are Pegge(i, j) = Pedge(J, 1) (undirected graphs) and Pegq(i,1) = O (no loops).

Given a sequence of models M = (M,)2., where |[V(M,)| = n, Razborov

n=1’
defines limits of submodel densities as

Ping(M,N) = lim P[N = M|y, ]

where, as before in the case of graphs, V,, is a random subset of V(M) with |V(N)|
elements. Note here again that Razborov chooses to count the density of N as
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induced submodel, and the induced submodel M, |y_only has to be isomorphic,
not equal to the model N.

We, instead, choose to work with non-induced submodel densities, defined
analogously to the graph case before as

p(M,N) := nll)rgo IP’[PI.N(x) = PiM”(O'n(X))VX e V(N)™,i]le[0,1],

where 0, is an injective embedding V(N) — V(M,,), chosen uniformly at random.

As before, gluing together two models glues them together on distinct vertices,
setting relations involving vertices from both models to zero. In the induced set-
ting the product of two models results in a linear combination containing every
possible combination of relations involving both model’s vertices, while we here
simply obtain one new model. We extend the gluing operation to partially la-
beled models, called Flags, in the way as we did before for graphs. Unlabeling
non-induced flags is again simply done by removing the labels from all labeled
vertices.

We may still assume that a number of (potentially infinite) axioms hold in our
theory. As we chose to work in the non-induced setting, and axioms are (usually)
formulated for induced subgraphs, we will need a bit of notation not appearing
in the literature: If a flag fulfills all axioms, we call it valid, otherwise incomplete.
If a flag is incomplete, and does not have a valid completion (as defined in Section
[6.4), we call it invalid.

6.3.1 Razborov’s Flag Algebras

Razborov’s flag algebras [[Raz07]] work slightly different from what we have intro-
duced here. The main difference is that he chooses to work with induced, injective
submodel densities, defined as

Pind(G,H) := lim P[H ~G,ly_],
n—,oo

where V,, is a random subset of |V (H)| = k vertices of G,, Alz denotes the sub-
model of A with vertices B, and ~ denotes model-isomorphism. This is the prob-
ability that given a subset of vertices of G,,, the induced submodel is isomorphic
to H.

Both approaches are equivalent in the sense that knowing all subgraph den-
sities in one setting, one can calculate the densities in the other using a Mobius
transformation, as we will see in Section Being able to swap between the



138 Symmetry Reduction in Convex Opt. with Applications in Combinatorics

Razborov (i.e. induced) and non-induced settings will be quite useful later to
translate problems formulated in induced densities, as well as simplify one of the
hierarchies considered in Chapter [9] which is why we will introduce the basic
operations later in Section [6.4]

The gluing operation defined by Razborov [Raz07]], requires the glued to-
gether flags to have the same set of labels. As he is working with induced densi-
ties, this results in a more complicated gluing action, as we need to consider all
possible ways that edges can be added between vertices of the two graphs, as well
as scalars that depend on the automorphisms of the flags. For example, we obtain

the product
2
B -A-A
in Razborov’s algebra.

The main advantage of this definition is that the product between flags that
differ on the labeled parts is always zero, for example

LN oo

This splits flag algebras into many subalgebras, one for each fully labeled graph,
which Razborov calls types. In Chapter[9|we investigate a setting closer to his and
exploit the symmetry there.

The unlabeling operator [ F ] is more complicated in Razborov’s setting as well,
as one has to introduce additional factors due to changing sizes of automorphism
groups. In the non-induced setting this operator is as simple as deleting the labels
from all appearing graphs.

There are two more technical differences in the definitions of Razborov
[Raz07]]: He excludes a forbidden family of graphs H from the start, and, in-
stead of optimizing over sequences of graphs, he works with limit functionals.
A function ¢, which assigns every H-free finite graph a real number in [0,1] is
called a limit functional, if there is an (increasing, convergent) sequence of H-free
graphs G such that

¢(F)=F(9)
for every #-free graph F. The product rules can then be defined in terms of limit
functionals ¢ (F;)¢ (F5) = ¢ (F; - F5). In practice these conventions do not change
much when working with flag algebras, as limit functionals are equivalent to (lim-
its of) graph sequences, and graphs can be excluded later on in a straightforward
manner.
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6.4 Mobius Transformations: Swapping between Induced
and Non-Induced Densities

Mobius transformations have proven their usefulness for transforming various
problems in combinatorics and combinatorial optimization. See, for instance, Ap-
pendix 1 in [[Lov12] for the general theory, Definition 3.14 in [[Ray+18] for the
case of graph densities, and [Lau03]] for an application to the Lasserre hierarchy
of relaxations of problems in binary variables.

The results from [Ray+18] easily generalize to the case of flags of arbitrary
theories. We can define linear transformations between non-induced and induced
densities. Since a missing "edge" in the non-induced setting allows the edge to be
there in the randomly chosen subgraph, we need to consider all induced models
we can obtain by adding edges to the model. For example, the non-induced den-
sity of paths /\ is the sum of the (appropriately scaled) induced densities of the
path /\ and the triangle /.

Thus, to swap from non-induced to induced densities, we sum over all possible
combinations to add additional relations to the flag (6.4). Since Razborov defines
the density of a flag as "sub-flag is isomorphic" instead of "sub-flag is identical", we
have to additionally rescale induced densities with the number of ways to draw
the flags, i.e., |fl‘l"t((’]v(,}‘)l| = d&%&ljl. In the rare cases that we are working with both
induced and non-induced flags, we add a subscript M;,4 resp., M on—ind SPecifying

in which setting the densities lie. We have the following relations:

Z |Aut(M)| -

Mnon—ind = ~ Mind- (6.4)
!
M:V(M)=V(M), v
E(M)SE(M)
The inverse of this operation is given by
_ v |EG@DI-EGM))
ind = TAut ()] Z ) (-1 Mion—ind- (6.5)
W= V(M)=V (1),

E(M)CE(N)

The linear transformation (6.4) is the operation of the Zeta matrix of the lattice
of all (not necessarily valid) flags of size |V(M)|, and its inverse is known
as the Mobius transformation of the same lattice. This way we can see the sets of
induced and non-induced flags as different bases of the same flag algebra.

For example, to express the non-induced C, density in terms of induced den-
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sities, we determine

1 1 1 1 1
I:Inon—ind = gmind + gzind + gNind + Xind = guind + gzmd + Xind’ (66)

and, similarly, to express the induced C4 density in non-induced terms

I:Iind =3 (I:Inon—ind - 2znon—ind + Xnon—ind) : (6.7)
The first equation should be understood as

PGID = 2P G ID + 3P 61D + P (6 5D

and the second (6.7) as

(G, Dina =3r(G, 1) —6p(G, Q) +3p(G, ),

where G is a sequence of graphs of increasing size.

Note that in these examples we assume Pqq. takes an unordered pair as ar-
gument. If one instead sees Pegqe(i,j) and Pegge(j,1) as two different values of
relations, one still obtains the same results after eliminating incomplete flags, as
explained in the next subsection.

Problems when Working with Non-Induced Densities. Some flag algebra’s ax-
ioms cannot be easily formulated in the non-induced setting. Let us consider, for
example, the theory of linear (or total) orderings. Here we have one predicate
"<") taking two arguments. The axioms here are simple:

e Transitive: (x < y)A(y <2)= (x <3z),

Linear: (x < y)V (y < x),

Irreflexive: —(x < x),

Antisymmetric: —|((x <yYIN(y < x)),

for all distinct vertices x, y, 2.

But in the non-induced setting, a false relation in a flag means that it may or
may not be true, as it corresponds to the density of sub-flags, which have at least
the same true relations. For example, the flag F given by relations {x < y,y < g}
is not transitive, or even antisymmetric, as it leaves x < z or z < x unknown,
and is thus incomplete. And yet, by definition, it describes the density of sub-flags
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on three vertices {x, x5, x5} of a sequence of linear orderings, such that at least
X1 < X9 and x, < x5 are true. By transitivity of each element of the sequence of
the linear orderings, this tells us that the density of the flag F is exactly the same as
the density of the transitive, and hence, valid, flag given by {x < y,y <z,x < z}.
The incomplete flag {x < y,y < x} on the other hand is invalid, as it cannot be
completed to a valid flag. Invalid flags have thus always density zero in a sequence
of valid models of increasing size.

In contrast, in the Razborov setting, incomplete and invalid flags are the same.
Incomplete induced flags, i.e., flags not fulfilling all of their axioms, have always
density zero, and can hence, be eliminated in the Zeta transformation (6.5)):

|Aut(M))| -
Myon—ind = Z WMind- (6.8)
M: V(M)=V (M), ’
E(M)CE(M),
M is valid

This tells us that we can always write densities of incomplete flags as sum of
valid flags.

Proposition 6.4. Let F be an incomplete (non-induced) flag. Then F is equivalent
to a linear combination of valid non-induced flags.

Proof. We obtain the valid quantum flag by calculating Moebius(Zeta(F)), elimi-
nating invalid flags after applying Zeta, and repeating recursively with potentially
incomplete flags in the result. If F is incomplete, the induced equivalent to F in
the sum is eliminated after applying Zeta. Since all other appearing flags have
more true relations, and there is only a finite maximum number of them in total,
this has to eventually conclude in a quantum flag only involving valid non-induced
flags. O

For example, the incomplete linear ordering {a < b,c < d} is the same as
the sum of the linear orderings determined bya < b <c<d,a<c < b <d,
a<c<d<b,c<a<b<d,c<a<d<bandc<d < a< b. All six
linear orderings are isomorphic (in fact, there is just one linear ordering up to
isomorphism for each number of vertices), so the density of {a < b,c < d} is six
times the density of the linear orderinga < b <c <d.

In general, this allows us to always reformulate our problems (and optimiza-
tion hierarchies) to only involve valid flags, by substituting incomplete flags with
valid equivalent quantum flags.
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Advantages of Working with Non-Induced Flags. As mentioned before, various
factors appearing in Razborov’s work [Raz07]] simplify to be exactly one in this
setting, such as the factors appearing after unlabeling a partially labeled flag. We
saw that we can eliminate incomplete flags, reducing the number of considered
flags to be identical to the Razborov setting, assuming that we eliminate isolated
vertices in both settings and include all flags up to a fixed number of vertices.

Multiplication of non-induced flags is much simpler than multiplying induced
flags: In the Razborov setting we need to consider each possible combination
of missing edges between unlabeled vertices coming from different flags. For
example, in the Razborov setting, the squared edge density is a quantum graph
involving six different graphs:

1 1 2 1 2
lind - lina = 51 lina T §I_Iind + gumd + gVIind + gIZIind + ™Wing:

This results in an exponential increase in coefficients in the final SDP in the
Razborov setting. Meanwhile, in the non-induced setting, we simply have

Ill=11

corresponding to just one coefficient in the final optimization problem.

This allows us to work with larger, but sparser flags. If our problem is formu-
lated with big sparse graphs, the Razborov setting quickly reaches its limits. For
example, if in our problem the edge density to the power five appears, we may
want to include products such as

IS
in our computations. In the Razborov setting this results in coefficients corre-
sponding to most of the 12005168 graphs on ten vertices up to isomorphism (see,
for example, sequence AO00088 in OEIS [OEI99b]). Meanwhile, when working

with non-induced densities, we may restrict ourselves to graphs with up to five
edges instead, of which there are just 114.

But there are also some advantages to working with induced flags, such as
easy orthogonal relations between partially labeled flags that differ on the labeled
part. We will investigate these further, combining their advantages with those of
non-induced flags, by defining partially induced flags later in Chapter [9]
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6.5 Connection to Polynomial Optimization

We can reformulate problems formulated with flags as sequences of polynomial
optimization problems. In the case of (hyper-)graphs, this approach was investi-
gated before in [[Ray+18|]]. We generalize this approach, and take a deeper look
at the problem’s symmetries in Chapter [8]

Let us first take a look at the setting of graphs as well: We introduce binary
variables x;; for every (unordered) pair ij, which correspond to edges. The prob-
lems we consider are of the form

min f(x)

s.t. gi(x)=0 fori=1,...,m,

[n]
x = (x;j)1<i<j<n € {0, 13(2),

where all polynomials f, g; are fully symmetric with respect to the action of the
symmetric group S,, given by

o(Xij) = Xo(i)o ()

for o in S,. Note that we need to sort the indices here (or we fix x;; = xj;).
Throughout this and the following chapters it will always be implied that we are
working in the quotient algebra R[x]/(x;; — xl.zj : ij), even when we abuse the
notation and use R[x] instead.

We write R[x]% for the set of symmetric polynomials (in binary variables),
i.e., polynomials p with o(p) = p for all o € S,,. In Chapter [7]we will show how
to exploit the symmetries of a polynomial optimization problem with symmetries.

Throughout this chapter we will keep coming back to the basic example of
maximizing the edge density in a graph while avoiding triangles. We first use the
notation ex, (G, H) here for the maximum density of subgraphs G in H-free graphs
with n vertices.

Example 6.5. For all n > 0 we define

1
ex,([, ) ==max — Z Xjj

(3) 1<i<j<n
1

S.t. Ry Z XijXikXjp = 0,
(3) 1<i<j<k<n

x;j €{0,1} foralli<j.
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This problem is clearly fully symmetric: The objective is the (scaled) sum of all
variables, which here model edges in a graph, and can be interpreted as the density
of edges in the graph. The constraint is exactly the sum of monomials lying in the
orbit of monomials representing triangles in the graph. Since the variables are
nonnegative, this implies that the graph is triangle free.

If we take the limit as n goes towards infinity, this results exactly in the defi-
nition we discussed earlier for flag algebras:

ex(l, A) =sup{l: A =0} =lim sup ex, (1, /).

These problems may look slightly different to the attentive reader. Indeed, the left
side says that the corresponding sequence of graphs G = (G,)2, has a triangle
density that converges to zero, while the right side implies that each graph G, is
triangle free. But it can be shown ([[Lov12]) that the problems have the same
optimal value.

It was shown in [[Ray+18]] that, under the right scaling, after a partial sym-
metry reduction, the problems ex,, indeed converge to the well known flag SOS
hierarchies introduced by Razborov [[Raz07]], up to the coefficients in the data
matrices, if we restrict the maximum number of vertices appearing in the flags.
The reason for deeper look at flag algebras from the polynomial optimization
perspective is that the authors there chose to do a partial symmetry reduction,
which implies that there is a stronger reduction, and thus a more efficient way
to compute flag sums-of-squares. We will investigate the stronger, full symmetry
reduction in Chapter

The Lasserre Hierarchy. Before we can exploit the symmetries of the problem,
we have to relax and reformulate the problem to make it convex. The usual way to
make polynomial optimization problems tractable is to restrict solutions to sums-
of-squares (SOS). To do this, we first rewrite the problem as an equivalent problem
over nonnegative polynomials. Indeed, the infimum of f over the semi-algebraic
set

(xe{0,1J(MN g0 Vi=1,...,m},

where the g; are polynomials modelling the constraints of our problems, is the
same as maximizing a scalar A such that f — A is nonnegative on the same semi-
algebraic set.
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As introduced in Section we can replace the constraint f —A > 0 with
a stronger condition, which is (appropriately truncated) an SDE by requiring that
f —A =0 lies in the quadratic module defined by the g;:

m
f_A’:SO-i_ZgisiZO (69)

i=1

where

¢
s; €X[x]:= {h th(x) = Z:pi(x)2 for some £ > 0,p; € ]R[x]} .

i=1
Note that we are still working with binary variables, i.e., we can assume that
all appearing polynomials are square-free, by substituting x? = x. The equality
thus denotes the equivalence of f — A and sq + Z:n:l g:5; modulo the ideal
(xij—xizj 1j).

The set X[x] is a convex cone, and can be modelled using semidefinite pro-
gramming, if we restrict the degree of the appearing polynomials. For this, let
[x]q denote the vector of monomials up to degree d, and R[x ], the set of poly-
nomials up to degree d. Then we can easily see by the spectral decomposition of
positive semidefinite matrices, that

!

Y[x]eq i={s:s(x) = Z:pi(x)2 for some ¢ > 0,p; € R[x]<4}
i=1

={s:s(x)= [x]gM[x]d for some M = 0}. (6.10)

The bound we obtain from by restricting all appearing monomials to
at most degree 2d we call the dth level of the Lasserre hierarchy of the problem,
denoted by Las,;, as we defined in Section We do this by restricting s, €
Y[x]<q ands; € Z[X]St2d7d§g(gi)J, making sure that deg(sy) < 2d and deg(g;s;) <
2d.

General Flags-Algebras as Limits of Polynomials. In general, we may have
more complex predicates in flag-models than the edge predicate for graphs, but
they can always be summarized as the set of all valid relations in the model. In
the case of graphs, we have one predicate determining which edges appear in the
graph. In the graph setting we introduced one variable for every possible edge,
and we do the same thing in the general case: We introduce one binary variable
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for every possible relation in the flag-model, potentially up to given equivalence
classes such as x;; = x;j;.
Thus, we have for every predicate P; in the model, taking m; arguments for

j=1,...,k, a set of binary variables of the form

o =xDeqo,1),
1

feeeli;
where i € [n]™. Here we may in general allow duplicate indices, and the order
of indices may differentiate variables as well.
. . . P, = .
This results in a natural action on R[x] = R[x_’ : i € [n]™ for j =1,...,k],
1
where {P;,..., P} is the set of predicates of the current theory, given by
O-(XIT )= G(xil---imj) = Xa(il)---o'(imj) - XU(Z) fori= (lb cees lmj) € [n]™,

for a given o € S,,. This action is then extended to polynomials in the obvious
way. We define R[x]°" as the ring of polynomials invariant under this action as
in the case of graphs.

We can now easily relate non-induced and induced flags to (limits of) polyno-
mials, as we did in the example above for triangle free graphs.

Lemma 6.6. Let F be a given flag on m vertices, and let R;(F) € [m]™ be the sets
of valid relations for predicate P; in F. Then

k
1 P;
reo=tm [ 123 1 <,
J=1 " 0€SuieRr,(F)
and
k

[V (F)|! 1 :
Fing(x) = |Aut(F)| nJgol_[ nl Z l_[ 0'(1 l_[ (1—x§®),

=1"" 0€eS,; ieR;(F) ie[m]™ \R;(F)

Here x is the vector of variables corresponding to the relations in M,, for each n, for
the sequence of convergent models M.

Proof. Straightforward translations of their definitions. O

Example 6.7. Let us take a look at a simple example: The density of a path with
two edges P, = ({1,2,3},{12,23}). There is only one predicate P4, for graphs
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indicating edges in a graph, and the path P, has two valid relations Rgge(P2) =
{12,23}. Thus, the (limit of the) non-induced density of the path is exactly

Anon—ind = lim

im 5@ Z (i Xk + X5 + XX i)

1<i<j<k<n
evaluated for each n at the binary x corresponding to the edges of the nth graph
of the sequence G. In contrast, the induced density of the same graph is

Ning = lim Z (i (1 — x5 ) 4 x5 (1 — x )% + (1 — X355 i)
n— 00 ( ) L
3) 1<i<j<k<n

evaluated on the same x.

