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Abstract

This thesis investigates systems of linear equations and inequalities that are
orbit-finite, i.e., finite up to permutations of variables. Such systems naturally
arise in the study of models of computation over infinite data domains, such
as register automata and data Petri nets. The work is organised around four
main contributions. First, we construct an orbit-finite basis for the vector space
of orbit-finite functionals over an orbit-finite set. Second, we establish that the
solvability of orbit-finite systems of linear equations is decidable. Third, we
prove that while determining integer solvability of orbit-finite systems of linear
inequalities is undecidable, the problem becomes decidable when relaxed to
real solutions. This result is further extended to orbit-finite linear programming,
i.e. optimisation of an orbit-finite linear functional with respect to an orbit-finite
system of inequalities. As an intermediate step toward deciding the solvability
of orbit-finite systems of linear inequalities, we introduce polynomially parame-
terised systems of linear inequalities—finite systems in which the coefficients
are univariate polynomials over a non-negative integer parameter—and show
that their solvability is decidable. Finally, we demonstrate that weak duality
for finite linear programs generalises to the orbit-finite setting. And that, while
strong duality does not extend to the general class of orbit-finite linear programs,
it holds for two natural subclasses: row-finite and column-finite orbit-finite
linear programs.

Keywords: Set with atoms, orbit-finite sets, vector spaces, linear algebra,
solvability, system of linear equations, linear programming, linear optimisation,
register automata, Petri nets with data.
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Streszczenie w jezyku polskim

W niniejszej rozprawie badamy uktady réwnan i nieréwnosci liniowych, ktére
sa orbitowo skoriczone, tzn. skoriczone z doktadnoscia do permutacji zmien-
nych. Takie uktady pojawiaja sie naturalnie w analizie modeli obliczeniowych
operujacych na nieskoriczonych dziedzinach danych, takich jak automaty re-
jestrowe i sieci Petriego z danymi. Na tres¢ pracy skladaja sie cztery gtéwne
rezultaty.

Po pierwsze, podajemy konstrukcje orbitowo skoniczonej bazy dla przestrzeni
wektorowej, ktérej elementami sa orbitowo skoriczone funkcjonaty nad or-
bitowo skoriczonym zbiorem. Po drugie wykazujemy, ze pytanie, czy dany or-
bitowo skoriczony uktad réwnan liniowych ma orbitowo skoficzone rozwiazanie,
jest rozstrzygalne. Po trzecie udowadniamy, ze pytanie, czy orbitowo skoric-
zony ukfad nieréwnosci liniowych ma orbitowo skoriczone rozwiazanie catkow-
itoliczbowe jest nierozstrzygalne, natomiast problem ten staje sie rozstrzygalny
po rozszerzeniu dziedziny rozwiazan do rozwiazan rzeczywistych. Wynik
ten nastepnie rozszerzamy do rozstrzygalnosci orbitowo skoriczonego pro-
gramowania liniowego, czyli optymalizacji orbitowo skoriczonego funkcjonatu
liniowego wzgledem ograniczent wyrazonych za pomoca orbitowo skoriczonego
ukfadu nieré6wnosci. Jako etap posredni wprowadzamy pojecie wielomianowo
parametryzowanych ukladéw nieréwnosci liniowych, mianowicie skoficzonych
uklad6éw nieréwnosci liniowych, w ktérych wspétczynniki sa wielomianami jed-
nej zmiennej o wartosciach nieujemnych catkowitych, petniacej role parametru.
Jako jeden z gtéwnych rezultatéw pokazujemy, ze pytanie o istnienie rozwiazar
dla takich uktadéw jest rozstrzygalne.

Na koniec pokazujemy, ze staba dualnos¢ dla klasycznych skoriczonych
programéw liniowych uogdélnia sie do przypadku orbitowo skoriczonego. Do-
datkowo pokazujemy Ze silna dualno$¢, pomimo tego, ze nie zachodzi w ogélnej
klasie orbitowo skoriczonych programéw liniowych, zachodzi w dwéch natural-
nych podklasach: dla wierszowo-skoriczonych oraz kolumnowo-skoriczonych

programéw liniowych.
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Introduction
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1.3.1 I rials| . ... ...

1.1 Orbit-finite systems

Solvability of finite systems of equations and inequalities is one of the oldest
and one of the most fundamental algorithmic questions. In this thesis we study
systems of linear equations and inequalities which are orbit-finite, i.e. possibly
infinite but finite up to (certain) symmetries.

Throughout the thesis, we use the symbol A to denote a fixed countably
infinite set. Elements of A are called afoms. We start with an example of an
orbit-finite system of linear equations. For any 1 € IN, let A(") denote the set of

non-repeating tuples of n atoms
Al & {ar...an € A" 1w # wjforalli # j} .

For succinctness of notation, we omit the commas and brackets, and write

a7 ..oy, to represent an n-tuple instead of (a1,...,a,). Consider an infinite
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set of variables {x(zxﬁ) cape A? } and a system of equations indexed by
elements of A (i.e. contains one equation for every a € A):

Y x(ap) =1 (ke A).
f 7

Note that this is an infinite system of infinite equations (i.e., infinitely many
variables appear in every equation). Every permutation 7 of A induces the
permutation x(af) — x(7t(a)7(B)) of the variables. This in turn takes the set
of variables {x(ap) : B # a}, for any fixed a € A, to the set of variables

{x(n(a)7(B)) : 7(B) # m(w)} = {x(n(a)B) : p# m(a)}

and hence induces the permutation

Y x(ap) =1 > Y x(m(a)p) =1
fn pne)

on the set of equations. Notice that, although the variables and equations
get permuted, the set of variables and the system of equations remain the
same. Moreover, there are finitely many variables and equations up to these
permutations (namely just one). Stated in the language of group theory, the
numbers of orbits of variables and equations in the system are finite. Hence, we
may call this system orbit-finite (in this particular example the system is a single
orbit).

For any function f : A — A such that f(«) # a for all « € A, the vector
Xf A — R defined as

1 ,if = f(a)

0 , otherwise

xs(ap) <

is a solution of the system of equations. We return to this example in Chapters
and @

1.2 Why study orbit-finite systems?

We outline some motivations to investigate orbit-finite systems: we recall appli-
cations to automata, and advocate infinite systems as approximations of large
finite ones.

Note that we slightly deviate from the usual convention of writing the index in the subscript, and
write x(af) instead of x,g.
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1.2.1 Applications in automata theory

A system of linear equations or inequalities, or a set in general, is definable if and
only if it is orbit-finite ([5, Theorem 4.10]) [} The consequence of this in automata
theory is that the systems of equations and inequalities that we encounter while
studying models of computations over infinite alphabets such as data Petri nets
([22] Definition 2.1]) and register automata ([5, Definition 1.2]), are orbit-finite.
We give an example of this phenomenon in the case of data Petri nets.

Example 1.1. Consider the data Petri net in Figure|[1.1} which has a single place
(drawn as a circle) and two transitions (drawn as rectangles), and whose tokens
carry data values from the set B = {x,#} U A?). For every apy € A®), the

apB, By, yu *

a#ﬁ#vw#ﬁ#v
*, # «B, By

Figure 1.1

transition x can input three tokens, respectively carrying the values af, By and
7y, and output two tokens, one carrying the value x and the other carrying the
value #. Similarly, for every aBy € A®), the transition y can input one token
carrying the value %, and output two tokens, one of them carrying the value a8
and the other carrying the value Bv.

Say we want to check whether the configuration t = 2 - # containing two
tokens, each carrying the value #, is reachable from the configuration s = *

containing one token carrying the value x
* —F 2 #.

The configuration t is not reachable from s since from s we can only take the
transition y, which does not lead to t but the Petri nets reaches a deadlock, i.e.
no further transitions can be taken.

Now say we want to check the reachability in the relaxed semantics when
the configurations of the Petri net are allowed to have a negative number of
tokens. ﬂ In this case, t is reachable from s if and only if the following system of

(state) equations has a non-negative integer solution which assigns 0 to all but

2Here, by definable, we mean definable using a set builder expression [5 Definition 4.1].
3This relaxed semantics of Petri nets is often used as an over-approximation of ordinary semantics
and consequently as a negative criterion for reachability.[40, page 316]
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finitely many variables (variables x(«f7y) and y (a7 ), respectively, corresponds
to the number of firings of the corresponding transitions)

Yo x(@py)— Y, ylapy)=-1

apyeA® apyeA®

Y x(apy)=2

aByeAd)

#Zﬂ(y(vcﬁv) +y(yap) — x(apy) — x(Bya) —x(yap)) =0 (ap € AP).
YFK,

There are three orbits of equations: two singleton orbits and one infinite orbit
indexed by A(?). The first equation ensures that the total number of consumed
tokens carrying the value * is one more than the total number produced token
with the same value. The second equation ensures that the total number of
produced tokens carrying the value # is 2 (note that these tokens can not be
consumed). The remaining set of equations, which form a single orbit, ensure
that for every aB € A(?), the number of consumed tokens carrying the value af3
is equal to the number of produced tokens with the same value.