6.6 Harmonic Flags: The Fourier Expansion of Quantum
Flags

We show that there is yet another equivalent way to define flags in the limit: har-
monic (or zonal spherical) flags. This is, to our knowledge, a novel idea. We will
not go into much depth here in this thesis, but this approach opens up possibil-
ities of Fourier analysis in extremal combinatorics in the future. In recent years,
Fourier analysis has been a crucial component in the development of major results
in coding theory, energy minimization, and packing problems. Bochner’s theorem
[Boc32] is both the basis of Cohn and Kumar’s proofs of universal optimality of
points on spheres and in Euclidian space [[CKO6]], as well as the Cohn-Elkies sphere
packing bound [[CEO3[]. This in turn lead to Viazovska solving the sphere packing
problem in dimension 8 [[Vial7]], and was soon followed up, together with Cohn,
Kumar, Miller and Radchenko, by the solution of the problem in dimension 24
[Coh+17]]. We generalize Bochner’s theorem for flags in terms of harmonic flags.
Later on, in Chapter [8| we will investigate profiles of pairs of harmonic flags, and
see that optimization over this basis has computational advantages.

For the setting of optimization over the boolean hypercube, we refer the reader
to [|[SL21]] for details.

Let M,, = {models on the vertices [n]}. We define an inner product between
quantum flags by

(F,G) := lim

Jlim o 2, FONGON),

MeM,
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where F(M) (resp. G(M)) denotes the density of F (resp. G) in M. Note how
this is the analogue to the inner product of the uniform probability measure on
polynomials over the binary hypercube B" = {0,1}"= (Z/2Z)", which is given by

1
(p.a) = 57 D, p()q().
x€B"

To apply techniques from Fourier analysis to (limits of) graphs, we first need
to turn the set of graph sequences into an abelian group. Let G, H be graph
sequences, where we assume, without loss of generality, that |V (G,)| = |V(H,,)|
for each n, and the graphs in the sequence are constructed by adding vertices and
edges to the preceding graph. We define

G+H = (G, +Hpy) 2y = ((V(G,), E(G)AE(H,)));2

n=17

where A denotes the symmetric difference of sets.

This way we identify the set of limits of graph sequences with a subset of
the (countably) infinite binary hypercube (Z/ 27)%, containing the vectors corre-
sponding to convergent graph sequences.

Remark 6.8. If both sequences G and H converge (i.e. all subgraph densities
converge as n approaches infinity), then G + H is not necessarily a convergent
sequence. Consider, for example, the graph sequences constructed this way: For
every n, we add a single new vertex to the previous graph, and, by uniformly
random choice, connect it to either all even or all odd vertices coming before.
This sequence clearly converges, and the edge density in this sequence of graphs
approaches % If we now construct a second graph analogously, but now choos-
ing odd and even corresponding to the random choices in the first sequence, we
obtain another randomly constructed convergent graph sequence, since the first
sequence was constructed randomly. This way, we can "steer" the edge density in
the sum G + # to follow a curve moving arbitrarily close to 0 and 1 in endless
repetition.

It remains to be seen in further research whether there is a more natural way
to turn the set of convergent graph sequences into a group, without making the
set bigger.

We obtain an orthonormal basis of characters (see, for example, [[SL21;Val08[])
with respect to this inner product by defining

yr(M) = lim (—1)FFINEML)
n—oo
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for each fully labeled flag F and increasing sequence of flags M. As we assumed
that the flags in the sequence build upon each other, this function is well-defined.
The characters are multiplicative for the defined group action, since

Ze(M+A) = lim (—1)FONEMAEN)

= lim (—1)E@ONEM)AEFNEN,))
n—0o0

= lim (—1)EENEM,)) (1) EENEN,))

n—,oo

= xr(M)xp(N).

The character y corresponding to the empty graph & is the trivial character
of the group, i.e. x4 = 0. For every non-trivial character y we have (¥, yg) =0,
as there exists an N with yz(N) # 1 and

xprN) im > gp(M) = Tim > xp(N)gp(M)
MeM, MeM,

= lim xr(N + M)
n—>oo
MeM,

= lim Z xr(M).
MeM,

This implies that the characters are orthonormal, since

> 2z (M) = lim o Y 1=,

(> 2p) = lim, 0 N
MeM, nl MeMm,

M|

and, for different F, F/,

> (M) e (M)

MeM,

Z xr+r (M)

MeM,

,yr) = lim
(XF XF) n— 00 |Mn|

) 1
= lim
n—o00 |Mn|

=0,

since F +F’ # @ and thus yp,p is non-trivial. Here the sum of two (fully labeled)
flags with potentially different labels results in the graph with vertex set given by
the union of the vertices of F and F’, and edges given by the symmetric difference
of their edge sets.
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As with induced and non-induced flags, yr corresponds to a (limit of) poly-
nomials in binary variables corresponding to edges in an increasing sequence of
models M:

xp(x) = lim []a-2x, 6.11)
ecE(F)
where, for every n, the variable x, corresponds to the edge e in M,,.

Similarly to Section[6.5] we can symmetrize this basis over the unlabeled ver-

tices to obtain harmonic (or character) flags, given by

Z Xo(F)»

O'ES[ N\T

xp = lim
P % |5[n]\T|

where T is the set of labeled vertices of F. If the flag F is fully unlabeled, this
generalizes the zonal spherical functions (with pole @) of the binary hypercube
by splitting them further into the orbits of flags.

What happens if we multiply two harmonic flags? Since the variables x, are
binary, we know that (1—2x,) is either 1 or —1, and thus (1—2x,)? = 1 for every
"edge" e. This results in a multiplication similar to the non-induced case, but now
fully labeled edges disappear in the product, if they appear in both factors. This
corresponds to the "+" operator defined above, i.e. for fully labeled flags we have
XFXF = Xr+p - For example, we have

AIAI= 1

PAVRN o
as with non-induced flags, but we also have

NE Y
U

Unlabeling a harmonic flag is just as easy as in the non-induced case: Since the

and

and

normalization was chosen in a way that the constant term in (6.11]) is exactly one
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in any harmonic flag, unlabeling simply removes the labels here as well. Later on
in Chapter [8|we will see that, if one starts with the basis of harmonic flags instead
of the monomial basis, we obtain an equivalent hierarchy with computational
advantages.

Fourier Decomposition of Flags. Asnon-induced flags (as well as induced flags)
form a basis of the flag algebra, we can rewrite harmonic flags in terms of non-
induced flags.

Proposition 6.9. Let yp be an unlabeled harmonic flag. Then yp is exactly the
quantum flag given by
=y, (28, (6.12)
G:E(G)SE(F)
Proof. We expand in terms of monomials for F where we label all vertices,
and then unlabel both sides of the equation. O

The inverse of this operation, expressing a quantum flag F in the harmonic
basis, is the Fourier expansion of F, and if F consists only of unlabeled flags, this
results in the Fourier expansion of F in terms of harmonic flags y.

Proposition 6.10. Let F be an unlabeled non-induced flag. The Fourier expansion
of F is

1

— _1)E@)I

F =i D (CDE@ly,, (6.13)
G:E(G)CE(F)

Proof. We proof this equation via induction over |E(F)|. If |E(F)| = 0O, then F is

the empty flag @ = 1, and we have

D=2z

by definition.

Next, assume that the proposition holds for all G with |E(G)| < |E(F)|. Note
that F itself appears in yy with coefficient (—2)F®) by Proposition Then, by
induction and Proposition we have

1 1
F= (—2)EBIAF ™ ((_2)|E(F)| XF _F)

- (xF— 2 <—2>'E“J‘“G)

G:E(G)CE(F)
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= m (){F - Z (_Z)IE(G)I 2|E1(G)| Z (_1)|E(H)|XH)

G:E(G)CE(F) H:E(H)CE(G)

- m (XF - Z (_1)|E(G)|+|E(H)|XH)

G,H:E(H)CE(G)CE(F)
1
=m(h— Z (—D)EDlyy Z (—1)|E(G)|) (6.14)
H:E(H)CE(F) G:E(H)CE(G)CE(F)

We can simplify the final sum to

ST ()EOI = () ST ()E@)

G:E(H)CE(G)CE(F) G:E(H)CE(G)CE(F)
|ECF) ECH)]
|E(F)| - |E(H)| ;
= (DB g pyEel S ( . (1)
i=0 L
(1), (6.15)

The last step follows from

n

Z (?)(—1)i = (X0, 11) =0,

i=0
where y, and y; denote the characters of the boolean hypercube of the all zero
and all-one vector respectively.

Finally, combining equations (6.14) and (6.15) proves the proposition. O

Example 6.11. In the case of graphs, we have

XA, =g—2-31+22.3A—2° A
and 1

A= (o-3g+3ip-1p)
as examples of and respectively.

We can now introduce and characterize positive semidefinite quantum flags (or
quantum flags of positive type), using a special case of Bochner’s theorem [[Boc32]].

Theorem 6.12 (Bochner’s theorem for flags). Let F be a quantum flag. We call
F positive semidefinite, if for every set S of convergent graph sequences, such that
G + H converges for all G,H € S, we have

(F(G +H))g nes = 0.
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F is positive semidefinite if and only if all coefficients in its Fourier expansion, as
given in Proposition are nonnegative.

Proof. The first direction follows from the multiplicativity of characters: charac-
ters are positive definite, as for any fully labeled flag F the matrix

(xr(G+H))gres = (r (G xr(H))g 21es

is the outer product of the vector (x7(G))ges-
The other direction follows immediately from the orthonormality of the char-
acters. O

A Natural Recursion of Sidorenko’s Conjecture. The Fourier expansion al-
lows for a very natural recursive formulation of some open problems, such as
Sidorenko’s conjecture [|Sid93|]. The advantage here is that the Fourier expansion
results in a linear combination only containing flags with the same set or subset of
edges. (Rewriting a problem in induced flags instead does the opposite, including
flags with a superset of edges.) Sidorenko’s conjecture states that

H-1E > o (6.16)

for any bipartite graph H, if we work in the non-induced setting. As this inequality
is clearly sharp for random graphs, where every edge is chosen independently with
the same probability, this conjecture states that these random graphs minimize
the density of every bipartite graph, as the number of vertices of the random
graph approaches infinity. Sidorenko’s conjecture is proven for various families
of graphs, including some graphs coming from recursive constructions based on
trees in [[KLL15[]]. But the general conjecture remains open, despite attempts by
various groups of authors (see [[CL18] for the most recent progress). Recently, it
was proven by the authors of [Ble+20a]] that the cases where H are paths with an
odd number of edges cannot be proven purely by flag SOS.

Here we provide a novel (nearly) recursive formulation for the general con-
jecture based on harmonic flags. The recursion’s usefulness still has to be proven.

Combining the two Propositions and we can rewrite a flag F as sum
of the harmonic flag y» and sub-flags of F.

Proposition 6.13. For an unlabeled, non-induced flag F we have

F Z E@=IE®) (1) E@HER) G

1
= SRt
—NIEF
( 2)| ® G:E(G)CE(F)



154 Symmetry Reduction in Convex Opt. with Applications in Combinatorics

Proof. We first apply Proposition |6.10} then Proposition and simplify the re-
sulting terms analogously to the proof of Proposition O

Since both graphs appearing in Sidorenko’s conjecture have the same num-
ber of edges, we can pair up graphs in both of their decompositions after applying
this transformation, giving us a (nearly) recursive formulation of Sidorenko’s con-

[ECH)]

jecture. We can rewrite H —] as a linear combination of terms of the same

form coming from graphs with fewer edges, if we add two harmonic flags to the
problem.

E(H 1
H_Il (H)| :m (XH—XIE(H)I)

n Z 2|E(G)|—|E(H)|(_1)|E(G)|+|E(H)|(G_IlE(G)I)_
G:E(G)CE(H)

For example, we have

{1 (-a )
+ -

Note here that all subgraphs G of H are again bipartite, so the appearing terms in
the parentheses are indeed again cases of Sidorenko’s conjecture, even if some of
them appear with a negative sign.

While this recursive formulation of Sidorenko’s conjecture does cover all cases,
it is not clear at this point whether this will actually help to prove it.



Gatermann-Parrilo Reduction for
Polynomial Optimization with S,
Symmetry

The basic idea of symmetry reduction is that for a symmetric convex problem, we
can symmetrize a feasible solution by averaging over the action of the symmetry
group to get a symmetric feasible solution, which has the same objective value.
In this chapter we are first going to give the basics for the case of polynomial
optimization as explained in detail in [[GP04]] for a general group G, and then
we will focus on the specific case of G = S,, in Section In examples, we
will follow the well-understood case of polynomials in variables x; with a single
index, where S, acts on variables by o(x;) = x,(;). For this case there exists a
great deal of additional theory involving primary and secondary invariants (see,
for example, Theorem 6.2 and Section 8.2 in [[GP04]]). Later on, in Chapter|[8] we
work with a different, more complicated action of S,,. Applying Theorem 6.2 of
[GP04] in this setting seems prohibitively complicated in practice, which is why
we restrict ourselves to the more straightforward basic idea of symmetry reduction
for polynomials as described by Theorem 4.1 in [[GP04]].

In this chapter we will follow a simple running example: When is a polynomial

155
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in three binary variables x;, x5, x5 € {0, 1} nonnegative, if it is of the form
p=a+b(x;+xy+x3)+clxyxy+x7x35+ X5x3) + dxXeX5.

This polynomial is invariant under the action of S; which acts on the indices of
the variables.

7.1 Reducing Polynomial Optimization Problems
We consider a polynomial optimization problem
rr&cin{f(x) :gi(x)=>0 fori=1,...,m},

where f and all g; are invariant under the action of a group G. This group G should
act "nicely" on the ring of polynomials R[x] (formalized in Definition [7.3), and
invariant here means that f and the g; lie in

R[x]° :={f eR[x]:0(f)=f forall o € G}.

Given such a problem with symmetries, we can show that its semidefinite relax-
ation (modeling sums-of-squares) has a symmetric solution. Sadly, this does not
imply that all polynomials p; appearing in the sums-of-squares decomposition of
f — A are symmetric. But what we can say is that the sums-of-squares decompo-
sition itself is symmetric, in the sense that if pl.2 appears in it, then so does o(p;)?.
More formally, if we have a sum-of-squares decomposition

m
f=2 :50+Zgi5i:
i=1
then we get a symmetric sum-of-squares decomposition by

m
f=A=R(f —2)=R(so) + Y &R(s),
i=1
since R(f) = f and R(g;) = g&;-
Here R : R[x] — R[x]° denotes the Reynolds operator of the action of G
on R[x], which is the linear operator that symmetrizes polynomials by averaging
them over the group G by

R() = = S o ().

|G| oG
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If we pull this operator further into the sums-of-squares definition, we see that
indeed

4 4 !

R(s) =R (Z(pj(x))z) = 2 R =2, % PIACIENS
Jj=1 j=1 j=1 oeG
Remark 7.1. While we generally do not have that R(p}z.) =R(p j)z, note that this
step implies that the positive semidefinite matrix M in for the SOS term
s; is fully symmetric according to the action of G on the monomial vector [X].
Indeed, given an SOS certificate [X ]” M[X ], where M is positive semidefinite, we
can construct an invariant certificate with o (M) = M for each o € G, where the
action of G on M is determined by the action of G on [X]. One could now work on
the SDP side by block-diagonalizing the algebra of invariant matrices, but
in the case of polynomial optimization, while mostly equivalent, there are some
additional tools available.

Example 7.2. We can see that sums-of-squares of symmetric polynomials are not
enough already in the case of

3 2
P =X1+Xo+ X3 =X Xg — X1 X3~ XpXg = ER((Xl —Xx3)°) =0,
where x; € {0, 1}, which is an S3-invariant polynomial of the form
a+ b(xy + xg +x3) +c(x;x5 + x7X3 + X9X3) + dX1X9X3.

But p cannot be written as sum of squared symmetric polynomials, as the only
way to get a negative coefficient before x;x, + x;x3 + x5x3 would be from a term
of the form

(a - b(xle +x1x3 +x2X3))2 = az + (b2 _zab)(X]_Xz +X1X3 +X2X3) + 6b2X1X2X3

where ab < 0. But this results in a positive constant term a? which we cannot
eliminate anymore.

7.1.1 Representation Theory

The idea is now to find a symmetry adapted basis of R[x], which is a basis that
"behaves well" under the Reynolds operator. To define this formally, we need
some basics of representation theory. We refer the interested reader to [Ser77]
for additional details.

For everything to work, we need the action of G on R[x] to turn the ring of
polynomials into a G-module.
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Definition 7.3. Let V be a vector space over a ring R, and G a group acting on V
via a group homomorphism p : G — GL(V), by

gv:=p(g),

for g € G and v € V, where GL(V) is the general linear group of V consisting of
invertible linear functions ¥V — V. Then V is called a G-module (over R). (Note
that p is exactly a linear representation of G.)

In what follows we always assume V = R[x]-4, the space of polynomials up
to degree d. We define an inner product on V by (p,q) := cg cq» where c, and

¢, are the coefficient vectors corresponding to p and g in the monomial basis of

]lg[x]sd. This way we can further assume that the representation p is orthogonal,
ie., p(g)! = p(g) for every g € G, where the adjoint p(g)* is the unique
operator in GL(V) with (p(g)p,q) = (p,p(g)*q) for all p,q € R[x]<4. This is
indeed the case for the family of problems we consider in Chapter [8] as there S,
acts on the variables and monomials by acting on the indices of the variables,
which permutes the elements of the monomial basis. For example, in the case of
graphs, we are working with variables x;; with two indices (which correspond to
edges in a graph), and S, acts on these by o(x;;) = X, (j)s(j)- This action is then
extended to monomials and polynomials, sending monomials to monomials, and
thus acts via permutations on the monomial basis of R[x]<4.

Example 7.4. We again consider polynomials with S; symmetry of the form
p=a+b(x;+xy9+x3)+c(x7x9 + X1X3 + X9X3) +dX1X5X3

in binary variables. We can turn R[xy, x5, x3]/{x; — xl.2 :i=1,...,3) into an S3-
module by letting S5 act on the indices of the variables, and extending the action
to polynomials. For example, we have

(1 2)(.)(1.)(3 + Xz) = X9X3 + X1.
The polynomials p are clearly the S;-invariant polynomials under this action.

We define submodules as subspaces of a module V that are modules them-
selves, and call the subspaces {0} and V trivial submodules. Modules that do not
have any non-trivial submodules are called irreducible.

One of the main tools of algebraic symmetry reduction is Schur’s lemma, which
we will state here, as we will make use of it explicitly in various places in this
chapter and Chapter
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Lemma 7.5 (Schur’s Lemma). Let M,N be two irreducible G-modules over a ring
R. If M, N are not isomorphic, there are no non-trivial homomorphisms between M
and N. If M and N are isomorphic, and R is an algebraically closed field, then any
homomorphism between M and N is a multiple of the identity.

This Lemma allows us to decompose modules into irreducible submodules.

Theorem 7.6 (Maschke’s Theorem). Let G be a finite group, and V a non-zero
G-module. Then V decomposes into a direct sum of irreducible submodules

V:W1®...®Wk.

We can sort the submodules by equivalency, where we call two modules equiv-
alent if there is a G-homomorphism between them.

V=V @0V, )@ &V, 10 - Vyp)
=V1®.®Vh

leTl @...@thh,

where m; € Ny and T; are pairwise inequivalent irreducible G-modules. We call
the submodules
Vi=Vi1® 8V, 2mT;

the isotypic components of V. The decomposition into isotypic components is
unique, while the decomposition into irreducible submodules is not. One usu-
allysets V; = V¢ = {v € V: o(v) = v Vo € G}, the submodule of invariant
vectors of V, and one calls the elements of the other V; semi-invariants.

We set n; to be the dimension of T;, and see

h
dimy = Z m;n;.
i=1

In the next step we will see that we can choose a special basis of V, which block-
diagonalizes the optimization problem to blocks of sizes m,...,my, where we
often have

my+---+my <dimV.

7.1.2 Block-Diagonalization

Let ¢; : G — O(n;) now be orthogonal representations corresponding to the irre-
ducible modules T;.
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Definition 7.7. Let B = {p; i 1€h]jen;]l ke [mi]} be a basis of V, where
the elements for each fixed i span the isotypic components

Vi =span {p!, : j € [n;]kem]},
and
Vi = span{pj-,k JjE [ni]} ~T;

are the copies of the irreducible modules T;. We call B a symmetry adapted basis
for the G-module V, if each basis of each copy V;  of the irreducible module T;
transforms according to the same earlier chosen representation ; of T;. Formally,

we want the vector of polynomials (pik, cee, p;i’k) to be p-y;-equivariant for all
i,k,i.e.

p(8)p 2

(8P ;

Pk
=;(g) ) for all g € G.
p()p}, , Py

As the original representation p is assumed to be orthogonal, we can always
work with an orthonormal symmetry adapted basis (i.e., the coefficient vectors of
the polynomials in the basis are pairwise orthogonal and normalized).

Rewriting a symmetric polynomial optimization problem in such a basis block-
diagonalizes the problem, as described in Theorem(7.8] Since [|[GP04]] does not give
a detailed proof, and for completeness, we choose to give our own proof of the
theorem, based on the proof for semidefinite programming in [[Pol19]].

Theorem 7.8 (Gatermann-Parrilo symmetry reduction, [|[GP04, Section 5]). Let
f € R[x]% be a G-invariant polynomial that can be written as a sum-of-squares
where each term has at most degree d. If{p;'.’k eR[x]:ie[h],je[n],ke[m]}
is an orthonormal symmetry adapted basis of R[x]<4 seen as G-module, then f is
of the form
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where M; € S are positive semidefinite matrices, and

€ R[x]™™mi, (7.1

P, = (R(pi,kpg,l))k,lzl ..... m;

None of the (polynomial) entries of the P; are equal to the zero polynomial.

Proof. This proof is based on the assumption that the element p;'.’k of the symmetry
adapted basis lies in the kth copy of the irreducible module T;, which was given
by

Vik= span{p;,k: jelnl}~T,
and repeatedly applying Schur’s Lemma to homomorphisms between irre-
ducible modules.

In this proof we interchangeably interpret polynomials either as polynomials
or as their coefficient vectors in the standard monomial basis, where the usage
should be clear from context.

For each monomial m we define its orbit under G as

o0=G(m):={o(m): o € G} CcR[x].

We can define the indicator matrix A, of each orbit o, which is indexed by mono-
mials m;, m, of up to degree d, by

1 if mym, € o,

(Ao)ml,mz = {

0 else.

Then clearly

R(pQ)= Y, (pTAqum),

o orbit meo
i.e., pTA,q is the coefficient corresponding to the orbit o in the symmetrized prod-
uct R(pq) of any two polynomials p,q € R[x]<4. As the symmetry adapted basis
is orthonormal (as vectors), we can rewrite

) (7.2)
Vik

(Pl ) AopL, = (P! )T (4,p7,)

where we project onto the kth copy V; of the ith irreducible submodule. The
function

Vie = Vik: g = (A0l

is a homomorphism between submodules of G, as R(po(q)) = R(o~!(p)q) im-
plies (A,0(q))ly,, = O((Aoq)lviyk) for o € G.
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Since V,., and V; are irreducible, Schur’s Lemma implies that this ho-
momorphism is identical to zero if it is between non-equivalent submodules, so
R(p! *p{,*) = 0 for all i # j (where the *’s stand for arbitrary indices). Further-
more,, if the modules are equivalent (i.e., i = j), the homomorphisms in (7.2)
have to be multiples of the identity. The definition of symmetry adapted basis
fixes this identity to be exactly the function which sends pik to p;’k,
identity is unique between equivalent irreducible modules. So, if j #s € [n;] we
see that

because the

(pj"k)T (Aop;,t)

. = [5(p§.’k Tp;"k =0 forsome ff €R,
which is zero since the basis is orthonormal. Thus, R(p;. ) p; )=0ifj#s.
At this point we have shown that the swap of basis block-diagonalizes the

algebra into the blocks

(R(p;',kp;,l))k,le[mi] '

What remains to be seen is that the remaining blocks are exact copies of each other,
if they come from different basis elements of the same irreducible submodule, i.e.,
R(pg,kpi’l) = R(p;.,kp;.’l) for all j. By .deﬁniti.on of symmetry adapted basis, the
identity between V;; and V; ; sends p;. , to pt

ik SO there is a constant scalar a,
independent of j such that

(AOP§’Z)"4,k = aop;.’k.

Consequently,
(p;’k)TAop;.’l = ao(p;',k Tp;"k = Ay,

for each j, as the basis is orthonormal. As this holds for every orbit o, we find that

o orbit meo
is independent of the choice of j € [n;]. Hence, we get multiple copies of the

same blocks, and can restrict ourselves the one where j = 1.

None of the entries R(pi kpg ;) can be zero, since Maschke’s theorem im-

plies that dim(Endg(R[x]<4)) = Z?:l ml.z, the total number of coefficients of the

P;. As the block-diagonalization is done via a swap of basis, we cannot reduce the
number of nonzero coefficients further. O

This symmetry reduced SDP can be significantly easier to solve, as often
> m; < dim(R[x]<4). Interesting to note is that one does not need to work with
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orthogonal representations ¢;, as only the first elements pg’k of each irreducible
submodule appear in the final decomposition, and we can always extend from
those elements to a full orthogonal basis. Normalization just adds a positive
factor to each block, not changing the validity of the theorem. In general, a real
symmetry adapted basis does not always exist (for some groups we may need poly-
nomials with complex or quaternion coefficients), but for our applications there
will always exist a real symmetry adapted basis. For the more complicated cases
where there exists no real symmetry adapted basis, we refer the reader to [GP04]
[Section 4]. If one instead works with polynomials in complex coefficients and
variables, optimizing over Hermitian sums-of-squares [DAn02]], [ Definition IV.5.1],
one can always find a complex symmetry adapted basis. For a detailed example
of such a block-diagonalization, applied to the problem of packing convex bodies
with tetrahedral symmetries, we refer the reader to [[Dos+17]].

Later on, in Chapter[9] we show that in some cases we can obtain a significantly
better symmetry reduction by breaking Schur’s Lemma, i.e., exploiting the fact that
we are optimizing over binary variables to find equivalent irreducible submodules
which are orthogonal in the sense that pikpi,l = R(pg,kpil) =0.

7.2 Representation Theory of the Symmetric Group

The symmetry of flag algebras is given by the (limit of the) symmetric group S,,.
Thus, if we want to exploit it, we need to understand the irreducible S,-modules.
These are well studied, and we will give the main details here. We refer to [[Sag13]]
for additional details, and mostly follow the way things are defined there. The
notation, especially the one used in Section is in part new and makes the
definition of the homomorphisms ¥ easier.

7.2.1 Young Tableaux, Tabloids and Permutation Modules

There are as many irreducible G-modules as there are conjugacy classes of G.
For permutations, these are exactly the cycle types of the permutations, which
correspond to partitions of n. We call A = (Aq,...,A;) € N¥ a partition if A; >
Ay > --- > A > 0. We use the notations |A| := >}, A; and write A+ n if [A| =n.
Each partition defines a shape, a set of coordinates, or boxes arranged on a
grid
shape(A) :={(i,j):i=1,....k;j=1,...,4;}.
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If we fill these boxes bijectively with the integers 1 trough |A|, we call them a
Young-tableau of shape A. For example, let A = (4,2, 2), then

2(3
t=[1(8
4|7

6]5]

is a Young-tableau of shape A.

Two tableaux t; and t, of the same shape are called row-equivalent, written
t; ~ tq, if, for every i € [k], the set of A; elements in the ith row of t; contains
the same elements as the set of elements in the corresponding ith row of t,. We
call the equivalence classes A-tabloids, and define

{t}:={t:t~t}.

To differentiate tableaux from tabloids, we write tabloids using horizontal lines
only instead of boxes, e.g., for the tableau above we have

56

=N
| w

{t}=

N
N

The symmetric group S,, acts on Young-tableaux by permuting its entries,
which extends to an action on tabloids. For each partition A the vector space
spanned by the A-tabloids forms an S,,-module called permutation module,

M* :=R{{t1},..., {ta}}
where the {t;} form a complete list of A-tabloids.
Example 7.9. Consider again the case of polynomials

p=a+b(x;+xy+x3)+clxyxy+x1x5+ x5x3) + dxyXoX3

in binary variables. The ring V = R[xy, X, x3]/{x; —x? : i = 1,...,3), seen as

Ss3-module, decomposes into a direct sum of 4 permutation modules:

vV =2M® g2mD),
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Indeed, it is easy to see that the spans of orbits of monomials are each isomor-
phic to a permutation module:

span(1) ~ M®,
span(xy, xg, x3) & M3D,
span(a; Xy, X1 X3, X5 x3) ~ MY,

span(xj xyX3) &~ M®,

by simply putting all appearing indices in a monomial into one row of a tabloid,
and all indices that do not appear in the other. For example, the monomial x,x3
corresponds to the tabloid

%—BGM(Z’U.

7.2.2 Irreducible Specht Modules

While permutation modules are reducible, there is a natural way to define an
irreducible submodule of each M* called Specht module, which are pairwise in-
equivalent (and thus are a full set of all irreducible submodules of S,,).
To define these, we need to define the column stabilizer C, of a tableau t as
the group
Ce =S¢, X+ %S¢,

where the C; are the columns of ¢.

Definition 7.10. Let A be a partition of n. The Specht module corresponding to A
is

$* := span{e, : t is a tableau of shape A} € M*,

where e, denotes the polytabloid

e, = Z sgn(o){ot}.

o€eC,
. _[1]2]3]4] _
Example 7.11. Let A =(4,2)and t = =Te . Then C; = Sy; 53 X S{2,6) XSz} X
5{4} and
1234 5234 1634 5634 _..
©%“=75g 16 52 T3 < M”.
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7.2.3 A Symmetry Adapted Basis of Permutation Modules

The main symmetry reduction later in this paper will first (try to) decompose the
set of polynomials as direct sum of permutation modules, since their full decom-
position into Specht modules is well-understood. The decomposition is based on
semistandard generalized Young-tableaux, which we now define.

We call a tableau t of shape u - n where we allow repeated entries generalized,
and we call such a tableau semistandard if its columns are strictly increasing and
its rows non-decreasing. We call the vector

A = (number of 1s in t,number of 2sin ¢,...)Fn

the content of t. For example,

1[2[3]

]-hw.—x
w

is a semistandard generalized tableau of shape u = (4,2,1) and content A =
(2,1,3,1).

If the content u is a partition itself (i.e., ordered), then it is easy to see that
such a tableau can only exist, if u dominates A, written u > A i.e.

‘U,1++‘UIIZAl++Al fOfalliZl,
where A;, respectively u;, are zero if i is outside their index range.

Theorem 7.12. A permutation module of shape A decomposes into the (irreducible)

M* ~ K, 5.
u>A

Specht modules

Here the multiplicities are given by the Kostka-numbers K, which are defined as
the number of semistandard generalized Young-tableaux of shape u and content A.

Every semistandard generalized Young-tableaux T (of shape u and content A)
defines an isomorphism between M* and a submodule of M * (and with that also
of S* C M* to its image). One can define it like this: First, given T and a tableau
t of shape u, we can send it to a tabloid of shape A by moving entry t(i, j) of t to
the T(i, j)th row. Then, if we sum these up over the tabloid {T}, this function is
constant over all elements of {t} and defines an isomorphism between M* and a
submodule of M*:
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B M* - M {t} — Z {tableau with entry t(i, j) in its T'(i, j)th row }
T’e{T}

To shorten the notation, we define for a generalized tableau T of shape u and
content A and a tableau t of shape u the tabloid

t[T] := {tableau with entry t(i, j) in its T(i, j)th row},

i.e., we have 9;({t}) = ZT,G{T} t[T'].

Example 7.13. Let u = (3,2) > A = (2,2,1). We fix a semistandard tableau of
shape u and content A

1[1]2]

T'=m13

Then the row-equivalency class {T} contains six generalized tableaux, and

b c c
e e e.

+

b ¢ ab ac b c a
ﬂT( )zcd+bd+ad+c
e e e d

‘Q..Qo*

The images of the Specht module S* under these homomorphisms for all
semistandard tableaux decompose M* fully into irreducible submodules. ILe., the
homomorphisms given by semistandard tableaux form a basis of the multiplicity
space Hom(S*, M*).

To now obtain a symmetry adapted basis, one needs to choose the same or-
dered orthogonal basis for all copies of the same Specht module. As mentioned in
Section |7.1] we only need the first basis element of each copy, which means that
we can work with the images of one fixed polytabloid for each u.

Example 7.14. We can now fully exploit the symmetry of polynomials of the form
p=a + b(xl + X9 + X3) + C(X]_Xz + X1X3 + XZXB) + dX1X2X3

in binary variables. We saw in Example that the corresponding polynomial
ring decomposes into the 4 permutation modules

Vv =2M® g2m>D,
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The two permutation modules can now be decomposed further:

MB) ~ 5B
MDD~ gB) g 5(2,1),

as the corresponding semistandard tableaux are

11
5

111,11 2,and

This means that we can block-diagonalize the SOS-SDP into a block of size 4 and
a block of size 2, corresponding to S® and SV respectively. The symmetry
adapted bases of the two blocks are given by

By ={1,x1 + X9 + X3, X1 X9 + X1 X3 + X3X3, X1 X3X3},

BZ = {Xz —X1,X1X3 —X2X3}.

As the third level of the Lasserre hierarchy is exact for problems in three binary
variables, this then tells us that p is nonnegative if and only if it is of the form

p = (My, Py) + (Mj, Py)
for positive semidefinite matrices M; € ST and M, € S?, where

P, =R(B;B]).

7.2.4 Multiplying and Symmetrizing the Elements of the Symmetry
Adapted Basis

To obtain the symmetry reduced SDB we now need to multiply and symmetrize
the elements of the symmetry adapted basis. One can do this efficiently using
an algorithm by Dion Gijswijt described in [|Gij09]. There is another alternative
algorithm by Litjens, Polak, and Schrijver, see Appendix 3.4.1 in Sven Polak’s thesis
[Pol19]. There the algorithm is defined for a different specific application to error
correcting codes, which we here generalize.

While we generally do not have a product defined between tabloids, we need
to calculate the matrices P; (7.1)), with entries given by R(pj.’k p;'.’l), to obtain the
symmetry reduced SDP Interestingly, while calculating p},kp;.,l seems hard (due
to exponentially many terms in the polytabloid), there are polynomial time (in
n, for fixed maximum number of parts of A; and A,) algorithms for calculating
R(pj.,k p}i.,l), if one can apply R efficiently.
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We assume now that we have two isomorphisms ¢; and ¢, from M A" and
M* respectively to submodules of an S,-module. We may have A! = A2. Let
u > A, A2, and consider two semistandard generalized tableaux T; and T, both
with content u and of shape A! and A? respectively. Fix a tableau t of shape u.
Then the coefficients of P; are of the form

p =R(¢1(¢r,(e))pa(r,(e0))).

By linearity, we can decompose this in the form

p= >, &, R(O1({t Do ({2)),

{t,} tabloid of shape A!,
{t,} tabloid of shape A2

and since R symmetrizes over all of S,,, we can reduce this to a sum over a fixed
tabloid {t,}:

p= > cyR($1({E NP({12)):

{t,}tabloid of shape A2

With the same argument we can reduce this further to a sum over the equivalence
classes of ordered pairs of tabloids, where two pairs ({t,},{t,}) and ({t3},{t4})
are equivalent, if there is a o € S, such that (o{t,},0{ty}) = ({t3},{t4}). Itis
easy to see that these equivalence classes are exactly determined by the way the
two tabloids overlap, i.e., how many elements of each row of one appear in each
row of the other.

To formalize this, the overlap of two tabloids {t;}, {t,} is the matrix

overlap({t,}, {t2}) := (frow({t,}, 1) nrow({t2}, NIy »

where m is the maximum number of parts of A! and A2, and row({t},i) C [n] is
the set of elements in the ith row of the tabloid {t}.
We can equivalently describe these overlaps using monomials by

m
overlap({t1}, {t,}) < l_[ xlf)jverlap({(l}’{tz})ij,
i,j=1

we can apply one of the two algorithms described in [|Gij09; Pol19]] to calculate
a polynomial that describes the overlaps and multiplicities needed to calculate p.
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These algorithms are based on polynomial addition, multiplication and differenti-
ation, and can be done in polynomial time (for fixed m). Indeed, the sum defining
p over pairs of tabloids up to S, is completely described by the polynomial

(m—l (] (dﬁj)“s’ﬂ(d}ﬂ)“@) b 00
P00,

J=1s=it1 r(s, j)lu(s, j)!

where

P,(X):= g(k! det((xij)ﬁjzl))“k_ﬂk+1’

k
_ d
ds—>j = E xSiaX~-’
i=1 Jt

k
dr = =
j—s T s 0
p— axl]

r(s,j) := number of s’s in row j of T,

u(s, j) := number of s’s in row j of T,.

What remains then is to calculate R(¢;({t1})¢o({t5})) for all appearing over-
laps between {t;} and {t,} (to rewrite the problem in terms of coefficients in a
basis of the symmetric polynomials R[x]¢). This depends fully on the application,
i.e., how S, acts on the ring one works with. For example, as we will later see in
Section symmetrization for flag algebras will be equivalent to canonically
labeling a flag.



Symmetry Reduced Flag SOS Hierarchies

In this chapter we fully exploit the symmetries of the Lasserre hierarchy for flag
sums-of-squares, as introduced in Chapter [6] These are hierarchies limiting the
number of true relations (e.g., edges), and thus the degree of the corresponding
monomials, in the products. The next chapter, Chapter [9] instead considers the
symmetry of the hierarchies obtained by limiting the number of vertices of the
flags appearing in the hierarchies.