For any afy € A®) the vector which assigns 1 to the variables y(af7y),
y(Bya), y(yap), x(aBy), x(Bya), and O to the rest, is a solution to this system.
From this solution we can construct the following run of the Petri net from s to
t. Configurations of the Petri net are written as finite formal sums of elements
from A ) U {x,#} with integer coefficients.

s =+ — Ty (@p o+ pr) s (p 2y — %)

|xtapm)

t=2 -# «— #— — #
{om @B By et # =) g — By

1.2.2 Approximations of large but highly symmetric systems

Inspired by the slogan “The infinite is a good approximation of the very large
finite” lﬂ we study orbit-finite systems as approximations of systems which are
large but also highly symmetric, i.e., with small number of orbits. Consider an
orbit-finite system of constraints (i.e. equations or inequalities) /. Let U/, be
the system that we get from {f assuming A has n elements, instead of infinitely
many. Although the number of constraints in U/, increases with #, for every

4This was the title of a lecture given by Laszl6 Lovész at the Jagiellonian University, Krakow in June
2024.
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sufficiently large n the system f,, has the same number of orbits of constraints
aslU.

Example 1.2. For illustration, consider the system f consisting of the inequali-

ties

Y v(x) <2

aEA
Y. e(Ba) <v(a)+3 (a € A)
peA\{a}
Z e(ap) > 16.

apeA®

Intuitively, unknowns v(a) and e(apf) respectively correspond to vertices
and edges af of an infinite directed clique. A solution of this system is an
assignment of weights to vertices and edges of the infinite clique such that:

1. the total weight of vertices is at most 2,

2. for every vertex, the total weight of edges incoming to the vertex is at
most the weight of the vertex plus 3, and

3. the total weight of edges is at least 16.

This system has three orbits of inequalities. If we assume A to have n > 2
elements instead of being infinite, we get a system U, which has n + 2 inequal-
ities. But, irrespective of n, the system U, has the same number of orbits of

inequalities as I/, namely 3. <

One might wonder, whether the solvability of ¢/ coincides with the solvability of
U, for large enough n. That is, does there exists an N € IN such that solvability
(existence of a solution) of U, coincides with solvability of U for n > N? This is
true for the system in the above example, since it is solvable and U, is solvable
for n > 4, but not for n < 4 (we leave it to the reader to verify these claims). In
Chapter|[7, which is the last chapter of this thesis, we show that this is not true
for orbit-finite systems in general, but is true for some interesting subclasses.

1.3 Contributions of the thesis

This thesis is about lifting classical results in linear algebra from finite dimension
to orbit-finite dimension. The main contributions of this thesis are summarised
in the following paragraphs.
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Orbit-finite bases: One of the fundamental results in linear algebra is that
every vector space has a basis, and that any two bases of a vector space are
isomorphic as sets (i.e. they have the same cardinality). In Chapter 3| we investi-
gate to what extent these hold in the orbit-finite setting. In [6] the authors have
also shown that there exists vector spaces with orbit-finite spanning sets but no
orbit-finite basis. We complement their result by giving an example of a vector
space having two non-isomorphic orbit-finite bases (§[3.4).

Another important result in [6] is to show that the vector space of definable
functions from an orbit-finite set to a field has an orbit-finite spanning set. As
our first main result in Chapter [3| we strengthen their result to show such a
vector space even has an orbit-finite basis (Theorem [.1). This fundamental
observation is used in later chapters where we study solvability of orbit-finite

systems of equations and inequalities.

Linear Equations: Solvability of finite systems of linear equations over inte-
gers is in PTIME ([42]). In Chapter [ we show that solvability of orbit-finite
systems of equations is decidable in EXPTIME, and in PTIME for fixed atom-
dimensionE] (Theorem . Our algorithm is general enough to work within
any commutative ring under mild effectivity assumptions.

Linear Programming: In Chapter[5|we discuss solvability of orbit-finite sys-
tems of linear inequalities. We show that existence of integer solutions is
undecidable (Theorem , while existence of real solutions is decidable in
EXPTIME, and in PTIME for fixed atom-dimension (Theorem[5.3). In short, in
the orbit-finite setting, linear programming is decidable while integer linear
programming is not. This is in contrast with the classical setting, where linear
programming is in PTIME and integer linear programming is NP-complete. In
Chapter [f|we extend our results to optimisation of an orbit-finite linear func-
tion with respect to an orbit-finite system of linear inequalities as constraints.
Contrary to the finite dimension case, existence of an optimal solution is not
guaranteed in our setting (Example[6.4); however the optimum can be computed
in EXPTIME, and PTIME for fixed atom-dimension (Theorem|6.6).

As an intermediate step for deciding solvability of orbit-finite systems of
linear inequalities, we introduce polynomially parametrised systems of linear
inequalities. These are finite systems of linear inequalities where the coefficients
are univariate polynomials over an integer parameter. For example, the following

system is parametrised over n:

(1.1)

5To be defined later (Definition . For instance, the set A (" has atom dimension 4.
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In §[5.5| we provide a reduction from solvability of orbit-finite systems to the
almost-all-solvability of polynomially parametrised systems (does there exist one
and the same solution for almost all values of the parameter?). For instance
x = 1and y = 0 is a solution of for all n > 3. We also give a polynomial-
time decision procedure for the almost-all-solvability (Theorem 5.17).

Duality in Linear Programming: In Chapter[/]we investigate to which extent
duality in finite linear programming extends to orbit-finite linear programming.
We show that weak duality holds in the orbit-finite setting (Theorem [7.1) but
strong duality doesn’t (§[7.3). However, strong duality can be recovered in two
interesting subclasses of orbit-finite linear programming (Theorem[7.17). In this
chapter we also discuss to what extent orbit-finite systems approximate large
but highly symmetric finite systems.

1.3.1 Source materials

The orbit-finite basis theorem (Theorem in Chapter 3| and the contents
of Chapter 4| except for the proof of decidability of finitary solvability (Theo-
rem[4.4), are taken from the paper

Arka Ghosh, Piotr Hofman, and Stawomir Lasota: Solvability of
orbit-finite systems of linear equations LICS 2022 [16].

The proof of decidability of finitary solvability given in this thesis differs from
[16] and is simpler. Chapters[5|and [p|are based on the paper

Arka Ghosh, Piotr Hofman, and Stawomir Lasota. Orbit-finite
linear programming. LICS 2023 (distinguished paper) [17]]

and its improved journal version

Arka Ghosh, Piotr Hofman, and Stawomir Lasota. Orbit-finite
linear programming. Journal of the ACM [18] .

In particular, the decidability of almost always solvability in PTIME (Theorem [5.17)
appeared only in the journal version. Chapter [/]consists of unpublished work
done in collaboration with Joanna Fijalkow, Piotr Hofman, Stawomir Lasota

and Szymon Torunczyk.
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1.4 Document conventions

Text formatting

Following the usual convention we italicise a piece of text to emphasise it. An
italicised phrases or a symbol is coloured in red to denote that the surrounding
text defines it. Instances of this can be found in page 3| These are the only
instances in this chapter where this convention is used.

Sometimes, we fix the meaning of a symbol for an entire section or chapter.
In such cases, the relevant sentences are coloured in blue, making them easier
to locate and track. An instance of this can be found in page

End-of-proof/Q.E.D. symbols

We use two symbols to denote end of proofs. For proofs of lemmas and theorems
we use WM. For proofs of claims appearing inside proofs of lemmas and theorems,
we use L. Finally, we use « to denote the ends of examples.

Index

This thesis contains a significant number of definitions. To make it easier to
keep track of them we have an added an index at the end of thesis to indicate

the page numbers where each important term is defined.
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2.3 Orbit-finite matricesl . . ... .................. 26
1 llection of lemmas|. . . .. ... ...... .. ... 28
2.4  Orbit-finite systems of linear constraints| . . . . .. ... .. 29
241 Solvability| . . . . ... .. ... ... oo 31
242 Matrix formulations| . . .. ... ... .. ... ... 34
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2.1 Sets with atoms

Our definitions rely on basic notions and results of the theory of sefs with atoms
[5], also known as nominal sets [36].

Informally speaking, a set with atoms is a set that can have atoms, or other
sets with atoms, as elements. Formally, we define the universe of sets with
atoms by a suitably adapted cumulative hierarchy of sets, by transfinite induction:
the only set of rank 0 is the empty set; and for a cardinal «, a set of rank x may
contain, as elements, sets of rank smaller than x as well as atoms. In particular,
non-empty subsets of A have rank 1. The power set P(A) of A has rank 2.