As seen in Section we can see flags as limits of polynomials, where a
fully labeled flag M corresponds to the monomial consisting of binary variables
corresponding to E(M). As a reminder, these variables correspond to predicate
relations in flags, indexed by (potentially ordered/unordered/distinct) tuples in
[n]™, for each m; denoting the number of arguments of a predicate P;. We let
S, act on the variables by acting on the indices (i.e., vertices of the flags) simul-
taneously. Recently, it was observed in [[Ray+18[] that one can recover flag sums-
of-squares by partially exploiting the symmetries of these polynomial hierarchies,
and taking the limit.

We first make this step "backwards" to polynomials as well, and then fully
exploit the symmetries of the polynomial hierarchies for each n. We will see here,
too, that the sizes of the hierarchies become independent of n, if n is chosen big
enough, which will allow us to take the limit of the hierarchy. Going backwards
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to polynomials, while first increasing the size of the hierarchies, also increases the
symmetries of the hierarchy and removes redundancies contained in the definition
of flag algebras. This way we obtain a better reduction than we would have when
starting out with flag algebras, and then reducing them further.

Outline and Contributions of this Chapter. We start by considering an easier
case in Section[8.1] where we optimize over binary variables with a single index.
Determining the decomposition into irreducible submodules is straightforward in
this case, as we can rely fully on well known facts about the representation theory
of S,,, as explained earlier in Section In Section [8.2| we attempt to general-
ize the approach, but quickly conclude that permutation modules are not enough
to determine the full decomposition of the modules; we will need to generalize
them. We determine the reduction for the general case in Section There we
first show that the decomposition stabilizes when n reaches a certain threshold, in
similar vein as results from [[Ray+18]], [Rie+13[] and [[DR20]]. We then propose a
novel algorithm to decompose generalized permutation modules into irreducible
submodules, which computes the decomposition independently of n (and thus
also independently of the dimension of the original representation). The next
Section focuses on the case of graphs, where we determine the full decom-
position of the Lasserre hierarchy of graphs with up to two edges. We give an
interpretation of the reduced limit-hierarchy in terms of flags with vertex groups
instead of vertex labels, which we call Specht flags. We apply the reduced hier-
archies to compute outer approximations of graph-profiles of pairs of small (har-
monic) graphs in Section visualizing the rich structures of densities of small
subgraphs in limits of graphs. In Section[8.6|we provide a proof-of-concept exam-
ple for an extension of flag algebras to the much less well-understood setting of
degenerate extremal combinatorics, where the edge density approaches zero as
the number of vertices grows. Finally, we give a short description of the software
package developed for flag sums-of-squares in Section|8.7

Main Symmetry Reduction Idea. To exploit the symmetry of the hierarchies,
we now want to decompose R[x ] into irreducible S,-submodules, as that gives us
a block-diagonalization of the optimization hierarchy, as explained in Chapter
To do this, we try to decompose R[x ] into permutation modules first, because we
know how to decompose them further into irreducible submodules.
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8.1 Warm Up: One Predicate with One Argument.

In this section we consider binary variables x; with just one index in i €[n], where
S, acts by permuting variables directly. Here R[x ]°* consists of the fully symmetric
polynomials in binary variables. The corresponding hierarchy was fully reduced
before in [[Rie+13]] for non-binary variables. The first easy step to find the decom-
position into irreducible submodules is to determine the orbits of the monomial
basis of R[x]. In this case we get one orbit for each degree:

Sn(l) = {1}:
Sn(xl) = {xln s ,Xn},

Splxixg) ={x;x;: 1<i<j<n},

which correspond directly to permutation modules:

span(S, (1)) = M,
span(S,(x1)) = M"Y,
span(S,(x1x2)) = M2,

by sending the monomial x; ---x;,, i; <--- <i4 to the tabloid with the i; in one
row, and all indices that do not appear in the other. For example for the degree 3
orbit we have

X9Xy4Xg ¢

in the case n =7.
Thus, the ring of polynomials (seen as S,,-module) decomposes as

n
R[x] =~ @M("_d’d).
d=0

We described the decomposition of permutation modules M* into Specht modules
in Theorem|7.12} i.e., it is straightforward to get the full decomposition from here.

In this case calculating R(¢1({t;})¢po({t,})) is easy as well. Let us assume that
¢, corresponds to the orbit of degree 2, and ¢, to the orbit of degree 3. Then,
given tabloids {t;} of shape (n—2,2) and {t,} of shape (n—3, 3), this corresponds
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to multiplying two monomials of degree 2 and 3, cancelling potential squares, and
then determining its orbit (which is uniquely given by the degree). E.g.

Rolas™)elass))

= R(x3X3 - X3X5X6)

= R(x3X3X5X¢)

= R(X1X2X3X4).

Here R(x1x9X3x4) is exactly the polynomial known as the (normalized) el-
ementary symmetric polynomial e, := >, <i<j<k<lzn XiXjXpX; (see, for example,
[Mac95[]).

8.2 The (Hyper-) Graph Case

The case of (hyper)-graphs was only partially reduced before in [[Ray+18]]. While
they did find a reduction of which the size is independent of n for n big enough,
the reduction they found is generally far from optimal.

Here we consider binary variables x;; which are indexed by unordered pairs
i,]j (resp. triples, quadruples, ...), which correspond to (hyper-)edges. We follow
the same idea in the general case: First, we split all of R[x] into parts resembling
permutation modules, then we decompose these further. While this was straight-
forward in Section[8.1] in the general case working with just permutation modules
is not enough anymore.

Again, we first want to split R[x] into the spans of orbits of monomials. As
we are working with binary variables, and the order of the indices does not mat-
ter, monomials correspond exactly to labeled (hyper-)graphs. For example, in the
case of graphs, the monomial x;,X13X14%34 corresponds to the graph with edges
(1,2),(1,3),(1,4) and (3,4). Now the action of S, on the monomial is the same
as S,, acting on the vertices of the graph. Orbits thus correspond to (hyper-)graphs
up to isomorphism (without isolated nodes).

Given a (hyper-)graph G = (V, E) we introduce the notation

)
(il ..... ik)EE
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for the S,,-module spanned by the orbit of monomials corresponding to G. We call
this module the graph module of G (and more generally, the flag module of a model
M). This gives us the first decomposition of the full module of polynomials. For
example, we have

R[x]= b Men

graphs G up to isomorphism without isolated vertices

— M@,n @MIJI @MA)" @M:’n @MA’H D...

in the case of graphs. We do not need to consider modules corresponding to
graphs with isolated vertices, as variables correspond to edges, and thus mono-
mials correspond to graphs without isolated vertices.

Note that we could generalize this for non-binary variables by allowing graphs
with multi-edges. This generalizes in the obvious way to arbitrary flags, if we take
the sum over all flags up to isomorphism.

First, let us take a look at two simple cases of these modules.

The Graph Module M Ao

Decomposing this module is straightforward: We can find a bijection between the
basis and tabloids of shape (n—3,2,1) by

(D [n]\{i, ), k}
> XX < j k ,

@ ® :

which immediately tells us that M A ~ M(=321)  This works here since the
row-stabilizer of the tabloid is exactly the automorphism group of the graph. We
can then further decompose it using the known decomposition into Specht mod-
ules.

The Graph Module M —

Decomposing this module is more tricky. Here we can find a description of mono-
mials using tabloids, too, but it is not bijective:

[(nI\{i,j,k, 3 [n]\{i,j,k, [}
<—>xl-jxkl<—>{i j , k1 }
-0 kL i
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L.e., switching the second and third row of a tabloid results in the same monomial.
Thus

M:’n >~ M(n74,2,2)/52 - M(n_4’2’2)) (8'1)

where S, is the group permuting the last two rows of M("=422),

Schur’s lemma tells us that the function from M@ 422) to M**22 /s, which
symmetrizes elements over the row permutation group S,, respects the decompo-
sition of the permutation module, in the sense that it sends Specht modules in
M(=422) to equivalent Specht modules in M™**?/s,. or to {0}. Le., the decompo-
sition of M**>?/s, is included in the one of M(%%2) but certain Specht modules
may fall together, or may be cancelled out.

In the case n = 8 we can calculate the multiplicities of the Specht modules in
both from their characters:

M422) 1g*22) g g(431) g g(44) g 95(521) g 95(5.3)
@561 ¢356:2) g 2571 g 56),

but

Mes" 25422 g (1 —1)s*3D 9 54 @ (2 - 1)5C2D @ (2—1)5E)
o(1-1)sCe3-1)sCP e (2—1)s"Vas®
=S(4,2,2) ® 8(4’4) ® S(5,2,1) ® 5(5,3)

® 252 g 5(7:1) g 5(8)

While the full permutation module decomposes into 14 Specht modules, the
quotient decomposes into 8. We now have to figure out how to determine the way
the Specht modules are contained in M :’”, i.e. we need to determine an explicit
basis of the S,-homomorphisms in Hom (S A M :") for each S* appearing in the
decomposition.

8.3 The General Case: Decomposing the Module M""

Let F be a flag of a given theory on m vertices. If we can determine the Reynolds
operator of the automorphism group Aut(F) acting on Hom(S*, M%), we can then
choose homomorphisms which span the image of the operator.
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We can always describe the module M ™ as the quotient of a hook-permutation
module and the automorphism group of F

MER o Mo [y (8.2)

where the part 1 is repeated m times, one time for each vertex of F, and Aut(F)
acts on the module by permuting rows starting from the second.

We can immediately simplify this by combining freely interchangeable nodes
of F into the same rows, as we have done for the two examples above.

Definition 8.1. Let F be a flag. Then the shape of F is the partition of the vertex
set V of F, where two vertices i, j are in the same part if and only if swapping them
results in the same flag, i.e., the permutation (i, j) is an automorphism of F. Since
we can chain these automorphisms, this property of pairs of vertices defines an
equivalence relation between vertices, and thus results in a well-defined partition
of V. We assume that its parts are ordered from biggest to smallest (potentially
non-unique). We may use them as partitions of [m] = [|V|] by replacing the parts

shape (&) =({2,3},{1}),

shape () =({1,2},{3,4}).

Remark 8.3. We can calculate shape(F) of a flag in polynomial time (in m =
|[V(F)]), by checking which of the (T;) pairwise permutations between pairs of
vertices leave F unchanged.

with their cardinalities.

Example 8.2.

We use the notation (c,v...), where c is a scalar and v a vector, to denote the
vector (¢, V1, V,...).

Theorem 8.4. Let F be a flag, shape(F) its shape and m the number of its vertices.
Then

MF,n ~ M(n—m,shapc(F)...)/G’

where G is the group of automorphisms of F acting on the vertices in the parts of
shape(F). Thus, G acts on the rows of the tabloids of shape (n — m,shape(F)...).
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Proof. We know by that
ME" ~ pme Y [aut(F).
Splitting the quotient into two, we see
MO [y o (MO [ageishape(e)) /G,

where
Aut(shape(F)) = @ S,
ceshape(F)
consists of the permutations in S,, which do not change shape(F). Since the parts
of the partition shape(F) are pairwise disjoint, Aut(shape(F)) is a Young-group,
and thus
ML U/Aut(shape(F)) ~ M(n—m,shape(F)...).

8.3.1 The Decomposition of M"" Stabilizes for n Big Enough

While the modules M*™ and M*™ are non-isomorphic if n; # n,, the decompo-
sition into Specht modules does not change anymore once n is big enough. This
was first noted in [[Ray+18]] to stabilize for k-uniform hypergraphs at n = 2kd,
where d is the degree/level of the hierarchy (which corresponds to the maximum
number of considered edges of the hyper-graphs F). Similar properties have also
been investigated for variables with a single index and S,, symmetry in [Rie+13]],
and, more recently, for symmetries coming from more general reflection groups
in [DR20]]. We see the same stabilization property here, and can refine the result
further.

Proposition 8.5. Let m < n; < n,, and fix partitions A+ m and (n; —m,A...) <
Wy Fnqy, aswellas (ng—m, A...) < uy b ny, where uy and u4 are identical partitions
up to the first, and biggest, parts (1), and (4y);-

If ny > 2m, then

Hom(sul’M(nl—m,l...)) ~ Hom(suz,M(nz—m,A...)).

We get a vector space isomorphism by sending the homomorphism ¥,, where T,
is a semistandard-tableau, to O, where T, is the semistandard tableau we get by
extending its first row by inserting n, —n; ones at the start of it.
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Proof. Let T; be a semistandard tableau of shape u; and content (n; —m, A...).
Since T; is semistandard, it needs to have n; —m > 2m—m = m ones in first row.
Since u, is a partition of m, the number of ones in the first row of T; is at least as
big as the length of its second row. Hence, inserting additional ones at the start
of the first row results in another semistandard tableau T,.

Analogously, the number of ones in the first row of a semistandard tableau of
shape u, and content (n, —m, A...) exceeds the length of its second row by at
least ny, —ny, i.e., removing one’s results in another semistandard tableau.

Since both insertion and removal are clearly injective, and the semistandard
tableaux form a basis of the multiplicity spaces, they are isomorphic. O

Corollary 8.6. Let G = (V,E) be a (hyper-)graph. Then the module MS" decom-
poses as M@V if n > 2|V | in the sense that if for some set of partitions I

MGVl o @Cus(ZIVI—IMI,um)’
uel

then

MO ~ @ c“S("_W"““").
uel
The explicit homomorphisms are given by the tableaux one gets by extending the first
rows of the semistandard tableaux defining the ones for M G2Vl with ones.

In particular, we see that the decomposition of the module of polynomials
R[x]<4 up to degree d does not change for n > 2kd. This implies that the size
of the corresponding SDPs does not change anymore at that point, and we will
see that, after some rescaling, even all coefficients of the constraints of the SDPs
converge. This then allows us to consider the case where n — oo, and will result
in a hierarchy equivalent to the (Lasserre) flag SOS hierarchy, while being more
efficient to compute. Interestingly, the limit is not unique: One can determine ad-
ditional, new limit hierarchies, which can then handle degenerate problems where
the usual flag methods fail, since there all subgraph densities approach zero as n
increases.

8.3.2 Decomposing the Modules M"" Explicitly

We have seen that the modules M " are isomorphic to quotients of the form M*/c,
where G is a group acting on the rows (starting from the second) of the tabloids,
and that the decomposition does not change anymore once n is big enough. But
we still have to determine how the module actually decomposes.
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To do this, we need to determine a basis of the multiplicity space
HOI‘H(S‘H, MA/G) = RG(HOITI(S“, MA)))

where R is the Reynolds operator of the action of G on the multiplicity space of
S* in the full permutation module M*, extended in the obvious way from the ac-
tion of G on M*. As we have seen earlier in Section|7.2.3| a basis of Hom(S*, M%)
is given by the semistandard tableaux of shape u and content A. One could now
either calculate R explicitly in this basis, and chose a set of columns generating
the column space of the operator, or determine the intersection of the spaces of
homomorphisms invariant under the actions of the elements of a generator of G.

The problem here is that the action of G is not very straightforward. That
is, there is no known efficient algorithm to express a homomorphism given by a
tableau that is not coming from a semistandard tableaux as linear combination
of homomorphisms each given by a semistandard tableau. While there is such a
"straightening algorithm" (involving Garnir elements) for polytabloids to express
them as linear combination of polytabloids coming from standard tableaux (see,
for example, [[Sagl3, Section 2.6]), the usual way to prove that the semistandard
tableaux form a basis of the multiplicity space is based on an existence argument
(Lemma|(8.7).

Of course, one could calculate the basis explicitly, but due to the exponential
number of terms in polytabloids one should avoid it. Instead, one can work on the
level of semistandard tableaux and tabloids, if one generalizes tabloids further to
allow for partial rows.

First, we can take a look at the image of a polytabloid e, (an element of the
basis of S*) under a homomorphism #; € Hom(S*,M"/c), given by a standard
tableau t and a generalized tableau T respectively.

Or(e) =1y (Z sgn(o){ar})

o€l

= D sen(o) D (a0[T"]

o€eC, T'e{T}
= Z sgn(o) Z {tableau with entry (o't)(i, j) in row T'(i, j)}

o€eC, T’e{T}

= Z sgn(o) Z {tableau with entry t(c (i), j) in row T’(i, j)}
= T’e{T}
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= Z sgn(o) Z {tableau with entry t(i, j) in row T'(c (i), j)}

oeC, T’e{T}

= Z sgn(o) Z {tableau with entry t(i, j) in row o~ }(T’(i, j)}
cec, T/e{T}

= Z sgn(o) Z t[O'_lT/].

oeC, T’e{T}

That is, we can decompose ¥ (e,), earlier introduced in Section [7.2.3] as a
sum over terms of the form c;t[T;], c; € Z, where the T; are generalized tableaux
obtained by first permuting within rows and then within columns of T.

Lemma 8.7 (Lemma 2.10.7 in [[Sag13[]). Let T be a (not necessarily semistandard)
generalized tableau of shape u, and we assume that the homomorphism decomposes
in the form

Or(e) =Y t[T], 8.3)

1

where c; € Z and T; are generalized tableaux.
Then either U1(v) = 0 for all v € S, or there exists an i such that T; is semis-
tandard.

This leads to the constructive argument that one can repeatedly subtract ¢; {7,
from 1, where T; is semistandard, to eventually end up with the full decompo-
sition in the basis. How to do this explicitly on the other hand is left open in the
literature. Again, the problem is that the number of terms c;t[ T;] grows exponen-
tially in both the row and columns size of the tableaux.

So, we are going to need two things: A way to identify semistandard tableaux
appearing in the sum efficiently, and a way to work with the difference ¥ (e;) —
b7, (ep).

The usual way to prove the existence of a semistandard tableau in the de-
composition is to start with an arbitrary term in the sum, and then apply
Garnir-elements to it to move step by step towards a term with a semistandard
tableau.

Now, while this is enough to get a constructive proof, in practice this result
does not seem too useful, if one works with bigger tableaux. The main prob-
lem is this: Having identified a semistandard tableau T; in the decomposition
this way, one then wants to repeat the same process with the difference
r(e;) —Ur,(e.). It does not seem clear (assuming one does not work with the
decomposition explicitly) how to determine a term in the difference, as there are
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potentially many ways to arrive at the same term from T (resp. T;), and terms
may cancel out. Especially, it seems hard to decide when one is "done", i.e., one
has found the full decomposition and the remaining difference is zero.