11
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The group Aut(A) of all permutations of A, called in this thesis automor-
phisms, acts on sets with atoms hereditarily. Formally, by another transfinite
induction, for 7t € Aut(A) we define 77(X) def {m(x) : x € X}.

Example 2.1. Pick three distinct atoms &, and . Let 7t be the automor-
phism such that 7(«) = 7, 7(y) = « and 7(6) = J for all § # a,y. Then

r({A\{a},B}) = {A\ {7} B} <

Via standard set-theoretic encodings of pairs or finite sequences we obtain, in
particular, the point-wise action on pairs 77(x,y) = (7(x), t(y)), and likewise
on finite sequences. Relations and functions from X to Y are considered as
subsets of X x Y.

We restrict to sets with atoms that only depend on finitely many atoms, in
the following sense. For S C A, let

Autg(A) et {m € Aut(A) : m(a) =aforeverya € S}

be the set of automorphisms that fix S. Automorphisms in Autg(A) are called
S-automorphisms. A finite set S Cgny A supports a set x if for all 1 € Autg(A)

we have 7t(x) = x. In this case we also say that x is S-supported.

Example 2.2. Any finite set of atoms is supported by itself. Any co-finite
set of atoms is supported by its complement. For any S Cgy A, the set
{T C A : T2 S}issupported by S. The set A* of finite sequences of atoms is
supported by the empty set. <

A Function f : B — Cisidentified with its graph, i.e., the set { (b, f(b)) : b € B}.
For any 7t € Aut(A) we have (b, f(b)) = (7t(b), t(f(b)). This implies

Lemma 2.3. For any function f : B— C, m € Aut(A)andb € B,

Lemma 2.4. A function f : B — C is supported by some S Cyy A if and only if for
all T € Autg(A) and b € B we have 7t(f (b)) = f(7t(b)).

Lemma 2.5. The domain of a function supported by S Cgn A is also supported by S.

We leave the proofs of the above three lemmas as exercises for the reader.

An S-supported set is also S’-supported, as long as S C S'. A set x is finitely
supported if it has some finite support; in this case x has the least support, denoted
support (x), called the support of x (cf. [5, Sect. 6]). Sets supported by the
empty set @ we call equivariant. Finitely supported sets are preserved under
finite union, intersection and cartesian products. Equivariant sets are preserved
under arbitrary union, intersection and cartesian products.
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Example 2.6. Given «, € A, the support of the set A \ {«, B} is {«, B}. The
set A2 and the projection function (&, ) + a : A> — A are both equivariant;
and the support of a tuple a7 ...a, € A", encoded as a set in a standard way, is

the set of atoms {«aj, ..., &, } appearing in it. <

Lemma 2.7. support (—) is an equivariant function on the collection of finitely
supported sets. That is, for any finitely supported x and T € Aut(A),

support (7t(x)) = m(support (x)) .
Proof. We start by proving the following claim.
Claim 2.7.1. If x is supported by S Cgn A then 7t(x) is supported by 1t(S).
Proof. Pick arbitrary o € Auty(s)(A). Then nlocom e Autg(A). Hence

(mlooom)(x)=x.

Applying 7 to both sides we get

As 0 is chosen arbitrarily, we deduce that 77(S) supportes 77(x). O

Using the above claim we conclude
support (77(x)) C m(support (x)) . (2.1)
By the same claim, replacing x with 77(x) and 7 with 7!, we get
support (x) C 71~ ! (support (77(x))) .

which implies
nt(support (x)) C support (7t(x)) . (2.2)

By and we get support (77(x)) = rt(support (x)). |

A set is called atom-less if no atoms appear inside it, or its elements, or the
elements of its elements, and so on. Clearly, atom-less sets are equivariant. The
most common examples of atom-less sets we will see in this thesis are numbers
and finite sets.

A set is called hereditarily finitely supported if it’s finitely supported, its ele-

ments are finitely supported, element of elements are finitely supported, and so
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on. For example, for any S Cpy A, both the sets

{TCynA : T2S} and {TCA :TDS}

are finitely supported but only the first one is hereditarily finitely supported.
From now on, we will only consider the finitely supported sets which are also

hereditarily finitely supported.

2.1.1 Orbit-finite sets

For S Cgn A, two atoms or sets with atoms x, y are in the same S-orbit if (x) = Y
for some 7t € Autg(A). This equivalence relation splits all sets with atoms into
equivalence classes, which we call S-orbits; @-orbits we call equivariant orbits.
By the very definition, every S-orbit O is S-supported: support (O) C S and,
even if the inclusion is strict (which may happen only for singleton orbits), O is
also a (support (O))-orbit. When the set S is irrelevant, we simply speak of an
orbit, meaning an S-orbit for some S Crn A. Every S-supported set is a union
of (necessarily disjoint) S-orbits; the set is orbit-finite if this union is finite. As the
next lemma says, orbit-finiteness is stable under orbit-refinement and taking

finitely supported subsets:

Lemma 2.8 ([5, Theorem 3.16]). Forany S C T Cpy A, a finite union of S-orbits is
also a finite union of T-orbits (although the number of orbits may increase).

Remark 2.9. Notice that orbit-finite sets are finitely supported by definition.
Example 2.10. Some examples of orbit-finite sets are:

1. A (1 orbit);

2. A\ {a} for some a € A (1 orbit);

3. A? (2 orbits: diagonal {aa : & € A} and non-diagonal
A = (ap : a#peA));
4. A3 (5 orbits, corresponding to the equality types of triples);

5. non-repeating n-tuples of atoms
AN = {ay...aq € A" : a; # ajforalli # j} (1 orbit);

6. n-sets of atoms () def {XC A : |X|=n}(1orbit).

n

7. Any finite set X containing only finitely supported sets or atoms is an
orbit-finite set supported by S = U,cxsupport (x). The set of its S-orbits
is {{x} : x € X}. stated later in this section, implies that
elements of X need to be finitely supported for X to be finitely supported,

and hence also for being orbit-finite.
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The set Py, (A) of all finite subsets of atoms is orbit-infinite, since for every
neN,theset {S C A : |S| =n} C Pg,(A) is an equivariant orbit. <

Example 2.11. For n,m € N, equivariant orbits inside A (") x A (") are exactly
of the form

{(le...an,ﬁl...ﬁm)EA(")XZA(m) : D‘i:ﬁj — l(l):]}

where:: {1,...,n} — {1,...,m} is a partial injection. We leave it to the reader
to verify the details. <

Notation 2.12. For an atom or set with atoms x and S Cgy A, by orbitg(x) we
denote the S-orbit containing x. That is,

orbits(v) & {7(x) : 7 € Auts(A)} .

For example,
orbitg(ap) = (A \ S)?

for every o, € A\ S. When S = @ we write orbit(x) instead of orbity(x).
For an S-supported set X, by Orbitsg(X) we denote the set of S-orbits inside X.
That is,

Orbitss(X) def {orbits(x) : x € X} .

When S = @ we write Orbits (X) instead of Orbitsg (X).
As an immediate corollary of Lemma 2.8 we get:
Lemma 2.13. Orbit-finite sets are closed under finite unions and intersections.
Proof. Pick two orbit-finite sets X and Y. Let
g &f support (X) U support (Y) .

Lemma 2.8/ implies Orbitss(X) and Orbitsg(Y) are both finite. The sets X UY
and X NY are supported by S. Moreover,

Orbitss(X UY) = Orbitsg(X) U Orbitsg(Y) D Orbitsg(XNY) .

Hence X UY and X NY are also orbit-finite. [ |

Recall that a function f : B — C is identified with its graph

{(b,f(b)) : beB}.
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If f is finitely supported, we call it orbit-finite if the set {(b, f(b)) : b € B} is
orbit-finite.

Lemma 2.14. A finitely supported function f : B — C is orbit-finite if and only if B
is orbit-finite.

Proof. Let S be the support of f. Then S also supports B (Lemma[2.5).

Claim 2.14.1. For b, b’ € B, the pairs (b, f(b)) and (V', f(b")) are in the same S-orbit
if and only if b and b’ are in the same S-orbit.

The above claim implies that for every subset U of B, U is an S-orbit if and only
if the subset {(b, f(b)) : b€ U} of {(b, f(b)) : b € B} is an S-orbit. Since the
function b — (b, f(b)) is a bijection, this implies B and {(b, f(b)) : b € B} have
the same number of S-orbits. This proves the lemma. u

A set is called hereditarily orbit-finite if it is orbit-finite, its elements are orbit-
finite, the elements of its elements are orbit-finite, and so on. For exam-
ple, theset {(A\T)?> : T C (A\S), |T| = 3} is hereditarily orbit-finite. The
set {T C A : both T and A \ T are infinite} is an equivariant orbit but is not
hereditarily orbit-finite. From now on, we will only consider those orbit-finite

sets which are also hereditarily orbit-finite.