Instead, we are going to first determine all semistandard terms appear-
ing in the decomposition of ¥(e,), and then describe the difference ¥;(e;) —
ZT,- semistandard U7, (€¢) with as few "partial" homomorphisms as possible. For a set
of generalized tableaux S we call

Fs(t) == > t[T’]
T’eS
a partial homomorphism if S is a subset of a generalized tabloid {T}, here usually
obtained by fixing certain entries to specific positions in a row of T. We have
'ﬁT = Z ’ﬁ{T/}’
T'e{T}
where the {T’}’s are sets with one element (instead of the tabloids) and
'l?Sll_ISZ = ’l?sl +'ﬂ52.
Let us start with an example. Note that to permute rows in the image of

U1, we apply the permutation to each entry of T simultaneously. Consider the
homomorphism given by the permuted semistandard tableau

1123 2213 _ 1223
7273 =13 13 >

which is obviously not semistandard. We now want to find all semistandard

T =(12

tableaux we can obtain by first permuting within rows, and then within columns
of T. To do this, we first consider the partial homomorphisms where the position
of the ones in T are fixed (written in bold font) in different ways:

_1223U1223U2123U2122

=13 31 13 31
2213 2213 2231, 2231
U313 U3 V13 U3 :

Now we can make use of the observation that given a semistandard tableau, the
tableau obtained by restricting to the boxes with entries at most some i is again
semistandard. Since there is only one semistandard tableau with just two ones
(namely 1 1), we do know that after sorting the columns every semistandard
tableau must have two ones in the first row at the start. Thus, only the partial
homomorphisms given by

1223
31

21
and13



Chapter 8. Symmetry Reduced Flag SOS Hierarchies 183

may contain semistandard tableaux. Next, we can repeat the same for the two’s
in both tableaux. Eliminating the sets which may not contain a semistandard
tableaux (by sorting columns and checking if the tableaux restricted to the en-
tries one and two are semistandard), we obtain the three sets (and corresponding
partial homomorphisms)

1322 2123
31 13

and 2 2

31
13

This tells us that the decomposition of 4 contains exactly the three column sorted
semistandard tableaux

1[1]2[2][A[1]2[3] ,[1T1]2[2]
313 '[2]3 33 ’

all appearing with sign —1, as we need to permute one pair of entries within one
column of each to sort them.

Now we subtract the three corresponding homomorphisms, and take a look at
the difference

By — | —29

q.
1122 Y1123

Lemma|8.7]tells us that this difference is zero if and only if its decomposition (8.3)
does not contain a semistandard tableau. Since we eliminate all semistandard
tableaux appearing in the decomposition given by {;, remaining semistandard
tableaux can only appear in the terms we subtract. While for any given semistan-
dard tableau T’ the decomposition of #;/(e,) contains a term corresponding to
the semistandard T’ itself, it may not be the only one. In this case both tableaux
are the unique semistandard tableaux appearing in both their corresponding de-
compositions, i.e., we have

Vi35035 =207753 V11323

13 373 53
1123 1223 1122 1123
\ _ — _
(12)5-3 =713 =233 23

Generally there may be more semistandard tableaux appearing in the de-
composition, for example the homomorphism corresponding to the semistandard
tableau

14

25
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contains terms corresponding to both this tableau itself, and to the semistandard
tableau

12

3 4,

"

which is obtained by first permuting the second row, and then sorting columns.
Thus, we generally have to recursively repeat the procedure of determining all
semistandard tableaux appearing in the decompositions of the subtracted terms,
excluding their main terms. This algorithm has to finish in a finite number of steps
due to the dominance lemma for generalized tableaux (see e.g., Lemma 2.10.2 in
[Sag13|]), which tells us that all other semistandard tableaux appearing in the de-
composition have to be smaller than the main one (according to the column dom-
inance ordering of generalized tableaux). As there is a finite number of tableaux
of a given size, this algorithm has to finish in a finite number of steps.

Thus, we obtain Algorithm [5|to write a homomorphism given by a tableau T,
which is not semistandard, in the semistandard basis.

Algorithm 5: Decompose a generalized tableau T in terms of semistan-
dard tableaux

// Determine all appearing semistandard tableaux:
PartialHomomorphisms « {0};
fori=1,...,mdo
Split all 1?_5 € PartialHomomorphisms further by fixing all i-entries in
all possible ways;
Delete all partial homomorphisms which are not semistandard after
sorting their columns and restricting to entries 1,...,1;

// Determine their multiplicities:

cpr « O for all semistandard tableaux T’;

for ¥¢ € PartialHomomorphisms do
p < the permutation sorting the columns of S;
T’ « column-sorted S;
crr = cpr + sign(p);

if not the highest level of the recursion then

t cr =0;
return .., cp/(07 — Decompose(T"))
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Determining the Reynolds Operators. To determine the symmetry adapted ba-
sis of M* /g, we need to determine a basis of the multiplicity space of S* in M*/¢ for
each u. As mentioned above, we let R be the Reynolds operator of G and see
that

Hom(SH, ™*/¢) = R (Hom(S#, M™)).

If we can now determine a matrix representation of R explicitly in the semis-
tandard basis of Hom(S*, M%), we can simply choose a subset of columns which
span the image of R to obtain a basis of Hom(S", M* /).

We can now use this Algorithm [5 to determine the matrix representation
My, € ﬁaZdim(Hom(su’M "))xdim(Hom(S",M") of the Reynolds operator R, in the basis
of homomorphisms given by semistandard tableaux. We do this by first decompos-
ing o () for each semistandard T and element o of a generator of F. Knowing
the matrices corresponding to a generator, we can then generate the full matrices
corresponding to the full group, and average them.

In some cases we may see that o(¥;) = o (/) for another semistandard
tableau T’. In these cases we know that Rz(%;) = R(?;/), allowing us to elim-
inate one of the basis elements immediately. Generally this is not enough, but
in some cases these eliminations alone already result in a basis, if it matches the
dimension of Hom(S*,¥*/r), in the case this dimension was known beforehand.

tion to crossing numbers in [[BP22]].

Remark 8.8. We can determine My _ more efficiently by first determining a
Stabilizer-Chain of G via the Schreier-Sims algorithm, and then iterating over
a transversal of each stabilizer in the chain. We refer the interested reader to
[Ser03}; |Sim70; [Knu91|] for details.

8.3.3 Multiplying and Symmetrizing the Elements of the Symmetry
Adapted Basis

We can now apply the algorithm described in Section to compute the sym-
metrized products of the symmetry adapted basis we obtained from computing
the Reynolds operators. The algorithm returns a linear combination in terms of
overlaps between two tabloids, which was defined as

m

overlap({t,}, {t2}) := (lrow({t1}, 1) Nrow({t2}, )} -

Let us consider two graphs G; and G,, such that the corresponding modules
are isomorphic to the quotients M1 ~ m* /r, and M %" ~ m* [r,. Especially we
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know how to translate tabloids {t;} and {t,} of shapes A! and A? respectively to
specific full labelings of G; and G,.

Given an overlap matrix O € N™™ where m is the maximum number of
rows of A! and A2, we can now build a representative of the equivalence class
corresponding to the overlap. To do this, we simply take any fixed labeling of
G1, and then label G, greedily corresponding to the overlap O. We can then glue
together the two fully labeled graphs obtained this way, and label them canonically
to obtain the corresponding basis element of R[x]%". This is exactly the action of
the unlabeling operator [-] as introduced in Chapter|[6.1]

While the problem of canonically labeling a graph is at least as hard as the
graph isomorphism problem, in practice there exist algorithms, such as NAUTY
and TRACES [MP14]], that perform well, especially for the (very) small graphs
appearing in the levels of the hierarchies considered in this work. The algorithms
in [MP14]] can easily be generalized to general flags, and a general version relying
just on a function that can distinguish vertices from another has been implemented
as part of the Julia package "FlagSOS.jl", described in Section 8.7,

8.4 Example and Interpretation: The Reduced Second
Level of the Lasserre Hierarchy for Graphs

Let us take a look at a specific small example: The Lasserre hierarchy indexed by

monomials up to degree two, i.e., graphs with at most two edges. We assume here

that n > 8 so that the decomposition stabilizes by Corollary[8.6] The case n < 8

can be decomposed analogously, but some semistandard tableaux may not exist,

or look a bit different as columns may need to be sorted, thus requiring separate

cases for each small n.
Here the S,, module R[x ], decomposes directly into the four graph modules

Rx]<; = M?" & MI’” ® MA’” ® Meo",
of which the first three are isomorphic to permutation modules:

M@,Tl ~ M(n)’
MI,Tl ~ M(n—2,2)’

MA,n ~ M(n—S,Z,l).
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We can then use the known decomposition of each permutation module, which
was described in detail in Section to determine a symmetry adapted basis of
each of the three graph modules.

We saw earlier in that the fourth module, which corresponds to the graph
with two disjoint edges, is isomorphic to the quotient

**n 2,2
Moo ~ M2 )/52’

where S, permutes the last two rows of the tabloids in M~*22), Next, we can use
Algorithm[5]to compute the Reynolds operators for each of the multiplicity spaces
Hom(S*, M("=+22)) for the nine partitions u > (n—4, 2, 2) dominating (n—4, 2, 2).
We give all nine Reynolds operators in Table 8.1], where the semistandard basis is
ordered by sorting their column-wise vectorization lexicographically.

u Rs, Chosen basis
1[1]-]1]
4,2,2 1 2[2
( ) ( ) 33
(4,3,1) (0)
(4,4) (1) shihr
(1 -1 [AROE
san 3% 7) B
1 1
(5,3) %(1 L) bt
(6,1,1) 0)
1 01
62 ilo 20 [;;'"1'3'3‘,{;;,""1'2'3‘
1 0 1
1 1
(7,1) %(1 1)
(8) 1) [A-T1[2[2]3]3]

Table 8.1: Reynolds operators of S, on Hom(SH, M ("~+22))

As we can see in Table the graph module M —n decomposes into 8 Specht
modules, while the full permutation module M*22) decomposes into 14. To-
gether with the decompositions of the first three modules, we obtain the full de-
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composition

R[x]<; =M?" & MI’” ) MA’” ® Moo
ES(Tl—4,2,2) ® S(n—4,4) @ 25(n—3,2,1) ® 25(H—3,3)

& S(2LD g 55(122) g 4511 g 45(0),

The multiplicities give us the block-sizes of the block-diagonalized SDP: one block
of size 5, two each of sizes 4 and 2, and three blocks of size 1.

We can now compute the (polynomial) entries of the block-diagonalized SDP
Take, for example, the semistandard tableau

1[1[-{1]2]
23

T1=

for the graph /\, and the semistandard tableau

1[1[-{1]3]3]
22

T2:

of the same shape for the graph ;. To compute the corresponding elements of
the symmetry adapted basis, we first need to understand the two homomorphisms
Or,: M®=22) _ Rx], fori=1,2.

Graphs with Grouped Vertices. In Section[7.2]we defined the homomorphisms
corresponding to semistandard tableaux T to be given by

dr({th= > 1],

T'e{T}

i.e., we here send a tabloid {t} of shape (n—2,2) to a sum over the elements T’ of
the row equivalence class of the semistandard tableau T, where t[T’] is the tabloid
of shape (n—3,2,1) respectively (n —4, 2, 2) obtained by moving the entries of t
to the rows determined by the entries of T’. Hence, the images of the tabloid

{t} = [n] \ i, j}

tJ

are

o ({th=" >

ke[n]\{i,j}

1 + J
j i

([n]\{i,j,k} [n]\{i,j,k})
i k ik
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and

[nI\{i,},k,{}
Or,({th=" >, 1j
k<teln\{i,j} k ¢

We can now apply the homomorphisms relating the permutation and graph mod-
ules to first obtain linear combinations of monomials and then graphs:

O, ({t}) = Z (i jk + X% )
ke[n]\{i,j}

el o)

=(n— 2) IS MA’", and
@

O,({th= Do xyxu
k<te[n)\{i,j}
_
k<tetm\(i,j; ©-O
— 2 —e
= (Tl ) € Mo,

2

*—e

Here we first use the notation where we group together vertices to indicate
that we sum over all the possible graphs we can obtain by permuting vertex labels
within the group. The edge connecting i resp., j to the unlabeled vertex (formerly
vertex k) can be connected to either of the two vertices i or j. We can interpret the
unlabeled (filled in) vertices to be part of a group together with all vertices that
do not appear explicitly in the graph. No vertex group is necessary for 9, ({t})
since the graph already has the symmetries (which we can see in T, itself: the
second row only contains twos).
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This notation can be generalized to more complicated homomorphisms in a
straightforward manner. Consider, for example, the graph

(@)
—O\®
-l

of shape shape(G) = ({a,c}, {b},{d}, {e}). Since the automorphism group of G
is exactly the corresponding Young-group Sy 3 X Syg) X Sygy X Si53, we know
that M®" ~ M52LLD for n big enough. We now obtain an element of
Hom(S("%2.2) prG.n) by the semistandard tableau

|1|2‘

1|1
T=2]3
4[5

Here we need three groups: One group for unlabeled vertices, containing one of
the two vertices in the first part {a,c} of shape(G), and two more groups of size
two each:

[n]\{i, ], k, €}
Vr| 1] =(n—4) (o) ()
' (ﬁ ) Ues{és{u} 0‘6
= O"E@] e Mo,
©

Specht Flags. But what we are actually interested are the elements of the sym-
metry adapted basis, i.e., the images of polytabloids under #;. Specifically, we fix
one polytabloid e, € S* for each shape u, since we only need the image of one and
the same polytabloid under all homomorphisms in Hom(S¥, R[x ]4). Continuing
the example from above, let us fix the standard tableaux

. _[1[3[51-1n]
1214

of shape (n —2,2) obtained by filling it column-wise. The corresponding poly-
tabloid is

5:---n e M—22)

5---n 2
e; 1

3 45---n
14 23 13

13
24
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We now obtain two elements of the symmetry adapted basis of R[x ]<, by

I e = (n—2) @" @" e

ot =("7>

2 o—o —e —e o—o

EMH.

As these quantum flags/polynomials generalize (higher) Specht polynomials,
which were first introduced in [JATY97]] (see also [[MRV21|] for more recent results
related to them), we call these quantum graphs (higher) Specht graphs, or more
generally Specht flags.

Calculating the Entries of the Block-Diagonalized SDP. To obtain the block-
diagonalization, we now need to compute the symmetrized products of the ele-
ments of the symmetry adapted basis. The symmetrized product of the two Specht
graphs 97, (e,) and ¥, (e,) is

— 21) ESILACOLACH)

@

+
@ 10
O-@®_0®_006 00

.—..—..—..—.

4 @@ _,
e *—=e

+4 @ ®_® , (8.4)
© —e

where we used the fact that we symmetrize the products in the last step. Here we
only need to know how the labels overlap relative to each other between the two
quantum graphs of each of the three pairs. The algorithm explained in Section
does exactly return a decomposition corresponding to this step, split a bit
further by the way the unlabeled vertices can overlap with the other graph.

@H@

)]

=0
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If n is finite we now still need to consider the fact that unlabeled vertices of
a flag average over all labels that do not appear in the graph, which potentially
includes vertices of the flag we glue the flag to. For example,

@;D\g:(n 2;: )%
=gt

which results in a significant number of additional terms in [9, (e, )07, (e.)].

While we can calculate the exact coefficients as rational polynomials in n us-
ing the algorithm explained in Section by working with monomials with
exponents that are polynomials in n, we are mostly interested in the case where n
approaches infinity. We can modify the algorithm to instead return the decompo-
sition at step (8.4)), and continue to compute the limit case from there.

The Limit Case. To make the coefficients in [¥r, (e, )fr,(e,)] converge as n ap-
proaches infinity, we rescale the basis: We simply divide each element ¥ (e,) of
the symmetry adapted basis by n™, where m is the number of vertices appearing
in the first row of T (i.e., unlabeled vertices). This then turns ¥ (e,) into a finite
linear combination of flags, a quantum flag, in the limit, which we can continue
to work with to compute:

. 1
lim —[["t‘/‘T1 (ef)"ﬁT2 (er)]
n—oo n3

:4 ,_8 fot0
@ @

*~—e *—e

it
:“|[f+f]|‘ ‘f/* /]l
e p\_
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=8 —8{p— 8 +8L.

We can compute the other coefficients analogously to obtain the full reduced sec-
ond level of the hierarchy, both for fixed n and the limit case.

A Product for Graphs with Grouped Vertices. Since we are only interested in
unlabeled products of elements of the form ¥(e,) for a fixed polytabloid e,, we
can get rid of the labels fully, and simply write

= lim lﬁ‘Tl (er)

n—oo n

for the limit Specht flags contained in the symmetry adapted basis. In general, it
is enough to give a graph G together with a partition V(G) = VoUuV, UV, L+ -- UV
of its vertices to fully determine the products [¥r, (e;)¥r,(e,)]. The first vertex
group V, is the special group of unlabeled vertices, i.e., it can be seen as the
group containing V, U[n] \ V(G), and can potentially be empty. We assume that
the remaining groups are ordered by size, i.e., [V;| = |[Vo| = -+ = |Vi].

.....

graphs (Flags) with grouped vertices. Let
Ai = (= V(G + Vg, V{1, V31, IVED

be the partitions giving the group sizes of the two graphs, where n is a variable
considered to be big enough according to Proposition [8.5
Then
Gy -Gy =0,

if A’l 75 Az, and

1
GGy == lim —I[[ﬁTl(et)'ﬁTz(et)]]: (8.5)

n—00 n|V01|+|v02
for a fixed tableau t of shape A = A;. Here
O, : st — mOon

are two homomorphisms embedding $* into the flag algebra, and the T; are the
generalized tableaux obtained by filling row j of T; with |V; N shape(G;),| times
entry /.
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If we loose the specific order of the V;’s, other than V), we can still recover
the product up to sign, because ¥ = U7 if the tableaux are row-equivalent. And
by definition of polytabloids, e, = e, if we can obtain t’ from t by swapping two
rows of the same even length, and e, = —e,. if we can obtain ¢’ from t by swapping
two rows of same odd length.

We can also visualize the product without using labels, by drawing the groups
on top of each other, and using, for example, two different colors for the sym-
metrization groups, which are symmetrized independently of each other:

iy

[RYe |l .. .c=ore
o 11 (0—0re

O
=81+ 83— 8N —16¢>—8( s +16475.

2

The Symmetry Adapted Basis. This means that we can give a symmetry adapted
basis of R[x ]<4, uniquely up to sign, simply by giving a list of graphs with grouped
vertices. We give the full basis for the case d = 2 in Table[8.2] While we computed
the symmetry adapted basis for bigger d’s, we only give the block sizes ford upto 5
in Table|8.3|due to the amount of data. Of course, one can also consider different
hierarchies, such as one generated by graphs with few vertices if a problem is
formulated in small dense graphs, or a hierarchy generated by bipartite graphs
alone (for example for a problem such as Sidorenko’s conjecture, see Section[6.6).
The block-sizes for these two hierarchies, reduced in the same way, are given in
Tables and The block sizes are given in the format size™Plcty  AJ]
the hierarchies still grow very quickly despite symmetry reduction. In practice
some clever guessing of orbits of graphs, blocks, or even elements of the symmetry
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adapted basis can help for some problems to obtain better bounds than one can
reach with the last fully computable level of the hierarchy.

Symmetry adapted basis
Block M2 | Ml mN Mes
(n—4,2,2)
(n—4,4)
(n_3, 2; 1) ?J
(n=33) ==
(n—2,1,1) i
—e
(n=2,2) P 5
*—0
(n - 1, ]‘) I) > V’ I
(n) a, —eo, —eo—o, —eo o—o

Table 8.2: The symmetry adapted basis of the flag algebra of graphs up to two
edges. The vertices have been arranged in order of vertex groups V,..., Vi from
top to bottom.

8.5 Applications: Graph Profiles

Let G and H be two (or more) graphs. The graph profile of G and H is the set of
pairs of densities that can be attained simultaneously from the same sequence of
graphs:

profile(G,H) := {(p(G, G), p(G,H)) : G sequence of graphs}.

There is very little known about graph profiles to this date. They were first
studied in [[ELS79], where it was shown that the profile of s different connected
graphs is a full dimensional subset of [0, 1]°. The only fully understood cases are
the profiles of the edge [ and complete graph K,,, where first the case n = 3 was
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d Dblock sizes total size

0o 1! 1

1 2112

2 51422213 20

3 19'142131918371342215 121

4 781691681651511491412401371341262221211202%15112194 823
815143342319

5 4351375134213341287127812771271124812371236!235! 6278

234116211551151114411211113%921901881831742691 651
63157155152246130129128127226125123219116114113212!
1119551473823113

Table 8.3: The block-sizes of the symmetry reduced Lasserre hierarchy generated

by graphs with up to d = 5 edges (i.e., graphs with up to 2d edges appear in the

coefficients).

t Dblock sizes total size

1 1t 1

2 2112 4

3 432172 16

4 22'16'14%11'8'7'6'5131211! 109

5 154'128'120'116'79178176'721701441431401341291 28! 1171
23119113151

6 2116'1940'1594'1376'1350'1306'1260'1228'1076'1054! 22211

99617691724168215981510149514541444138413091296!
24412141'205'157115611291122123!1

Table 8.4: The block-sizes of the symmetry reduced Lasserre hierarchy generated
by graphs with up to t = 6 vertices (i.e., graphs with up to 2t vertices appear in

the coefficients).
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d block sizes total size
0 1! 1
1 2112 4
2 51422213 20
3 18'14'13'128%7134221° 117
4 72'65'60'58'49146140236134130'26221219'17'15112194 775
815143342317

5 380'314'3131306'260'252124212281227122612191215! 5717
18911541150'135'116'1121108198193188287181173170!
68162159156155152235130129128127226124123121119!
1611411321211119551473823113

t block sizes total size

1 1! 1

2 21712

3 3313 12

4 13'918172432212 62

5 49'4313713512712512412221511311229181624111 370

6 286'280'201%219211782170'166'157'1341110199189181! 3086
73268161145140139135131122220118'16'11

7  2248'2017'1979'1820'1740'1684'1647'1595'1407'1260" 33082

1162'1049'1039'1004'875'83217421738164116321615!
57515731495147514221353132913241312130212831281!
26112571223118211621153113218816115315218!

Table 8.5: The block-sizes of the symmetry reduced Lasserre hierarchy generated
by bipartite graphs up to d =5 edges resp., t = 7 vertices.
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shown by Razborov [[Raz08]] using an inductive flag SOS based proof involving
combinatoric derivatives, followed by the case n = 4 in [[Nik10]], and the general
case in [[Reil6]]. There is no fully understood profile of three or more graphs, but
partial results for the profile of graphs with up to three vertices are in [Hua+13]]
and [Gle+16].

Graph profiles are inherently interesting objects, as the profile of graphs
Gy,...,G,, models all optimization problems involving linear combinations of
the graphs G,,...,G,, and their powers, including (in-)equality constraints
built with the same graphs. If one can find a description of the profile P =
profile(Gy,...,G,,), answering whether f = 2?1:1 Doken Ci,kle is nonnegative,
where c;; € R are scalars, simplifies to asking whether f bounds the profile
P. If we can describe (or at least bound) P using polynomials in m variables
corresponding to the m graphs, this reduces the problem to a potentially much
easier polynomial optimization problem in m variables, replacing the big flag
SOS hierarchies. Similarly, we can add additional constraints to profiles to for-
mulate problems from extremal graph theory with forbidden subgraphs, or more
complicated constraints.

A multitude of open questions can be formulated this way. For example,
Sidorenko’s conjecture (6.16) would be answered if one can determine all graph
profiles profile(], H), where H is bijective, as the conjecture implies one of the
functions bounding these profiles. Another longstanding open problem is related
to crossing numbers: the rectilinear crossing number of a graph is the minimum
number of edges that cross in any drawing of the graph. The minimum number
of crossings is still open for complete and complete bipartite graphs (the bipar-
tite setting is also known as Turan’s brick factory problem, see [KST54]]). If one
works in the flag algebra of limits of point order types [|[Goa+18]], one can for-
mulate the limit of the (appropriately scaled) crossing number of the complete
graph as a problem of order types with up to four vertices. If one additionally
adds two colors to the theory, one can formulate the limit of the crossing number
of the complete bipartite graph as well. Both of these questions can be seen as
asking to optimize within a profile of small order types in a given direction, which
corresponds to the number of crossings in the limit.

In [Ble+20b] the authors show that graph profiles are limits of sequences of
feasible sets of polynomial matrix inequalities, which they call SOS-profiles, but
they also show that the simple looking profile of the edge e and the path P; with
three edges cannot be proven using a finite level of the flag SOS hierarchy. More
specifically, the Blakeley-Roy inequality P; —e® > 0, which gives one of the sides
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of the profile, cannot be proven using a finite flag sums-of-squares certificate.

Graph profiles are not necessarily convex or semi-algebraic, as can be seen
from the easiest fully known profile, the edge-triangle graph profile, as shown in
Figure It is clearly non-convex, and one needs infinitely many polynomials
to define its lower bound.

1.0

0.8

bt
o
T

Triangle density
o
i

0.2

0.0 . . L L
0.0 0.2 0.4 0.6 0.8 1.0

Edge density

Figure 8.1: The edge-triangle graph-profile.
The graph profile from [Raz08]] shown in gray. The red line is an exaggeration of its lower
bound to make its features more distinct.

Bounding Graph Profiles. We are interested in outer approximations of graph
profiles of given graphs G and H. While we can clearly say that a point (x, y) is
not in the G-H-profile, if we can prove that —1 is a sum-of-squares in the variety
determined by G = x and H = y, this only allows us to exclude points from
profile(G, H). Instead, we are going to try to find univariate polynomials fi,yer :
R — R and fpper : R = R which bound the profile as close as possible from below
and above. To this end, we approximate the problems

1 1
maxf flower(x) dx min J fupper(x) dx
0 0

S.t. H— flower(G) =0 S.t. fupper(G)—H =0
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using flag sums-of-squares. Given two feasible solutions fioyer and fypper, We
clearly have

profile(G, H) € {(x,¥) : fiower(X) £ ¥ < fupper(x), x €[0,1]}.

For example, we obtain the outer approximation in Figure from the third
level of the Lasserre hierarchy. While the upper bound is a good approximation

of the exact bound I3, the lower bound is quite far from sharp.
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Figure 8.2: Outer approximation of the edge-triangle profile.

The outer approximation obtained from the third level of the Lasserre hierarchy; i.e., the
univariate lower and upper bounds have degree 6. The exact profile from [[Raz08] is
shown in red.

Piecewise Approximations. We can obtain a significantly better approximation
by cutting the interval [0, 1] into small steps [0, 1] = | J;[a;, b;], and solving sums-
of-squares approximations of the problems

bi bi
maxf flower,i(x) dx mlnf fupper,i (X) dx
a; a;
s.t. H _flower,i(G) =0 S.t. fupper,i(G)_H =0
aiSGSbi aiSGSbi

for each i. Note that due to the inequalities, "nonnegative" now means that H —
fiower,i(G) respectively fpper;(G) —H lie in the quadratic module (1.8) given by
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the two inequalities, and are thus of the form
so + (G —a;)sy + (b; — G)sy,

where s(, s; and s, are flag sums-of-squares.

By cutting the interval into just 20 equal parts we already obtain a much bet-
ter approximation of the edge-triangle-profile, as shown in Figure In total,
computations took about 5 seconds. While the bound is not sharp (and never will
be everywhere), this level of the hierarchy correctly captures some non-convexity
in the interval [%, %]
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Figure 8.3: Piecewise outer approximation of the edge-triangle profile.

The outer approximation of the edge-triangle profile obtained from the third level of the
Lasserre hierarchy, where the interval [0, 1] has been cut into 20 equal parts. The exact
profile from [[Raz08]] is shown in red, the functions computed approximating the profile
in blue.

This way we can quite rapidly obtain (rough) approximations for several pre-
viously unknown graph-profiles. Approximations of all graph profiles between
graphs with at most 4 vertices are shown in Figure It took about 11 min-
utes to calculate all of them with Mosek on an i7-1185G7. Better approximations
coming from higher levels of the hierarchies, or more precise ones, can easily be
calculated with more time with the developed Julia software package described
in Section
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Figure 8.4: Outer approximations of graph profiles of pairs of graphs with at most
4 vertices.

The bounds were obtained from the Lasserre hierarchy generated by the orbits of graphs
with up to 4 vertices (and thus containing products with up to 8 vertices). The interval
[0, 1] has been cut into 10 equal parts for each of the squares, which each denote the area
[0,17°.



Chapter 8. Symmetry Reduced Flag SOS Hierarchies 203

Profiles of Harmonic Flags. In Section|[6.6|we introduced harmonic flags, a dif-
ferent basis of the flag algebra, which comes from the characters of the binary
hypercube. We can also compute their profiles, which are always contained in
the squares [—1,1]?, by either writing them as linear combinations of flags by
equation (6.9), or by generating the SDP starting out in the harmonic basis. The
symmetry adapted basis is found analogously, as we only need to adjust the gluing
operation to delete edges glued on top of each other, as seen in Section [6.6]

Proposition tells us that these profiles of harmonic flags are slices of the
higher dimensional profiles involving all graphs appearing as subgraphs in the
two harmonic flags. As for regular flags, we give outer approximations of all pairs
of harmonic graphs with up to four vertices in Figure as well as a bigger view
at the profile of the harmonic graphs corresponding to the edge and the complete
graph on four vertices in Figure While we did not manage to prove that any
of these approximations are sharp, these slices were fully unknown before, and,
already for these very small cases, seem to exhibit much more varied behaviors
than the profiles of pairs of flags in Figure But the approximations in Figure
also visualize a weakness of this approach: Since we only approximate the
profile with a function from above and below, we potentially miss big details. Of
course the G-H-profile is exactly the same as the H-G-profile after swapping the
coordinates. But we obtain, for example, very different approximations of the two
profiles for the harmonic flags corresponding to | and X.

Remark 8.10. Using the harmonic basis as initial basis for the symmetry reduc-
tion seems to have some computational advantages. Despite solving the same
amount of very similar SDPs, where the SDPs have the exact same block-sizes and
structure, computing the approximations in Figure took about 11 minutes,
while computing Figure took only 8.

One could now think that the reason for this could be the different gluing op-
eration for harmonic flags: As seen in Section[6.6] the product between harmonic
flags deletes edges that are glued on top of each other. While this does reduce
the number of total non-zero coefficients in the data matrices of the SDP in some
cases, as seen in Table it actually increases the number of nonzero coefficients
in the case used for the Figures (t =4).
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Figure 8.5: Outer approximations of graph profiles of pairs of harmonic graphs
with at most 4 vertices.

The bounds were obtained from the Lasserre hierarchy generated by the orbits of harmonic
graphs with up to 4 vertices. The interval [—1, 1] has been cut into 10 equal parts for each
of the squares, which each denote the area [—1,1]2.
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Figure 8.6: Outer approximation of the profile of the character flags correspond-
ing to the edge and Kj.

A bigger view at one of the profiles shown in Figure The same level of the hierarchy
was used, but the interval was cut into 100 equal parts. Both the upper and lower bound
were approximated piecewise by degree four polynomials. Using this profile, we can
prove any bounds coming from functions bounding the gray area from the outside, where

a sufficiently big gap should be left due to the numerical nature of the bounds.
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Number of nonzero coefficients

d flags Harmonic flags
1 8 8

2 149 146

3 7062 6800

4 748123 713390

t flags Harmonic flags
1 1 1

2 8 8

3 100 97

4 5285 5339

5 1600307 1750120

Table 8.6: Total number of non-zero coefficients in the symmetry reduced Lasserre
hierarchy for two different bases, generated by orbits of graphs with at most d
edges respectively at most t vertices.

The better computational performance should thus be related to the orthog-
onality of the harmonic basis. Intuitively, comparing the two Figures and
tells us that the feasible set of the dual (moment) side of the SDP is "thicker", i.e.,
we can fit a bigger ball in it, as the harmonic profiles generally seem wider than
the graph profiles. Formalizing this remains a task for future work.

Since swapping to harmonic flags is just another change of basis for any of the
here considered hierarchies, it remains to be seen whether reformulating prob-
lems in the harmonic basis can lead to computational advantages for general
problems.

8.6 Flag Algebras for Degenerate Extremal Combina-
torics

While flag algebras have proven a powerful tool in dense extremal combinatorics,
they inherently fail if the considered extremal models are sparse, then called de-
generate, in the sense that all sub-flag densities tend towards zero. In this section
we give a small example, to be considered a "proof of concept", that shows that
one can extend flag algebras to these degenerate cases, at the cost of significantly
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more complicated product rules.
The easiest case to consider here is the case of graphs without 4-cycles, we
can show using flag SOS that

ex(;Ip =o.

In cases such as these, we are instead interested in the rates at which the con-
sidered densities approach zero, especially the leading term. Here it is known
([KST54]) that, if the considered graph sequence is C4-free, we have

n++v4n3—3n2 1 1
IS—=—+0(—)—>O.
4(3) Jn vn
In [Ray+18]] the authors translated the proof of [KST54] into the setting of sums-
of-squares, building an SOS-certificate for every (big enough) n.

We are interested in building a single SOS based certificate, which proves the
leading term % exactly. While this is a weaker result, it is of interest to have a
better method for this setting, as degenerate extremal combinatorics is a lot less
well-understood than dense extremal combinatorics. See, for example [[FS13]] for
an extensive survey on the topic. Excluding any bipartite graph always results in
a degenerate limit, and already for "easy" cases such as C4-free graphs the leading
coefficient, and for Cg-free graphs the leading exponent are not known.

A Sequence of Small SDPs. Let us consider sums-of-squares, where the squared
polynomials can be written in just 6 elements of the symmetry adapted basis:

pp=(n): By ={byy, b1y, b3} ={a,L A}

pr=(n—1,1): By ={by, by} = {I,I_.},
pus=(n—2,2): By={bs}= {(b_g)},

i.e., we here consider an SDP with three blocks of sizes 3, 2 and 1.

Normally, we would now compute the limits of the symmetrized products
to obtain the flag SOS hierarchy for the case that n — 0. Instead, let us calcu-
late all products dependent on n (where n is big enough), without rescaling by
dividing trough n to the power of unlabeled vertices. Normally we would avoid
calculating these in-between steps by immediately sending unlabeled vertices to
distinct vertices.
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For example, to compute the unscaled non-limit product Plz1 coming from
by1b,1, we calculate

barbzy = Jim, 5 (Z% Z%)

i#2 j#1

= Jlim, 5 (Z%)

i#2

|(5228)

i#2 j#1

= lim %(2(:1 = Dl+2(n—1)(n-2)A
—6(n—2)A\—21—2(n—2)(n—3)2)

= nlim 1 5 (@n—4l+(2n® —12n+16) A\ + (—2n° + 10n— 12)73)

= hm —P2 (n).

We can compute the other entries similarly to obtain the three matrices

...............

containing linear comblnatlons of ﬂags w1th coefﬁc1ents that lie in ]R[n]

If we now rescale the rows and columns of each block with the appropriate
functions and take the limit, we obtain the normal limit hierarchy:

1 1 1A

= hm (1n )P )| =] o= <
) \A T 5

' o -1 2 202 2 27
pfm;:nlggo(n 'n 2)p2(n)(n_2) (ZI/:\ 2/ zg} 21“)

P 1= Jim (n7) P2(n) (n7") = (41— 8¢y +443).

p}

lim

With this limit we can indeed prove that ex({; I:I) = 0. This is easier to see in
the dual: There we turn the graphs I, /\, :, , J, Q and ['] into real vari-
ables (moments) in [0, 1], and assume P;, > 0 fori =1, 2,3. It is straightforward
to see that I 7= 0 and P. > 0 together imply that [ = 0, proving ex(; ] 1) =

The approach taken in [Ray+18], which is based on the proof in [[KST54],
now instead constructs an SOS-based proof for each n, i.e., in our notation we
would equivalently give matrices X;(n) with coefficients that depend on n, which
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are positive semidefinite for each n, such that

n+ VIS 3
————>0.
4(3)

Considering a Different Limit. We are interested in the leading term alone;
we want to show that | < % +o0 (%) Multiplying the inequality with /n, we

(P1(n),X,(n)) + (P*(n), X2(n)) + (P3(n),X5(n)) =1—

equivalently want to prove that

lim 1—vn [>o0.

n—oo

This idea leads to the definition of degenerate flags. For a flag G and function
f(n), we define

Gp(ny = lim f(n)p(g,G),
which captures the density of G at rate f. We assume, without loss of generality,

that f(n) is positive for n big enough, since G_¢(,) = —Gy(,). While degenerate
flags not necessarily converge, we can still find product rules for them.

For example, consider the square of the density ofCP at rate 4/n:

[(0) ]| (28]

= lim ~((n— DI+ (=D —2A)

n—oo n

:I+An—3
=+ A —3A

While these gluing rules are generally much more complicated than the gluing
rules for regular flags, they are easier than using the full expressions for finite n,
as we only catch some higher order terms. We can again consider sums-of-squares
in this extended algebra. Here we need to make use of a key observation:

Gf—Gy =0 if there is an N > 0 such that f(n) —g(n) > 0 forall n > N. (8.6)

This allows us to construct SOS certificates that only hold for n big enough. For
example, we can say that
G, —5G 7 =0,
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despite it not being nonnegative in the finite setting. Adding all of these inequali-
ties to the extended algebra (resp. as quadratic modules to the SDP) is not possible
computationally, as there are infinitely many of them. For example

G,—aG>0

for every choice of a, requiring an inequality for every a. Still, for a given certifi-
cate, we can check whether it holds in the limit. What we can do practically is to
add inequalities of the form G; —aG, = 0 to the program for a very big constant
a (since G, is assumed to be nonnegative in the limit, this implies all inequalities
with a smaller factor than a), for every pair of functions f, g appearing as rates
of the same subgraph density with g € o(f).