Remark 2.15. The reason behind the above assumption is that hereditarily
orbit-finite sets are finitely representable ([5, Thereom 4.10]) and all finitely-
supported transformations between these are effectively computable (for a
detailed presentation we refer to [10] or [5) Sect. 4, 8, 9]). They also enjoy better
closure properties than general orbit-finite sets. For example, orbit-finite sets
are not closed under taking products (Example but hereditarily orbit-finite

sets are (Lemma2.17).

Example 2.16. Let X be the orbit {T C A : both T and A \ T are infinite}. For
every n € N the set
{(Tl,Tz) : |T1ﬂT2| :1’1}

is an equivariant orbit inside X x X. Hence X X X cannot be orbit-finite. =~ «
Lemma 2.17. Hereditarily orbit-finite sets are closed under taking finite products.

Proof. Let X and Y be two hereditarily orbit-finite sets. We show X x Y is
also hereditarily orbit-finite. It is clear that elements of X x Y are hereditarily

orbit-finite. Hence, we only need to show that X X Y is orbit-finite. Let

g &f support (X) Usupport (Y) .
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Then S supports X x Y. We show that Orbitss(X x Y) is finite. Firstly,

Orbitss(X xY) = ( U OrbitSS(BXC)) ,

BeOrbitsg(X) \ CeOrbitsg(Y)

and hence it suffices to show that Orbitsg (B x C) is finite for every B € Orbitsg(X)
and C € Orbitss(Y).

Pick such B and C. Pick b € B. Let S, Lt gy support (b). For every
D € Orbitsg, (C) pick cp € D. By Lemmathe set Orbitsg, (C) is finite. To
finish the proof we show

BxC= U orbits((b,cp)) -
DeOrbitsg (C)

Pick (V/,c") € B x C. There exists 1 € Autg(A) such that (b)) = b'. Let
D & orbits, (7 1(c’)). There exists o € Autg, (A) such that o(cp) = = 1(c).
Since S C Sy, we have 0 € Autg(A). Hence 71 o o € Autg(A). This implies,

(moo)(b,ep) = m(b, () = (¥, C).

Since (V',¢’) € B x C was arbitrarily chosen, this finishes the proof. [ ]

Definition 2.18. Let S Cry A. We define the S-atom dimension of an S-orbit O,
written S-dim(O), as the size of support (x) for some (every) element x € O,
but not counting elements of S:

S-dim(0O) def |support (x) \ S|.

The choice of x is irrelevant due to Lemma 2.7

S-atom dimension of an orbit-finite set supported by S is the maximum of atom-
dimensions of its S-orbits. When S is clear from the context we omit S and speak
of atom dimension.

Notice that the assumption of herditarily finitely supportedness guarantees
atom-dimension of orbit-finite sets are finite.

Lemma 2.19. Forany S Cry A and orbit-finite sets X and Y supported by S:

(i) The atom-dimension of X XY is not bigger than the sum of atom-dimensions of
Xand.

(ii) If X C Y, then the atom-dimension of X is not bigger than the the atom-dimension
of Y.
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(iii) The atom dimension of any S-supported function f : X — Y is not bigger than
the sum of atom-dimensions of X and Y

Proof. Item (i) and (ii) follows almost from the definition of atom-dimension.
Item (iii) follows from the previous two items and from the fact that a function
f: X — Yisidentified with its graph {(x, f(x)) : x € X} C XxY. |

2.1.2 Canonical orbits

For this subsection, fix S to be an arbitrary finite subset of A. For a positive inte-
ger k > 0, denote by S the symmetric group on {1,...,k}. Given a subgroup G
of Sy, we denote by (A \ §)(¥) /G the set of non-repeating k-tuples of atoms from
(A '\ S) modulo coordinate permutations from the group G. More formally, we
define an equivalence in (A \ $)®), where a tuple & = a; ..., € (A \ S)®) is
equivalent to every tuple ¥ o o def Xg(1) - - - Ao (k), fOr o € G. The equivalence

classes are thus finite.

Notation 2.20. For&@ = a;...a; € (A \ S)®), let @/G denotes its equivalence

class. That is,

u/G dZEf {06(7(1) .. .sz(k) L0 € G}

This definition is easily extended to subsets. That is, for X C (A \ S)®),

xX/G¥ @G meXx).

Example 2.21. Let k = 3 and let G be the subgroup of S generated by the cyclic
shift o to the right: ¢ (3 j) Then for any afy € A®)

apy/G = {aBy, pya, yaB} ,

and
AP /G = {{aﬁ’y,ﬁ’yzx,’mﬁ} D aPy € A(?’)} .
<

Definition 2.22. Orbits of the form (A \ $)X) /G are called canonical S-orbits,
and a finite union of canonical S-orbits is called a canonical S-orbit-finite set.
Canonical S-orbit-finite sets of the form

(AN S) B .. w (A S)Hk)

are called straight.

The following lemma justifies calling orbits of the form (A \ S)*) /G to be

canonical.
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Lemma 2.23. Every S-orbit is in S-supported bijection with (A \ S)*) /G, where k is
the S-atom dimension of the S-orbit and G is some subgroup of Sy.

The proof of this lemma is almost identical to the proof of Theorem 6.3 in [5], so

we skip it.

Remark 2.24. We defined the cumulative hierarchy of sets with atoms starting
from the infinite set A, seen as a structure (A, =) with no additional relations
other than equality (hence called equality atoms). We can also define the cumula-
tive hierarchy starting from an arbitrary fixed logical structure X, in which case
Aut(X) denotes the set of all structure preserving automorphisms of X, and
acts hereditarily on sets in this cumulative hierarchy. For a finite subset S of X

Auts(X) def {meAut(X) : m(a) =aforalla € S},

and an S-orbit is a set of the form {7r(x) : 7 € Auts(X)} for some set or atom x.
A set will be called orbit-finite if it has finitely many S-orbits for some S Cgy X.
Some common examples of atoms other than equality that appear in the

literature are:

1. (ID, <), a countable dense linear order without endpoints, also called
ordered atoms. Aut(ID) is the set of all order preserving bijections. This
structure is isomorphic to the set of rational with the usual ordering.

2. (Z, <), integers with the natural order. Aut(Z) = Z is the set of all
translations n — (n + k) for k € Z.

3. An infinite dimensional vector space over a finite field. When the finite
field is IF; it is called bit-vector atoms. Automorphisms are vector space

isomorphisms.

4. The Rado graph |} also called graph atoms. Automorphisms are graph

isomorphisms.

In this thesis we focus on orbit-finite systems of equations and inequalities with

equality atoms.

2.1.3 Collection of lemmas

We finish this section with a collection of lemmas which are used in later parts
of the thesis. Proofs of most of these lemmas are left to the reader as exercise.

Lemma 2.25. For any arbitrary S Crn A, S-supported sets X and Y, and S-supported
function f : X = Y:

Ihttps://en.wikipedia.org/wiki/Rado_graph
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(i) Every rt € Autg(A) induces a permutation x — 7t(x) on X which maps every
S-orbit included in X into itself.

(ii) Forevery i, € Aut(A), if t(a) = o(a) forall a € S, then (X) = o(X).

(iii) For every T1 Opn To 2 S, Ti-orbit X1 C X and Tr-orbit X, C X, either
XiNXy =Qor X5 CXp.

(iv) For every orbit finite subset Z C X the set f(Z) is also orbit finite.

(v) For every x € X, f(x) is supported by S U support (x). Moreover, if f is
injective then support (f(x)) US = support (x) US.

(vi) The set X contains an element x such that support (x) C (SU T) if and only if
the size of T is more than the S-atom-dimension of X.

(vii) If X is finite then each of its elements are supported by S.

Notation 2.26. For any T Cgy A we use Aut(T) to denote the set of automor-
phisms 7r of A such that r(«) = a foralla € A\ T. Forany S Cgn A\ T we
define Autg ;1) (A) to be the set of automorphisms 77 € Auts(A) such that
7(T) = T. Notice that

Aut(T) C Autg gy (A) C Aut(A) .

Lemma 2.27. Forany S Cgn A, T Cen A\ S and S-orbit O:
(i) For every element x" € O supported by (SUT)
{x € O : support (x) C (SUT)}
= {n(x) : meAut(T)}

= {n(x/) : TEGAu’ESU{T}(A)} .

(ii) The number of elements of O supported by (S U T) is at most |T|!.

(iii) O admits an S-supported surjection from (A \ S)@) where d is the atom-
dimension of O, such that inverse image of every p € O is finite.

(iv) O is either a singleton set or is infinite.

(v) Let O' be another S-orbit of S-atom dimension d'. The number of S-orbits in
OxO' is at most (d +d')3+4 .
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Proof. The first two items are left for the reader to verify. We provide proofs for

the remaining.
(iii): This follows from Lemma[2.23]

(iv): Consider some element x € O. If support(x) C S then for every S-
automorphism 7t € Autg(A) we have 7(x) = x, and hence O = {x}. Other-
wise, choose any a € support (x) \ S. For each f € A\ (support (x) US) there
exists an S-automorphism 715 that maps « to f and preserves support (x) \ {a}.
By Lemma 2.7, support (7r4(x)) # support (77, (x)) for B # <y, which implies
mtg(x) # 71, (x) for B # 7. Therefore O is infinite.

(v): Using item (iii), let f : (A\ S)@ — Oand f': (A\S)?) — O’ be two
S-supported surjections. Then

fxf (AN S) D x (AN 5) ™)) — (0x0')

defined as
(Fxf) @) = (f@), f'@))

is also an S-supported surjection. This implies that for any S-orbit V C (Ox0’)
the inverse image (fx f)~1(V) of V under (f x f’) is supported by S and hence
is a union of S-orbits. As a consequence, the number of S-orbits in (OxO’) is at
most the number of S-orbits in ((A \ S)@ x (A \ $))). To finish the proof we
show that the latter is at most (d 4 d’)*+4".

Pick arbitrary R Cgy (A '\ S) of size d + d’. Using every
S-orbit of ((A\ §)@ x (A \ $)(@)) contains at least one element supported by
R. Such an element has to come from the set (R(@) x R(?) ). Hence the number of

such elements cannot be larger than (d + d’ )d+d/. As a consequence the number
of S-orbits in ((A \ §)@ x (A \ S)(@)) is at most (d 4 d')4+7". n

2.2 Finitely supported vector spaces

For the remainder of this chapter fix R to be an arbitrary commutative ring
with identity. For any orbit-finite set B, the set of all functions from B to R
is closed under point-wise addition and multiplication by scalars, and hence
forms a vector space. [| We denote this space by B — R. An element of this
space is called an R vector indexed by B or simply a vector when B and R are clear
from the context. We use lowercase boldface letters a, b, ... to denote vectors.
Let S Crv A to be the support of B. The vector space B — R is supported by

2Technically, it is a module since R is not a field. However, with a slight abuse of nomenclature, we
call it a vector space.



22 Chapter 2. Preliminaries

S,i.e., itis supported by S as a set and the addition and scalar multiplication

operations commute with S-automorphisms.

Lemma 2.28. Forr € R, x,y € B — Rand m € Auts(A) we have rt(r-x) =
r-m(x) and t(x +y) = 7(x) + 7(y). ]

We skip the proof since it is straightforward. An orbit-finite vector is a vector
which is orbit-finite as a function (cf. Lemma|2.14). The set of orbit-finite vectors

in B — R forms a subspace since:

Lemma 2.29. Orbit-finite vectors in B — R are closed under sum and multiplication

by scalars.

Proof. For any two orbit-finite vectors a,b € B — R and r € R the vectors
a+b and r - a are respectively supported by (support (a) Usupport (b)) and
support (a). Since the set B is orbit-finite, lemma implies a + b is also
orbit-finite. u

The space of all orbit-finite vectors in B — R is denoted as Ling (B). For a subset
X C B,let1y : B — R denote the characteristic function on X. If X is orbit-finite,
1x € Ling(B). When X = {b}, we write 1, instead of 1.

Notation 2.30. Consider S Cy A and a S-supported vector v € Ling (B). Then
v is constant, restricted to every S-orbit O C B. This allows us to write v(O) € R

in place of v(x) for x € O and represent v as the linear combination

v= Y v(0)-10, (2.3)
OcOrbitsg (B)

of characteristic vectors 1p of O € Orbitsg(B).

The domain of a vector v.e B — R, denoted as dom(v) is defined as

dom(v) ¥ (b e B : v(b) £0} .
A finite vector is a vector whose domain is finite. It is easy to see that finite

vectors in B — R form a vector subspace of B — R. We denote this space as
FinLing (B).

Notation 2.31. FinLing(B) can also be thought of as the vector space generated
by B. Keeping this is mind we equate B with the set of vector {1, : b € B}.
Any finite vector v € FinLing (B) can be written as

V= Z v(b)-b. (2.4)
bedom(v)

3The equality holds even if 7t does not support S. But then 71(x) and 77(y) may not be elements of
B — R.
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Lemma which appears next, implies that for a finite vector v € FinLing(B),

every b € dom(v) is supported by support (v). Hence, (2.4) is a special case of
the notation described by (2.3).

As observed above, the set of vectors {1, : b € B} forms a basis of the space
FinLing (B). A vector 1;, for b € B, is supported by support (b) U S and hence
is an orbit-finite vector. This implies FinLing (B) is a subspace of Ling (B).

Lemma 2.32. For every orbit-finite set B, T Dpn support (B) and vector v €
Ling(B), v is a finite vector supported by T if and only if dom(v) C Bt where

Br ={be B : support(b) C T} .

Proof. First we show that if dom(v) C By then v is a finite vector supported by
T.|Lemma [2.27}Hi|implies By is finite. Hence dom(v) C Bt implies v is finite.
Using Notation 2.3T|we write v as

For any 7t € Autr(A) we have

T ( Y v(b) -b> = Y v(b)- n(b) (Lemma2:28)

beBr beBT
=Y v(b)-b (by definition of B)
beBT

=V.

Hence v is supported by T.

Now we show that if v is a finite vector supported by T, then dom(v) C Br.
Towards arriving at a contradiction, say there exists b € B such that v(b) # 0and
b is not supported by T. Since b is not supported by T, there exists 7 € Auty(A)
such that 77(b) # b. Hence orbitr (b) is not a singleton. Applying[Lemma[2.27iv]
we get orbitr(b) is infinite. Since v is supported by T, using Lemma[2.3|we get
that for every 7r € Autr(A)

V(b)) = (7(v)) (b)) = v(b) #0.

This implies that for every b’ € orbitr(b), we have v(b') # 0, which contradicts
the fact that v is a finite vector. |

Notation 2.33. When R = R, we write Lin(B) and FinLin (B) instead of Ling (B)
and FinLing (B).
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2.2.1 Finitely supported subspaces

A subspace of FinLing (B) or Ling (B) is called finitely supported if it is finitely
supported as a set.

Example 2.34. For any orbit-finite set B, the set Vy(B) of all v € FinLing(B)

such that
Y v(b)=0
beB
is a subspace of FinLing (B) supported by S = support (B). <

Example 2.35. The set of all vectors v € Ling (A) such that v(a) = v(p) for all
a, B € A is an equivariant subspace of Ling (A). <

Example 2.36. The set of all vectors v € FinLing (A(z)) such that v(af) +
v(Ba) = 0 for all af € A?) is an equivariant subspace of FinLing (A(z)). <

Since we do not investigate finitely supported vector spaces in this thesis, we
mention some important results of [6, 44] regarding them.

Definition 2.37. For S Cry A and a vector space V with S = support (V),
define the length of V as the length n of the longest strictly increasing chain

of S-supported subspaces of V.

Example 2.38. Recall Example Assuming R is not trivial, the length of
FinLing (A) is at least 2 since

{0} € Vo(A) C FinLing(A) .

<

Definition 2.39. For vector spaces V an W, their product V x W is the vector
space with elements (v,w) for v € V and w € W, with addition and scalar
multiplication defined pointwise.

Lemma 2.40. Any S-supported vector space V of finite length is spanned by an
orbit-finite set.

Proof. Construct a sequence of vectors 0 = vg, vy, Vy,... in V such that for
n > 1, v, is not inside the vector space V,,_1 spanned by Uy ,orbits(v). Then
Vi € Vp C ... is astrictly increasing chain of S-supported vector subspaces of
V. Which must be finite since the S-length of V is finite. Say the sequence stops
at vy for some N € IN. Then Uy yorbitg(vy) must span V. |
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Lemma 2.41 ([6, Lemma 4.3]). For S Cgn A, S-supported vector spaces V and W:
1. The S-length of V x W is the sum of S-lengths of V and W.
2. If V. C W, then the S-length of V is smaller than the S-length of W.

The authors of [6] also gave an upper bound on lengths of vector spaces of the
form FinLin ((A \ S)(")) forn € Nand S Cry A ([6, Corollary 4.9]). This was
improved in [44] where a matching lower and upper bound is given.

Theorem 2.42 ([44, Corollary 4.4]). For n € N and S Cun A, the length of
FinLin ((A \'S )(”>) is equal to a, where (ay ) is the OEIS sequence A005425(k).

Combining Lemma and Theorem 2.42)we conclude:

Corollary 2.43. Forany S Cry A and orbit-finite set B supported by S, the length of
FinLin(B) is finite.

Proof. Using there is an S-supported surjection f : B' — B
from a straight orbit-finite set B’ supported by S (Definition[2.22) to B such that

f~1(b) is finite for every b € B. Recall Notation The function f induces
the linear map FinLin(f) from FinLin(B) to FinLin(B’) defined as:

beB vef1(b)

FinLin (f)(v) d—eva(b)~< Y b’).