To formulate a degenerate SOS proof, we thus want to rescale the rows and
columns of the P!(n) with functions that depend on n, to not change the SDPs for
finite n. In this case, where we want to maximize the edge density in a 4-cycle
free graph, we choose the degenerate symmetry adapted basis

{@,Iﬁ:/\n’ Iﬁ’ I_.n’ &n}

We can now give a single SOS based proof for the first order of the edge density
in triangle free graphs:

1=l =5 0a= A’

+2@-la- A

AT AT

where we assumed that [ Fn) = 0 for all functions f, and g is a positive linear
combination of terms of the form (8.6)).

to generate our SDP

While we can compute the products of degenerate flags with the algorithm
from Section [8.3.3|by implementing it in a way to allow for univariate polynomial
exponents of the polynomials, one still needs to guess all the rates of flags and
inequalities necessary to actually build the SDP It remains to be seen if
this can be done automatically, potentially by using an iterative approach, or by
including the same columns at multiple different rates at the same time.
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8.7 Software: FlagSOS.jl

Every hierarchy and reduction described and result given in this Chapter as well
as Chapter [9| were computed using a custom Julia software package called "Flag-
SOS.jl", (soon to be) available at https://github.com/DanielBrosch/Flag
S0S. jl. All algorithms were implemented in a way that allows for them to be
generalized easily to any kind of flag, as well as translate between different bases
such as the non-induced, induced and harmonic basis. While there is an existing
software package called "Flagmatic" [FV13]] for Razborov’s vertex truncated hier-
archies described in Chapter [9] it does not implement the Lasserre hierarchy for
flags, and only supports (directed and undirected) graphs and 3-uniform hyper-
graphs.

Implementing Different Kinds of Flags. Depending on which features one re-
quires, one needs to implement different black-box functions for the theory of
models the flag algebra is based on. For the main reduction algorithms one re-
quires a function that glues two flags together, as well as functions canonically
labeling a flag, and determining its group of automorphisms. If one cannot pro-
vide a better alternative (such as NAUTY/TRACES [MP14]]), the package contains
a basic generalized version of the NAUTY/TRACES algorithm to canonically label
flags and determine their automorphisms. While the speed of the implementation
is not competitive with [MP14], it can easily be used for different kinds of flags,
given a function that distinguishes a vertex v in some way from others relatively
to a group M of other vertices. For example, for graphs (and hypergraphs) it
would be enough to return the number of edges between v and the vertex group
M. If one also wants to generate flags up to isomorphism or swap between the
different bases, one needs to be able to provide (some abstract representation of)
predicates in a flag, as well as potentially check the axioms of the theory.


https://github.com/DanielBrosch/FlagSOS.jl
https://github.com/DanielBrosch/FlagSOS.jl
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An Alternative Hierarchy Intertwining the
Lasserre Hierarchy for Binary Problems
with S, Symmetry

The Lasserre hierarchy grows very quickly as one increases the level d of the hier-
archy, which contains polynomials up to degree 2d. What if we want to compute
bounds for problems of high degree? We saw earlier in Section that induced
subgraph densities correspond to (limits of) polynomials of degree (S), where k is
the number of vertices of the graph. To even be able to formulate problems formu-
lated in induced subgraph densities, one would need a high level of the Lasserre
hierarchy. In this chapter we investigate a different truncation of the hierarchy,
introduced by Razborov [[Raz07(]: we truncate the hierarchy by the number of
vertices of flags. While Razborov formulated the hierarchy directly in the setting
of flags, we show how to obtain this hierarchy from the Lasserre hierarchy, give
some ideas as to how it can be generalized to other problems, and how it can be
reduced further. We obtain a very strong reduction in block-sizes without needing
to rely on Artin-Wedderburn theory, which is often used for symmetry reductions,
and it may be very fruitful if one attempts similar reductions for other highly sym-
metric combinatoric problems in the future. This chapter should be seen as a

213
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"recipe" for similar hierarchies for highly symmetric problems in binary variables,
such as constant weight error correcting codes, or potentially packing problems
(under suitable modifications).

Main Contributions. We introduce a symmetry-reduction technique based on
Mobius transformations for binary polynomial optimization problems, and con-
struct a hierarchy, based on a different truncation of the Lasserre hierarchy, for
which the reduction is very well suited. We show that the constructed hierarchy;,
after reduction, generalizes Razborov’s hierarchy for flag algebras [Raz07|]. This
allows us to compare the strength of the (generalized) Razborov and Lasserre
hierarchies in Theorem We then show how to continue from Razborov’s
definition, exploiting further symmetries contained in the hierarchy.

Outline of this Chapter. As we will see in this chapter, the generalized Razborov
hierarchy, while more complicated to define, is very well suited for a symmetry re-
duction based on Mobius transformations, without having to rely on complicated
representation theoretic tools.

The generalization of Razborov’s hierarchy will be defined through a series
of relaxations of a high level of the Lasserre hierarchy: We start by truncating
the hierarchy by the number of vertices in Section where we enforce a strict
sparsity pattern. This sparsity pattern will forbid monomials with more than T
vertices from appearing, even when cancelled out.

Next, in Section[9.2} we will decompose the semidefinite variable into the max-
imal cliques of the sparsity graph, and determine the "biggest" maximal cliques.
At this step we obtain a trivial symmetry reduction by only considering maximal
cliques up to symmetry, eliminating most of them in the process. We then further
relax the hierarchy to ignore all but the "biggest" maximal cliques, which have a
lot of additional structures we can exploit.

The blocks corresponding to this special family of maximal cliques are each
symmetric under the action of S, x S,_; € S,, for a k <€ n. Crucially, each of
these cliques will be closed under multiplication with variables invariant under
S,—x> which makes it possible to apply a Mobius transformation to each of them,
diagonalizing each orbit under S;, resulting in a significantly stronger reduction
than symmetry reduction coming from Sj.

The final relaxation, described in Section|9.3] is equivalent to the hierarchies
defined by Razborov, and results, in his language, in sums-of-squares in each flag
algebra A? of each type o. It is here equivalently obtained by only considering
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the trivial isotypic component of the action of S,_, i.e., we restrict ourselves to
the subspace invariant under S,_, in each block. Despite these quite significant
relaxations it is still possible to compare the strength of the resulting hierarchy to
the Lasserre hierarchy in both directions, which we will show using some conse-
quences coming from the representation theory of S,,.

Finally, we can reduce the hierarchy further, by exploiting the remaining sym-
metries in the leftover blocks.

While most of the constructions in this chapter can be generalized for groups
other than S,, the case of S, is easier to handle, and allows us to compare the
hierarchies we end up with. We will here focus on the case of the flag algebras of
graphs.

9.1 A Vertex Truncation of the Lasserre Hierarchy

Let [X] be the monomial basis of the ring of polynomials R[x] (in binary vari-
ables), where S,, acts on [X ] via permutations. In the case of graphs, for example,
the variables x;; correspond to edges, as explained in detail in Section Sums-
of-squares in R[x ] can be written as [X ]T M[X ], where M is a positive semidefinite
matrix. The Lasserre hierarchy is now obtained by truncating the basis vectors to
only contain monomials up to a degree d € N, that is we optimize over nonnega-
tive polynomials of the form [X ] 4M[X ]<4.

We now want to truncate the hierarchy instead by the number of "vertices" in
the appearing monomials. To do this, we first generalize the number of vertices

of a flag to more arbitrary operations of S,,.

Definition 9.1. Let m be a monomial. The vertex set V(m) of m is the smallest set
A C [n] such that the stabilizer of m

(S ={0 €S, :0(m)=m}
contains all of S\, i-€.

V(m) :=argmin|A| s.t. (Sy)pm 2 Spa)\a-
AC[n]

Example 9.2. Consider the setting of graphs, for n > 3 and m = x;3x53. Then
(Sn)xizxas = St2.3) X Sta\(1.2.3) 2 Stal\1,2,3)>

and V(m) = {1, 2, 3}, since n is assumed to be big. If n was small, say n = 4, then
we would instead have V(m) = {1,4} since (S,,)x,,x,, 2 Sin)\{1,4} = Sq2,3}- Butif n
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is big enough, the automorphism group of the considered graphs is small enough
for this definition to exactly correspond to the number of vertices of the graph.

If a graph contains less than half of all vertices in [n] (or does not have a
very big automorphism group), then this definition generalizes the vertex set of a
graph, when interpreting them as monomials as explained in Section In the
following we assume T < n, the upper limit on the vertices, is small enough to
not have to worry about these edge cases.

Similar to the degree of monomials, this function behaves nicely when multi-
plying two monomials m;, m,, which both have small enough vertex counts. We
have

V(mym,) =V (m;)UV(m,), 9.1)

since (S,,)pq 2 (Sn)p N(Sy)g,> and for small vertex counts the automorphism group
of pqg will not be bigger than S,,_y (m,)uv(m,)|-

We can now define a vertex truncated hierarchy Vert; for each natural number
T. As happens "for free" in the degree constrained hierarchy, we do not want
any terms cancelling out that have more than T vertices here either. But first,
analogously to the degree constrained hierarchy, we simply truncate the basis
vector to only contain basis elements with up to T vertices:

Br:={me[X]: |[V(x)|<T}.

Let f = ZmeBT c,m be a polynomial. We define the vertex count of its square
as
VA(f)=  max [V(mm)],

m,m’'€Br: ¢y, Cpy 70

which is not necessarily the same as the maximum vertex count of monomials
appearing in [[f 2], as this counts the vertices of monomials that get cancelled out
as well. For example, the vertex count of the square of the quantum graph

1
3328
is V2(f) = 3, since f2 contains the product %%: :ﬁ( 3 but [f2] = %I only

contains graphs with up to two vertices.

Definition 9.3. The Tth level Vert; of the vertex truncated SOS-hierarchy is given
by optimizing over sums-of-squares of polynomials p; with V2(p;) < T. Le., we
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optimize over B%M By, where the positive semidefinite matrix M can be decom-
posed into rank-one matrices

M=M, +-+M,

for some k, such that each of the matrices M;, fori =1,...,k, is positive semidef-
inite and follows the same sparsity pattern:

(M) =0 if [V(mm)|>T
for all m,m’ € By.

To give explicit block-sizes, we will consider the specific case T = 4, i.e., we
want at most 4 vertices in all appearing graphs. We assume n is big enough for
the symmetry reduction to stabilize as seen in Proposition[8.5

Remark 9.4. One could consider different definitions of V(m) for different prob-
lems, but this seemed the most natural at the time. If one attempts different defi-
nitions of V(m), one needs to make sure that holds, and that there is a finite
number of orbits of monomials with |V(m)| < T for constants T. Another "natu-
ral" definition for problems on graphs (such as stable set), which does not rely on
symmetries, would be simply the set of vertices appearing in the variables of the
monomial. But one could also push things further, prioritizing "local" connected
structures in graphs, by adding all vertices appearing on shortest paths between
vertices in V(m) to V(m). This would then truncate the problem to prioritize small
connected subgraphs. Note however, that without additional symmetries the re-
sulting hierarchies will quickly outgrow the computational capabilities of today’s
solvers.

Naive Approach: Symmetry Reduction. Since we are interested in solving sym-
metric sums-of-squares problems, we can exploit the symmetry of the truncated
Lasserre hierarchy as done in Chapter 8] Ignoring the sparsity pattern, the case
T = 4 corresponds to the direct sum of graph modules of graphs with up to 4 ver-
tices. We symmetry reduced this hierarchy in Table where we obtain blocks
of sizes 22,16,14,14,11,8,7,6,5, 3,2 and 1, totaling a block size of 109, and 775
variables/entries in the SDP variables (only counting upper-triangular entries).
The problem is now the sparsity pattern: The block-diagonalization and sym-
metrization changes the rank of the matrices, and it is unclear how to formulate
the decomposition condition after symmetry reduction. But we can still obtain a
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stronger hierarchy by setting the entries of the positive semidefinite matrix M to
zero according to the sparsity pattern. Since V(o(m)) = o(V(m)) for monomials
m and permutations o, the sparsity pattern itself is symmetric, and can thus be
translated into constraints for the block-diagonalized SDP

But we can do much better, by realizing that we can assume that the rank-one
matrices M; correspond to the maximal cliques of the sparsity pattern.

9.2 Decomposition into Maximal Cliques

We can define the sparsity graph G with vertices B, where m, m’ are connected
if the entry M,, ,,» does not have to be zero, i.e., whenever [V (mm')| < T.

While we generally cannot decompose a matrix M with the given sparsity
pattern into a sum of matrices corresponding to the maximal cliques in the graph
G, we can clearly do so for the positive semidefinite rank 1 matrices M;. If a rank
one matrix M; = vv! has a zero in position (m,m’), then v,,v,, = 0, implying
that the nonzero entries of v are contained in a clique of G. So, our matrices M
in Definition [9.3| can equivalently be written as

M= Z M,

C maximal clique of G

where M > 0 is a positive semidefinite matrix which only has non-zero coeffi-
cients in rows and columns corresponding to the clique C.

Proposition 9.5. For each subset S C [n] of cardinality up to T with T = |S|
mod 2, the subset

T—|S
CS = {mEBT: |V(m)\S| S%} EBT

is a maximal clique of the sparsity graph G

Proof. By V(m;m,) = V(m,;)UV(m,) any product between elements in Cg has at
most |S|+ 2T_T|S| = T vertices, i.e., every Cs is a clique. Since we assumed T < n
we can, for each m; not contained in Cg, find an element m, in Cg with (V(m;)N
V(my))\S =0 and V(my,) = [S|+ 555, Then |V (mym,)| = [V(m;)uV(my)| > T,

and m; cannot be added to the clique Cs. O
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Example 9.6. Let T =4, S = {1,2} in the case of (undirected) graphs. Then Cg
contains all graphs with at most one vertex not in S, i.e., it contains the elements

288 bLod e

for all choices of i € [n]. Products between any two elements of Cg result in a
graph on at most 4 vertices, and adding any other would result in a graph with at
least 4 vertices.

Sadly, this construction does not to give all maximal cliques of G. For example,
in the case T = 3, we obtain another clique

233

which is not one of the cliques in Proposition However, Cpiging is contained
in the clique Cy; 5 in the case T’ = 4.

While this family of maximal cliques Cg are not all the maximal cliques in the
sparsity graph G, they are the "biggest" in the sense that they have the most "freely
choosable labels" such as the vertices labeled i in Example Furthermore, as
seen in Proposition below, all other cliques are contained in cliques of this
form if we increase T enough.

Proposition 9.7. Let C be a clique of the sparsity graph G on By. Then C is con-
tained in a maximal clique of the sparsity graph on Byr, of the form Cg of Proposition
9.5}

Proof. Let m be an element of C with the maximum number of vertices of elements
in C. Any other element m’ € C has at most T — |V (m)| vertices outside V(m), and
is thus contained in the clique Cy ) of the case T = |V(m)|+2(T —|V(m)|) =

—[V(m)| < 2T. O

Generally this bound is quite weak, as we only used the fact that all monomials
have to intersect the biggest monomial of each clique, even though they all have
to intersect each other. For example, the clique Cyiing Of the case T = 3 already
appears in Cy; 5 of the case T = 4. We will now simply ignore all cliques that do
not fit into this construction, making the relaxation somewhat weaker.

We can now immediately exploit the symmetry of the problem by restricting
the hierarchy to only contain the blocks with S = {1,...,|S|}, as blocks corre-
sponding to sets S of the same cardinality are identical by the action of S,,. This
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results in a strong symmetry-reduction, for which we did not have to think about
the representation theory of S,,. In the case T = 4 we obtain 3 maximal cliques of

type Cs:
0,
Cg):{@: 1<]€[n]}

cia={o %%%»2}

Ch234 = {The 20) = 64 graphs on {1,2,3 4}

Proposition 9.8. Each clique Cg is invariant under action of Sg X Spp)\s. Further-
more, if x is a variable with V(x) C S, then

xCs ={xm:me Cs} C Cs.
Proof. Immediate by definition of Cs. O

We could now try to exploit the Sg x Sp,;\¢ symmetry of each block corre-
sponding to each clique Cg, but this proposition tells us we can do much better. It
implies that the Md&bius transformation on the vertices in S, in the sense of Sec-
tion[6.4] is a basis transformation on the span of Cs. Indeed, the elements in each
Cs are linearly independent, and we obtain a better basis by applying a Mobius
transformation on it. We can do this by multiplying each monomial m, for each
variable x that does not appear in m with V(x) € S, with (1 —x). Now, since
we are working with binary variables, we know that x(1 — x) = 0, which causes
elements of the transformed basis to be orthogonal to each other (in the sense
that pq = 0), if they differ on the vertices in S.

In the case T = 4 the first clique Cy does not change since S is empty there, but
the block corresponding to Cy; 5y is block-diagonalized, and Cy; 5 5 4} is linearized
by the transformation. The block Cy; o splits into two, one for each graph on two
vertices up to isomorphism:

-8B Lodl .
D88 Rol - Locs o

where @ is the empty graph, which always has density one (i.e. @ corresponds to
the constant 1 polynomial).
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In general, each block corresponding to a clique Cs splits into one block cor-
responding to B(m) for each monomial m (graph H) with V(m) € S (vertices in
S), where

Bs(m) := (minqCs \ {0}) C span(Cs).

Here m;,q is the linear combination of monomials corresponding to the induced
density of the fully labeled graph on S corresponding to m, as explained in Section
ie.

Mipg = M l_[ (1—x).

x:V(x)CS
x does not appear in m

Thus, Proposition [9.8 directly implies

span(Cg) = span( U Bs(m)) ,

m monomial: V(m)CS

as we can use the formulas introduced in Section to transform between ele-
ments of Cg and the union of the Bg(m). Since our variables are binary, we have
x(1—x) =0 for each variable x, and thus

pq=0 forall p € Bg(m),q € Bs(m’),

if m # m’ are monomials with vertices in S. Hence, this block-diagonalizes the
block corresponding to Cg, and we can then delete copies of blocks by the symme-
tries of S, further reducing the hierarchy to have one block for each monomial
(graph) up to isomorphism.

Remark 9.9. The reduction obtained from the Md&bius transformation is strictly
better than exploiting the symmetry S, in each block, as it fully removes some
orbits of pairs of basis elements. While it does "break” the symmetries in the sense
that the resulting blocks Bs(H) each have a smaller symmetry group Aut(H) x
Sn—is| instead of S5 x S,,_g|, the orbits that got cut into smaller orbits have all but
one of the new orbits deleted simply by the process of deleting copies of blocks
(corresponding to isomorphic copies of H).

Remark 9.10. The Mobius transformation allows us to define equivalent submod-
ules between any product is zero, in seeming contradiction to Theorem 7.8 stating
that none of the block-diagonalized SDP entries are the zero polynomial. For ex-
ample, consider the two submodules
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e R ) 00n(D)
el R AL )

The two submodules are equivalent, as they are both isomorphic to the S,-
permutation module MV, but any product between elements of M; and M, is

zero, since X7 (1 —x7,) =0:
M;~M, and (pq=0 Vpe€M;,q€M,).

The reason this is not truly a contradiction to Theorem is that we are opti-
mizing over the algebraic variety of the binary hypercube instead of polynomials
in complex variables. The field {0, 1} = FF, is not algebraically closed, which is a
requirement for the second part of Schur’s Lemma to hold. (While R is not
algebraically closed either, we can always block-diagonalize a problem with S,
symmetry over the reals.)