We leave it to the reader to the verify the following:
1. FinLin(f)(v) is a finite vector for every v € FinLin(B),
2. FinLin(f) is supported by S, and
3. FinLin(f) is injective. [f
Injectivity of FinLin(f) implies that every strictly increasing chain

VO g A g Vk g FmLm(B)

of S-supported vector spaces V), ...V of FinLin(B) gets mapped to a strictly
increasing chain

FinLin(f)(Vp) C --- € FinLin(f)(V}) € FinLin(f)(FinLin(B)) C FinLin (B’)

of S-supported vector subspaces of FinLin(B’). Hence if FinLin(B’) has finite
length, so does FinLin(B). We show FinLin(B’) has finite length.

4This can be proven in two steps. First, show that FinLin(f) is injective if and only if
FinLin(f) " (0) = {0}. Then show FinLin(f)*(0) = {0}
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The set B’ can be written as a disjoint finite union of sets of the form (A \ S) (k)
for k € N. Hence FinLin(B’) can be written as a product of vector spaces of the
form FinLin ((A \S )(k)) for k € IN. Using Lemma [2.41{and Theorem [2.42/we
conclude FinLin (B') also has finite length. |

2.3 Orbit-finite matrices

For orbit-finite sets B and C, an orbit-finite (B x C)-matrix is an orbit-finite func-
tion from BxC to R. When B and C are irrelevant, we speak of an orbit-finite
matrix, meaning orbit-finite (Bx C)-matrix for some orbit-finite sets B and C.
For the remainder of this section arbitrarily fix orbit-finite sets B, C and D.
The set of orbit-finite (B x C)-matrices forms a vector space under point-wise
addition and scalar multiplication. We denote this space by Ling (BxC). We
use boldface capital letters A, B, ... to denote orbit-finite matrices. Following
usual conventions, matrices with one row are called row vectors, matrices with
one column are called column vectors, and vectors are identified with column
vectors. Let A € Ling(BxC). For b € B, let A(b, —) denote the row indexed by
b, i.e. the row vector defined as

A(b,—)(c) def A(b,c') forc’ € C.

Similarly for ¢ € C, let A(—, c) denote the column indexed by ¢, i.e. the (column)
vector defined as
A=, 0)(t) AW, c) for b/ € B.

The transpose AT of the matrix A is defined to be the C x B-matrix AT (¢, b) def

A(b,c) for (b,c) € BxC. Clearly, orbit-finite matrices are closed under taking
transposes. The transpose of a row(column) vector is a column(row) vector.

Definition 2.44. Following the convention that functions are identified with
their graphs, If A € Ling (B xC) is supported by S, then its S-atom-dimension is
the atom-dimension of the orbit-finite finite set of pairs

{((b,c),A(b,c)) : beB, ceC}.

When S is clear from the context, we speak of simple atom-dimension.

Remark 2.45. Using Lemma the S-atom-dimension of an S-supported
matrix A € Ling (BxC) can be bounded by the sum of the S-atom-dimensions
of Band C.
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Example 2.46. Define the (A x A?))-matrix A as

A, ap) Lf1 and A(w, By) Lo

forap € A® and y € A\ {B}. The matrix A is equivariant. For a € A?) we
have A(—,aB) =1, and A(x, —) = lg where

Xo & {ay + y e A\ {a}} .

<

For x,y : C — R the inner product x' -y is well-defined if there are only finitely
many ¢ € C for which both x(c) and y(c) are non-zero (equivalently, the inter-
section dom(x) N dom(y) is finite). In particular x" -y is always well-defined if
either x or y is finite.

The inner product of orbit-finite vectors extend to product of orbit-finite
matrices in the obvious way. The product A - B of two orbit-finite matrices A €
Ling(BxC) and B € Ling(Cx D) is well-defined when the A(b, —) - B(—,d) is
well-defined for every (b,d) € BxD.

Remark 2.47. For the special case when R = IR, well-definedness of inner
product coincides with unconditional convergence. Since orbit-finite vectors
contain only finitely many different numbers (Notation [2.30), the sum

Y. x(c) y(o)

ceC

is unconditionally convergent (i.e., convergent to the same value irrespectively of
the order in which the elements ¢ € C are enumerated) exactly when dom(x) N
dom(y) is finite. E]

Example 2.48. Pick arbitrary atoms & # € A. Define two sets X, Y C A(?) as

X {ay : y#£a} and YE{1p: y£p}.

Then 1] -1y = 1and 12;(2) -1y is not well-defined. <

Remark 2.49. When B is finite, the inner product over Ling (B) is always defined
and coincides with the usual definition of inner product of finite dimensional
vectors.

5We are grateful to Szymon Toruniczyk for this remark.



28 Chapter 2. Preliminaries

2.3.1 Collection of lemmas

We end this section with a collection of lemmas which are used in later parts of
the thesis. Proofs of some of these lemmas are left to the reader as an exercise.

Lemma 2.50. For vectors x,y € Ling(C), and S Cpn A supporting x and vy, if
xT -y is well-defined then

x'y=Y x(c)-ylc),

CECS

where Cg is the set of elements in C which are supported by S
Cs = {c e C : support(c) C S} .

Proof. Assumex" -y is well defined. We show forall c € Cifx(c)-y(c) # 0 then
support (¢) C S. Assume otherwise. Let ¢ € C be such that x(c) - y(c) # 0 and
support (c) ¢ S. Pick a € support (c) \ S. Following a similar line of argument

as in the proof of we can show that orbitg(c) is infinite. Since both

x and y are supported by S, for every ¢’ € orbits(c) we have x(c) - y(c¢’) # 0.
This contradicts well-defined-ness of x' - y. u

Lemma 2.51. For any matrix A € Ling(BxC), S Cgn A supporting B and C and
A, € Autg(A),b e Bandc € C:

(i) m(A(b,—)) = A(mt(b),—) and T(A(—,c)) = A(—, t(c)).

(ii) support (A(b, —)) C support (A) U support (b) and
support (A(—,c)) C support (A) U support (c).

Lemma 2.52. For any matrices A € Ling(BxC) and B € Ling(CxD), and S Cgy
A supporting B, C, D, A and B, if A - B is well-defined then:

(i) for any m € Aut(A), (A - B) is also well-defined and (A - B) = m(A) -
n(B).

(ii) forany (b,d) € B x D,

(A-B)(b,d) = Y. A(bc)-B(cd),

support(c)CS’
where S’ = S U support (b) U support (d).

Proof. The first item is left to the reader to verify. The second item follows from

the first one and Lemma [2.50/and [Cemmal2.51Fil [ ]
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2.4 Orbit-finite systems of linear constraints

In this section we formally define orbit-finite systems of linear constraints (i.e.,
equations or inequalities) and give their matrix formulations. We focus on
systems of equations since inequalities can be defined analogously.

For this section fix an orbit-finite set C and let § % support (C). A linear
equation over C is an expression of the form a' - x = t where a € Ling(C), t € R
and x is a vector of variables indexed by C. Sometimes we also write equations

as

Y a(c)-x(c)=t

ceC

where x(c) denotes the variable indexed by c and a(c) its coefficient. A vector

T

y : C — Ris called a solution of the equation a' - x = t, if the producta' -y is

well-defined and equal to t. A permutation 7w € Autg(A ) induces a permutation

x(c) + x(7(c)) of the variables (Lemma [2.25H). This in turn induces the

permutation

Z a(c)-x(c) =t — 2 a(c) x(m(c)) =t (2.5)

ceC ceC

of linear equations over C. Lemma [2.3]implies that, for every ¢ € C we have

a(n1(e)) = (7 'n(a)) (1 (e)) = 7 H(m(a)(c)) -

Since 7r(a)(c) is a number, it is atom-less and hence equivariant. This implies
n1(r(a)(c)) = 7(a)(c). Hence a(r~1(c)) = r(a)(c) for every c € C. Using
this fact, we can rewrite the LHS of the second equation in as

Y a(e) - x(7(c) = ) a(m ' (c)) - x(c)

ceC ceC

= Y m(a)(e) - x(c)

ceC
=m(a) - x.

Hence, the permutation of equations induced by 7t can also be written as

a -x=t — mt(a

The equation al

T.

-x = tis supported by T Cpy A if the vector a is supported by

Example 2.53. For example consider C = A(2). For any atom a € A consider
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the equation

where o_ def {aﬁ cA? . g+ a}. This equation is supported by {a}. It can
also be written as
Y x(ap) =1. (2.6)
B
For any atom B # «, the vector 1,5 € FinLin (A(z)) is an example solution of
this equation. <

Let S Crn A be an arbitrary finite subset of atoms. The S-orbit of an equation

T.x = t consists of all equations of the form 7r(a)T - x = t for 1 € Autg(A). In

a
this thesis we are interested in orbit-finite systems of linear equations i.e., systems
of linear equations which have finitely many orbits. A solution of such a system

is a vector y which satisfies all the equations in the system.

Example 2.54. The equivariant orbit of the equation presented in Example
contains for every atom & the equation (2.6). We write:

Y x(@B) =1 (x€A).
f7a

For any function f : A — A such that f(a) # a for all « € A, the vector
xs: C — R defined as

1 ifp=f(a)

def
xf(ap) = ,
0 otherwise

is a solution of this orbit of equations. Notice that the vector x; may be orbit-
finite or not depending on the choice of f. For a positive example, pick arbitrary
a, B € A, and define f as

def | B ify=ua,and

« otherwise.

Then x; is supported by {«, B} and is orbit-finite. For a negative example,
consider any enumeration a1, a4, ... of atoms and the function f defined as

flan) Eay (neN).

The vector x; is not finitely supported, and hence not orbit-finite. <
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24.1 Solvability

An orbit-finite system of equations or inequalities is called solvable if it has an
orbit-finite solution. So the solvability problem asks whether a given orbit-finite
system has an orbit-finite solution. It has the following variants:

Finitary solvability : existence of a finite solution.

Unrestricted solvability : existence of a solution which need not be orbit-
finite.

Support preserving solvability : existence of a solution which is supported

by the support of the system.

In this thesis we focus on decidability of solvability and finitary solvability.
Decidability of unrestricted solvability we leave as an open question. Support

preserving solvability is decidable since:

Lemma 2.55. Support preserving solvability reduces to solvability of finite systems of

equations/inequalities.

Proof. We do the proof for a single orbit of equations
)T-x=t (e Autg(A)) 2.7)

for some orbit-finite set C, orbit-finite vector a € Ling(C) and S Cgy A. We
leave it to reader to extend the proof to the general case where the system
consists of a finite number of orbits of equations or inequalities. Let Cy,...,Cy
be the S-orbits inside C. For any S-supported vector y € Ling(C) and 7t €
Autg(A), we have

()" -y
=m(a)T- n(y) (y is supported by S)
= n(aT ‘y) (Lemma[2.52F)
=a'.y (a’ -y is atom-less (page ).

Hence the system has an S-supported solution if and only if the equation

a' - x = t has an S-supported solution. Let a; be the restriction of a to C;. Let

I C{1,...,n} be the set of i’s such that a; is finite. We show that the equation

T

a' -x = t has an S-supported solution if and only if the equation

Z (Z ai(c)> “x;j=1t, (2.8)

iel \ceC;
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with variables {x; : i € I}, has a solution.
If has a solution (y;);c; then

Zyi'lCi

iel

isasolutionofal - x = ¢.

Conversely, any S-supported solution y’ of a’ - x = t can be written as
/! a !
Yy = Zyl : lci :
i=1
We show (/)¢ is a solution of (2.8). The product a - y’ can be written as
- T
Y yi-a g, .
i=1
This product is well-defined only if y; = 0 for every i ¢ I. This implies
Z(Z al'(C)> y; = Zal—.r.lci y: = aT,y/ = t.
iel \ceC; iel
[ |

We present some examples to show that the solvability questions defined above
can give different answers for the same system of equations. Moreover, the
answer can also change with the underlying ring (for example, for a system of
equations with integer coefficients, the underlying ring can be both integers or
rationals). For these examples assume R = Q.

Example 2.56 ([5, Example 5.30]). Consider the system of equations which
contains, for every {«a, B} € (”;) (cf. Example , the equation

x(ap) +x(Ba) =1.
We show that this system
1. has an equivariant rational solution,
2. does not have any orbit-finite integer solution,
3. does not have any finite solution, and
4. has an orbit-infinite integer solution.

The constant vector % Ap af % is an orbit-finite rational solution of this

system. It has no finite solution since every variable appears only in finitely
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many equations and RHS of infinitely many equations is non-zero. Furthermore,
the system has no orbit-finite integer solution either, as any such solution y
would necessarily satisfy, for every distinct atoms «, f € A \ support (y), the
equality y(ap) = y(Ba), which is in contradiction with y(af) + y(B«) = 1. But
this system has orbit-infinite integer solutions. For example, for any total order
< on A the vector y< : A2 — 7, defined as

def |1 ifa< B,
y<(ap) = .
0 otherwise,

is a solution. >

Example 2.57. We recall the following system which was presented in Exam-

ple.54

Y x(ap)=1 (xeA).
f

We argue that this system

1. has an orbit-finite integer solution but,

2. does not have any finite or equivariant solution.
For « € A define

def

o= {ape A i pral and .« {prcA® :ptal.
Take any two fixed atoms vy, € A. The vector

def
y = 14+1y
is an orbit-finite integer solution of this system. Indeed, for « # 7 we have
1,-{_ -y = 1y - 14y = 1 as required. Furthermore, we have 11_ Yy =1y 1y =1
as required. The system has no finite solution for the same reason as in the
previous example. It also does not have any equivariant solution, because the
only equivariant vectors over A (?) are constant ones g - 1, and the inner product
1,_-1isill-defined for every « € A aslong as q # 0). <

Example 2.58. Consider the following system of equations which contains for
every a € A, the equation

Y x({a,p}) =1.
pu

We argue that the system
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1. has no orbit-finite rational solution (despite the apparent similarity to the

system in Examples and[2.57), but
2. has orbit-infinite integer solutions.

First, towards a contradiction, suppose the system has a solution y, sup-
ported by some T Cgy A. Thus, it is constant on every T-orbit in (?) An
infinite T-orbit in (‘?) is either the set (Az\T) of all 2-sets disjoint from T or, for
some fixed & € T, the set of all 2-sets with one element & and the other element

notin T:
Ha, v} ye AT}

For p € A, let
def

Xg = {B 1} v # B}

Each infinite T-orbit in (g‘) intersects infinitely with Xg for some g € A. In
consequence, y is necessarily 0 when restricted to any infinite T-orbit in (‘;)
as otherwise Y, g y({B,7}) = l)T(ﬁ -y would be ill-defined for some B € A.
Therefore y is forcedly finite, and the argument of the previous examples applies.

Now we construct an orbit-infinite integer solution of this system. Take any
enumeration A = {ag, a1, ay,...} of atoms. The vector y : (?) — R that maps
each set {apy,, ap,11} to 1, for n = 0,1,..., and all other sets to 0, satisfies all
equations. Note that y is not finitely supported (and hence is not orbit-finite),
i.e., there is no finite T C A such that 7t(y) =y for all & € Auty(A). <

2.4.2 Matrix formulations

Just like finite systems of linear equations can be represented using finite dimen-
sional matrices and vectors, orbit-finite systems of equations can be represented
using orbit-finite matrices and vectors.

Example 2.59. The system of equations presented in Examples and
can be represented as A - x = b where A is the matrix defined in Example
and b = 1. We recall the definition of A:

A(w,af) =1 and A(a,py)=0

forap € A@ and 4 € A\ {B}. Notice that A and b are both equivariant.
Following the convention that vectors are considered implicitly as column
vectors, and using Notation we can also define A specifying its columns:

A(—,af) =a

forap € AP, <
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Example 2.60. The system in Example can be represented as A -x = b,
(2)

where A € Lin((?) XA(Z)) and b € Lin ) are defined as

1 if{a, B} = {7,6}

0 otherwise,

A({a, B}, 70) = { b({a,B}) =1.

Using the conventions that row vectors are considered as transposes of column
vectors, A can be written more concisely by specifying its rows

A({a,p},—) = (ap+pa)T

for {a, B} € (é") <

Formally, for A € Ling(BxC) and b € Ling(B), the matrix formulation
A - x = b represents the system consisting of the equations

A(b,—)-x=b(b) (beB). 2.9)

We say it is a (BxC)-system to denote that A € Ling(BxC) and b € Ling(B).
We claim that the system is orbit-finite. Indeed, let S be a finite set supporting
both A and b. For any b € B and 7t € Autg(A) the element 77(b) € B indexes

the equation

e : A(n(b),—)-x=b(n(b)).
Using we get A(7t(b), —) = m(A(b, —)), and since b is supported

by S we have b(7t(b)) = b(b). Hence, the above equation is equal to

This implies that every S-orbit in B indexes an S-orbit of equations. Since B is

considered to be orbit-finite, the system of equations is also orbit-finite.
Conversely, every orbit-finite system of linear equations is representable in

matrix form ((2.9)). Indeed, pick an orbit-finite system of linear equations

orbits(a] - x = t)
(2.10)

orbitg(al -x = t,)

where the variables are indexed by an orbit-finite set C. Let S be the support
of this system. Let B; = orbits(a;) x {t;}, and B = By U--- U B,. Define
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A:(BxC) - Randb:B — Ras
A((a,t),c) = a(c) and b((a,t)) =t

Clearly, A - x = b represents the system (2.10). We just need to show that A
and b are orbit-finite. The set C is orbit-finite by assumption. Each B; C B is an
S-orbit and hence B is also orbit-finite. Using lemma [2.14] we just need to prove
that both A and b are finitely supported. For any 77 € Autg(A)

A(r(a t), 7e(c)) = A((n(a), 1), 7(c))

)
a(c)) (Lemma [2.3)

=a(c) (a(c) is atom-less)

and
Using Lemma 2.4 we conclude that they are supported by S.