9.3 Razborov’s Hierarchy

We can now define the hierarchy Razborov uses, which is, for example, imple-
mented in the software package Flagmatic [[FV13[]. It is obtained by relaxing the
hierarchy again, this time by only considering elements in the span of the C,,
which are invariant under Sp,;\s (i.e., the vertices outside S are unlabeled/sym-
metrized over all vertices outside S).

Definition 9.11. Let T be an integer. The T'th level Raz; of the Razborov hierarchy
is obtained by optimizing over sums-of-squares of the form

> > [Pl

k:k<T, m monomial up to isomorphism,
k=T mod 2 V(m)C[k]

where p,, . is a sum-of-squares of polynomials in
A™K = span{f Biy(m):o(f)=f forall o € Sp\i}s

which is the trivial isotypic component of the action of Sp,\(x] on Biy(m).
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Remark 9.12. The vector spaces A™K are exactly the (truncations of the) Flag
algebras of type o Razborov defined in [[Raz13]], where ¢ is the induced graph
on [k] corresponding to m (if we let n go towards infinity). These are given by
the spans of the induced flags which are, when restricted to [k], exactly o, and
are unlabeled otherwise. These form algebras themselves, but the unit of A™F is
the fully labeled induced flag 0,4 instead of the empty flag. Note however, that
our basis is slightly different from his, as we only consider partially induced graph
densities, where only the fully labeled part on [k] is induced.

Example 9.13. Let T = 4. Here the hierarchy Raz, optimizes over 3 semidefinite
matrices. We have one 2 x 2 block given by

A?0 = span {@,I} )

two 4 x 4 blocks given by

B ALA)
el BT RE LAY

The block coming from Cy; 5 5 4) diagonalizes into 11 blocks of size 1 x 1 corre-
sponding to the fully labeled graphs on four vertices up to isomorphism.

This is the hierarchy used to obtain most of the results in the flag SOS literature
(see the beginning of Chapter [f for an overview). It may seem easy to suggest
that the Razborov hierarchy is weaker than the Lasserre hierarchy, as we obtained
it through a sequence of relaxations of it. But, it turns out that the Razborov
hierarchy can still be compared to the Lasserre hierarchy in both directions, as we
will see in the following section.

Nearly Symmetric Sums-of-Squares. First, we make an important observation
about sums-of-squares representations of polynomials invariant under some ac-
tion of S,, on the set of variables: If we can write a symmetric polynomial as a
sum-of-squares, then we can also write it as a sum-of-squares of polynomials that
are nearly symmetric. More formally, we can show the following proposition, gen-
eralizing an idea of [[Ray+18].
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Proposition 9.14. Let p be a nonnegative polynomial invariant under some action
of S,, on the variables. If p has an SOS-certificate of degree d (i.e., we are considering
the bound Las,,), then we can find an SOS-certificate of p in the form

13
p=> R (q?)
i=1

where deg(q;) < d such that each q; is invariant under the action of S,,_g., where T
is a parameter that depends on the action of S,, and is given by

T = max m%n] |T| s.t. x is invariant under action of Sp,pr = max|V(x)[. (9.2)
X TC[n X

In the case of flags, 7 is exactly the maximum number of arguments a predicate takes.

Proof. The definition of 7 tells us that, given the orbit of a monomial m, we can
identify an element of the orbit by giving an ordered set of at most T deg(m)
integers in [n]. Hence, we can embed the linear span of the orbit of m in the
permutation module M* where A = (n—dr,1,...,1) where 1 appears dt times.
Theorem allows us to further decompose the M* for each monomial orbit in
terms of Specht modules S#* where each u is a partition with the biggest part u;
atleast n—dr.

As seen in Section [7.2] we now need to fix a nonzero basis element of S¥ for
each u to obtain the symmetry adapted basis for this problem. Earlier we fixed
this element to be a polytabloid e, given by a fixed standard-tableau ¢t of shape u.
Here, we instead make a more symmetric choice. Let

eMZZegGS“,

t~t
where a ~ b denotes row-equivalency and t is a fixed tableau of shape u. Since
e, is sum of polytabloids it lies in S, and by definition it is invariant under the
action of S, where T is the set of indices appearing in the first row of t. We can
fix t to the tableau we obtain by filling it row-wise, so T € [n—dt]. The vectore,,
is non-zero, since the Young-tabloid (row equivalency class) {t} appears in each
e; with positive coefficient. The proposition now follows immediately by Theorem
[7.8]with this choice of element. O

Remark 9.15. While this basis looks different and maybe "nicer" than when work-
ing with basis given by polytabloids, by Schur’s Lemma (and the proof of Theo-
rem we know that for any two copies of S* given by ¢; and ¢, we have
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R(¢p1(ey)dale,)) = cR(P1(er)pa(e,)) for a positive factor ¢ € R, i.e., the result-
ing hierarchy only differs by a constant factor.

If we now were to index our SDP by all polynomials symmetric under S; for
a fixed T C [n] with n —d7 elements, we obtain the partially symmetry reduced
SDP investigated in [Ray+18]], which is equivalent to the Lasserre hierarchy.

Comparing the Razborov Hierarchy with the Lasserre Hierarchy. We can now
use Proposition[9.14|to compare the two different hierarchies Las,,; (prioritizing a
low degree) and Raz; (prioritizing low number of vertices). Let %5, and Zg,,,
be the sums-of-squares contained in the dth level of the Lasserre resp. Razborov
hierarchy for flags.

Theorem 9.16. We have

LiLas,y S LiRazyg,
and

LRaz; S Llasy,

where k = maX,.y(m) < deg(m) is the maximum degree of a monomial with at
most T vertices, and T = max,. |V (x)| as in (9.2).

Proof. We show that the hierarchies appear as sub-blocks in each other, if one
considers a high enough level of the hierarchy.

The level Las,, contains polynomials of up to degree 2d. As each variable has
at most T vertices, the appearing monomials have at most 2d 7 vertices. By Propo-
sition[9.14]we can obtain the bound Las,4 by considering products of polynomials
with at most dt different labels. By definition, level 2d T of the Razborov hier-
archy contains all products between flags with labels in [2d 7] resulting in flags
with at most 2d T vertices, hence, it contains Las,; as sub-block.

To see the other way, note that by choice of k, the dth level of the Razborov
hierarchy contains products between polynomials of at most degree k. By defini-
tion, the level Las,; contains all products between polynomials with up to degree
k, so Raz, is a sub-block of Lasyy. O

Corollary 9.17. In the setting of (undirected) graphs we have
Z:Laszd c Z:Razz;d
and

Z:RazT < Z:Lasz(g) .
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Example 9.18. If we want to find minimum p = inf f of a linear combination of

f= ZCiGi

without further constraints, we would solve

graph densities

p=Llasyg=sup A s.t. f—AE X,

or
p=Razr =sup A s.t. f—AEXpy,-
Then
LaSZd < R.aZ4d < p
and

< <
RHZT s LaSz(g) sp,

where bigger means we obtain a better bound on the minimum of f. If we had
additional constraints of the form g > 0, where g is again a linear combination of
flags, we would add quadratic modules as in (I.8]), but the different truncations
by the number of edges respectively vertices in the products gs, where s is a sum-
of-squares, makes the resulting hierarchies less straightforward to compare.

Remark 9.19. Generally the inequalities are strict: Raz,4, contains significantly
more products between polynomials than Las,,, and Las,; contains significantly
more than Raz;. While the choice of hierarchy does not matter much in theory,
we cannot reach high levels of either computationally, i.e., both may be a better
choice in practice than the other, depending on the problem.

Breaking Symmetry Comes at a Cost. While we always had Sy x S,_ symme-
try for some k up the point we applied the Mobius transformation, at that point
the symmetries broke. The final blocks appearing in the Razborov hierarchy have
symmetry group Aut(G) acting on the blocks, where G is the graph (or mono-
mial) defining a block. Eventually every graph G will show up in the hierarchy
as T increases. As it is possible to construct a (finite, directed) graph with au-
tomorphism group isomorphic to any finite group by Frucht’s Theorem [Fru39],
the full symmetry reduction of the hierarchy involves the representation theory of
every finite group already in the case of directed graphs. Hence, an analytical re-
duction is here out of the question even further than for the reduction in Chapter
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T  block sizes total size variables | Las

4 422111 21 34 109
3221113 21 28

5 8%!134 72 199 1171
634224134 68 129

6 20%16'14111%6 376 2082 22211
14%12210'92826°524°3101162 348 990

7 72%323420111044 2440 29718
48226224822220018°16%121510%8%632482221104 2228 11984

8 272'1120%641°6111112346 25573 759820
17621521120'116%96292284%74%268264%60°48%° 23733 259220
46244%401036%83203012284274244221020618'8
16381512132129211310169328267462258450358
112378

Table 9.1: Comparing the block sizes of the Razborov hierarchy before and after

additional symmetry reduction.

The block sizes of the (full) Razborov hierarchy (rows with gray background) compared
with the block sizes of the same hierarchy, after exploiting additional symmetries com-
putationally (white background). The last column gives the total size of the hierarchy
obtained from the naive symmetry reduction approach of the Lasserre hierarchy gener-
ated by graphs with up to T vertices (see Table for more details).

But what we can do, knowing the symmetry of a block, is a numerical block-
diagonalization using algorithms described in [[Mur+10]. A basic implementation
of the numerical block-diagonalization algorithm is available as part of the Julia
software package "SDPSymmetryReduction.jl", described in [[BK22a]], which we
make use of in the package "FlagSOS.jl" mentioned in Chapter |8l Depending on
the group, this will not always be possible over the real numbers, but may require
blocks over the quaternions or complex numbers.

We give a comparison of block-sizes before and after this additional reduction
in Table Since the total size of the SDP does not change much after this
additional reduction, we also give the total number of variables in the matrix
variables (only counting upper-triangular entries). For additional comparison,
we also give the total size of the hierarchy obtained from the naive approach
mentioned in Section where already the case T = 6 is far out of reach of
today’s solvers with a total block size of 22211.
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Characterizing Nonnegative Projections

The following Theorem, originally due to Belitskii and Lyubich (cf. [BL88, p.
108]), has a typo in the proof in [BL88]. Here we include a cleaner, more de-
tailed version of the proof.

Theorem A.1. Let P be a nonnegative projection, i.e., P > 0 and P> = P. Then P is
of the form

m
Px = Z(x, a’)(a; + by),
i=1
where m = rank(P), {a;} are orthogonal vectors, the set {a}} is biorthogonal to the
set {a;}, i.e., (ai,a;‘) = &;j, and {b;} is orthogonal to {a;} U {a;}. All those vectors
a;,a;, b; are element wise nonnegative.

Proof. The projection P is uniquely defined by the images of the elements of the
canonical basis {e;}!_;, which we call ¢; := Pe; > 0. Thus, we can define a cone

n
Kp :=cone{cy,...,c ) = {Zlici A 20fori=1,...,n},
i=1

which has a non-empty interior when seen as subset of Im(P). We call a point
p € Kp extreme, if for all a, b € Kp \ {0} with p = %(a + b) follows that a, b and p
are collinear, i.e., are scaled versions of each other.

229
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Let m now be the cardinality of a maximum set of extreme, pairwise non-
collinear points in K,,. Then we can relabel the e; (and accordingly c;), such that

Kp =cone{cy,...,¢c},

ie., ¢1,...,C, span the image of P. We see the support of a vector p as the set
supp(p) :={e; : p;>0}.
Lemma A.2. supp(c;) Nsupp(c;) C ker(P) forall 1<i<j<m.

Proof. Lete; € supp(c;). Because P is element wise nonnegative (and thus ¢; > 0),
and c; = Pe; = P%c; = Pc;, we have, for £ > 0 small enough, that

¢;xePey =P(c; £ eer) = ()£ e)Pe+ D (c)Pe; €Kp.
I=1,..,
1#k !
Since ¢; is extreme, we get that Pe; = Ac; fora A > 0.
Let now e; € supp(c;) Nsupp(c;) for 1 <i < j < m. Then Pe; = A;¢; = Ayc;j,
and thus, by choice of the ¢;, that A = 0, and e; € ker(P).
O

But now back to the proof of Theorem We can decompose the ¢; > 0 for

i =1,...,m by splitting their support depending on whether the coordinate is in
ker(P):

¢; = a; + b;, where supp(a;) Nker(P) = @, supp(b;) C ker(P).
Of course, we also have a; > 0 and b; > 0. Now, Lemma tells us that
supp(a;) Nsupp(a;) = @ for i # j,
and by definition we have
supp(a;) Nsupp(b;) =@ for all i, j,

and thus

(a;,a;) =0 fori# j and (a;, b;) =0 for all i, j.

Because Pc; = ¢; = a; + b; ¢ ker(P) we know thata; #0 foralli=1,...,m,
and all ¢; are linearly independent, since their a;-parts all have disjoint supports.
Thus, we get that m < rank(P), and we already knew that m > rank(P) because
the cone K, does have non-empty interior in the image space of P.
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We now want to determine the coordinates y(x) of Px in the basis given by
the ¢;, i.e.
m m
Px = > y(x)ic; = Y. y(x)i(a +by).
i=1 i=1
Because the a; are all nonzero, and have supports disjoint from each others and
those of the b;, these coordinates are exactly

_(Px,a;) P*a;
v = (a;,a;) _< ’ (a;,a;)

> = (x,a’), where a} =

We see that Pa; = Pa; + Pb; = Pc; = ¢;, which tells us that {(a;,a’) = §;;, since

i ij>

m
¢, =Pa; = Z(abaf)%
i=1

Finally, we see that {(a}, b;) = O for all i, j, because b; € ker(P). Conversely,
every such function is a nonnegative projection, as it is obviously nonnegative,
and idempotent:

<
o
>
I
Ingh

_.
Il
-

(PX, af)(ai + bl)

I
IMS

(x,a;f)(aj +bj,a;)(a; +b;)
1

~
<
Il

(X, a;‘)5i]~(ai + bl) = Px.

,~
<
Il

—

Il
:ME

O

Corollary A.3. If P is a nonnegative orthogonal projection, then it is of the form

m

Px =) (x,a)a;,

i=1
where {a;} is a set of orthonormal, nonnegative vectors and m = rank(P).

Proof. We have seen that Pa; = a; + b;, and b; € kerP. Since P is orthogonal,
we have 0 = (a;, Pb;) = (a; + b;, b;) = (b;, b;) and thus b; = 0. We earlier fixed

P*ai
(ana) =Pai :ai+bi = a;. O

*
a; =
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Bochner’s theorem, [147]

For flags,

Bose-Mesner algebra of the Johnson

scheme,

Configuration

Coherent,

Weisfeiler-Leman algorithm,
29]
Jordan,
For the relaxation of the QAP

53]
Energy minimization,
As a QAP

Bound comparison,

Checkerboard conjecture,

Fractional total energy,

In the continuous setting, [60]

Inverting an arrangement of
particles,

Jordan reduction of the SDP
bound, [69]

Linear bound based on the
reduced SDP bound,

Numerical results,

On a toric grid, [60]

Simulated annealing heuristic,
80|
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Index

Symmetry reduced SDP bound,

73]

First-order theory,

Axioms, [137
Predicate,

Flag,

Algebra,
As abelian group, [148]
Characters, [148
Non-induced,
Razborov’s, [137]
Connection to polynomial
optimization, 143
Convergent sequence, [I37]
Empty flag,
Flag module,
For degenerate extremal
combinatorics,
Fourier decomposition, [151
Gluing, [132] [133} [138} [150]
Harmonic, [147]
Labeling canonically,
Lasserre hierarchy,
Symmetry reduction, [I71
Mobius transformation, [139
Notation,
Quantum flag, [134]
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Razborov’s hierarchy,
Symmetry reduction,
Specht flags,
Subgraph density
Induced,
Non-induced,
Swapping, 139
Sums-of-squares,
Symmetries, [143

Unlabeling, [135]
Fourier analysis, [147]

Gatermann Parrilo reduction,
1160
Graph
Hypergraph,
Module,
Notation, xvii]]
Profile of,
Specht graph,
Triangle free,[130]

Hilbert Cube,
Hilbert’s trick,

Lasserre hierarchy,
Comparison with Razborov’s

hierarchy,
Vertex truncated,

Mobius transformation, (139

For symmetry reducton, [220
Mantel’s theorem, [130]

Lower bound,

Upper bound,
Module, [15] see also Representation

Flag module,

Decomposition, [179

Irreducible,
Permutation module,

Specht,

Optimization
Conic, [3} [6}
Convex, [I]
Doubly nonnegative,
(46
Dual problem,
Linear,
Polynomial,

see also Sums-of-squares
Primal problem, 3] [6]
Quadratic, convex,
Second order cone,
Semidefinite, [5] [6}
Weak duality,

Projection,
For symmetry reduction,
Nonnegative projection
matrices,
Characterization of,
orthogonal,
Preserving doubly
nonnegativity,
Preserving positive
semidefiniteness,
Proper convex cone, [3]

Quadratic assignment problem,

43
Relaxations,

Symmetry reduction,
Application to QAPLIb,

Queuing theory,
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Connection to the polynomial
optimization problem,
Redundancy scheduling,

Recursion, see
Recursion
Relaxation,

By adding dual constraints,

Of stable set,

Of the quadratic assignment

problem,
Comparison,
Convex quadratic,
Projected eigenvalue,
Semidefinite,
Representation, [15] see also Module

Maschke’s Theorem, [159

Module,

Multiplicity space,

Of the symmetric group, [163]
Permutation module,
Specht-module,
Young-tableau,
Young-tableau, generalized,

semistandard,
Young-tabloid,

Schur’s Lemma, [159

Symmetry adapted basis,
Multiplying basis elements,

1168
Of permutation modules, [166]
Representation theory
Notation, xvil]

Reynolds operator,
Schur complement,

Sidorenko’s conjecture, [153

Simulated annealing,
Software
For flag sums-of-squares, 211
For symmetry reduction,
Sums-of-squares,
For flags,
Symmetric circulant matrices,
Symmetric circulant matrix
Block-diagonalization,
Symmetry reduction,
As a proving tool,
Block-diagonalization,
Analytical,
Computational,
Of the Lasserre hierarchy for
flags,
Of the Terwilliger algebra,
104
By Mobius transformation, [220
Combination with facial
reduction,
For polynomial optimization,
1156]
Group symmetry reduction,
Jordan reduction,
Analytical, [69]
Application to the QAP
Constraint Set Invariance,
Extension to the doubly
nonnegative cone,
Lasserre hierarchy for flags, [171]
Lasserre hierarchy for stable
set, [17]
Of the relaxation of the QAR
Of the Theta function, [9]
By Jordan reduction,
Software,
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Code example, Theta function,
Definition,
Terwilliger algebra, Of Erdés-Rényi graphs,

Block-diagonalization, [104] Symmetries, [9]
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