2.5 State of the art

This thesis belongs to a wider research program that aims at lifting different
aspects of theory of computation from finite to orbit-finite sets [4, 7, 8,9} 10} 11}
12,125, 26, 27, 28]]. In this section we summarise the recent advancements in this
area regarding solvability of equations and theory of vector spaces. Most of the
prior work concentrated on equality atoms only, and therefore we mention the
choice of atoms only if this is not the case.

2,51 Orbit-finite systems of equations and inequalities

Solvability of orbit-finite systems have already been studied in several works,
most often for equality atoms. Prior to this thesis, only partial results were
known, applying to very restricted special cases. In [23] the authors show
that orbit-finite systems of linear equations where rows are indexed by A x F
for some finite set F and the columns are finite, existence of a finite integer
or rational solution is decidable in PTIME, and decidability of existence of a
finite non-negative integer solution NP-complete. These results are extended in
[24] for the case when the rows are indexed by (f:‘) x F for some fixed natural
number 7 and finite set F, and columns are finite as before. In this case, for a
fixed n, existence of a finite integer solution is decidable in PTIME, but existence
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of a finite non-negative integer solution is decidable in EXPTIME.

In [26] the authors prove decidability of solvability of orbit-finite system of
linear equations over finite fields, where every equation contains appearances
of finitely many variables. Additionally they do not require the solutions to be
orbit-finite.

Article [21] extends the results of [23] to ordered atoms and show that
existence of a finite integer/rational solution is decidable in PTIME, but it
becomes equivalent to VAS reachability (and hence is Ackermann-complete

[15] 33} 134]) if we additionally restrict solutions to be non-negative.

2.5.2 Orbit-finitely generated vector spaces

Orbit-finitely generated vector spaces were investigated prior to this thesis
in the context of solvability problems, but also in the context of algorithmic
verification of data enriched models of computation (for example register au-
tomata, an orbit-finite counterpart of NFA [8]). Two first papers which study
orbit-finite dimensional vector spaces explicitly was [6], where the authors
prove that orbit-finitely generated vector spaces have finite length (the length
of an equivariant vector space is the length of the longest strictly increasing
chain of equivariant subspaces inside it), and [24], investigating vector spaces
of the form FinLin ((”}?)) in the context of solvability of systems of equations.
The finite length property is used in [6] to extend the classical algorithms for
deciding equivalence and minimisation of weighted automata to weighted
register automata. These results have recently been improved in the master’s
thesis of Jingjie Yang [44], which provides an explicit formula for the lengths
of equivariant vector spaces. He has also proven that orbit-finitely generated
vector spaces with graph atoms and bit vectors atoms have finite length [45].

In [6] the authors have also proven that for equality and ordered atoms,
spaces of the form Lin(B) for orbit-finite sets B have orbit-finite spanning sets.
This result has been significantly extended in [37], which shows that these
spaces have orbit-finite bases for atoms which are w-categorical and w-stable, and
also for ordered atoms.

In [13] the author has shown finite generation of equivariant polynomial
ideals with equality atoms as variables. This result implies that for equality
atoms, finitely supported subspaces of FinLin(B) for orbit-finite sets B have
orbit-finite spanning sets. The latter result is a weaker version of the finite
length property proved in [6].

In [32] the authors study equivariant cones inside FinLin (A x F) where F is
an arbitrary finite set, and extend accordingly theorems of Carathéodory and
Minkowski-Weyl.
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3.1 Introduction

One of the fundamental results in linear algebra is that any vector space has
a basis, and any two bases of a vector space are isomorphic (as sets). In this
chapter we examine, to which extent the same statements hold in the orbit-finite
setting. For this chapter we fix R to be a commutative ring with identity, denoted
as 1. For any orbit-finite set B we are interested in two vector spaces defined
using B,

1. FinLing(B), the vector space of finite vectors in B — R, and
2. Ling(B), the vector space of orbit-finite vectors in B — R.

The set {1, : b € B} is, by the very definition, an orbit-finite basis of the vector
space FinLing (B). We prove that this set can be extended to an orbit-finite basis
of the larger space Ling (B).

39
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Theorem 3.1 (Orbit-finite basis theorem). For any orbit-finite set B, the vector space
Ling (B) has an orbit-finite basis.

§[B.2]is devoted to the proof of this theorem.

Contrary to the classical setting, not all orbit-finitely spanned vector spaces
have an orbit-finite basis. A counterexample was given in [6], which we recall
in §3.3] Finally, in §[3.4we show that dimension of an orbit-finitely generated
vector space is not always well-defined, i.e., there exists a vector space with two
orbit-finite bases which are not related by an orbit-finite bijection. This is also
in contrary to the classical setting where any two bases of a vector space are
isomorphic.

3.2 Orbit-finite basis theorem

Throughout this section we fix B to be an orbit-finite set, and let S Cpy A
denote its support. We start with an example proving the theorem in a special
case.

Example 3.2. Let B = A Fory € A, lety_ % {ya : « € A\ {7y}} C B;and
symmetrically let _y def {ay : a € A\ {y}} C B. One obtains a basis BASIS(B)
of Lin(B) by extending {1,5 : ap € B} with the constant vector 15 that maps
every pair 3 € B to 1, and also, for every y € A, with the characteristic vector
1, _that maps all pairs in 7y_ to 1 and all others to 0, and the characteristic vector
1, that maps all pairs in _v to 1 and all others to 0:

BASIS(B) = {1,8 : ap€ B} U{l, :ac A}U{lg: pec A}U{lp}.

Towards seeing that this is indeed a basis, pick any vector v in Lin (A(2)> . Let
T support (v). Let
ToT ¥ (A\T)® .

Fora € T, let
oT def AN\ nd TO def AN\T
P {zx} X ( \ ) a " ( \ ) X {zx} .

Note that all these are T-orbits. Moreover, note that ,OT # a_and TO,X #+
except for the case when T = {a}.

We observe the following equality which is implied by the inclusion exclu-
sion rule:

v = v(To")-13 + ) (v(,0T) =v(TO")) -1, +
aeT
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ﬁZT (v(TOg) —v(TOT)) 14 +
Z( >(V('Xﬁ) ~v(:0") = v(T0p) +v(T07)) - 14p.
apeT

This yields a representation of v in the base BASIS(B), hence BASIS(B) spans
Lin(B). Moreover, this representation is unique, hence BASIS(B) is a linearly
independent set of vectors. <

3.2.1 Reduction to single-orbit

We claim that we can assume, WLOG, that B is a single orbit. Indeed, let
g &f support (B) and let B = By & - - - W B, be the partition into S-orbits. Then
Ling (B) is isomorphic to the Cartesian product Ling(B1) X - - - x Ling(By). De-
note by ¢; : Ling(B;) — Ling(B) the natural embedding that extends a vector
v : Ling(B;) by Oforallb € B\ B;:

def {V(b) if b € B;

0 otherwise.

Supposing we have orbit-finite bases BASIS(By), ..., BASIS(B,) of the vector
spaces Ling (B1), ..., Ling (By,), respectively, we get the basis BASIS(B) of Ling (B)
as the union of embeddings of BASIS(B1), ..., BASIS(By):

BASIS(B) def 11(BASIS(By)) U ... U 1,(BASIS(By)) . (3.1)

From now on we assume that B is a single orbit.

3.2.2 Tight orbits

Definition 3.3. An orbit O is called tight if support (O) C support (x) for every
x € 0.

In particular, every singleton is tight, and so is also every equivariant orbit.

Example 3.4. Recall Example In case of B = A3, the tight orbits O C B
are the following ones:

B o B {ap)

where a, § range over atoms and a # . The set B is an equivariant orbit, a_ is
an {a}-orbit, _Bisa {B}-orbit, and {ap} is an {«, p}-orbit. Contrarily, for two
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fixed and distinct «, B € A, the {a, f}-orbit

who, = {18 : 7 ¢ {a,B}},

is not tight, since for any atom 7 ¢ {«, B} we have vp € {ap }Oﬁ, however

support (16) = {7, 8} 2 {«,} = support (*F105) .

<

Using the following lemma, WLOG we can assume that B is tight, i.e., S C
support (b) for every b € B.

Lemma 3.5. Let T Cpn A. Every T-orbit O is in a T-supported bijection with a tight
T-orbit.

Proof. Let O’ o x {T}. Then O’ and O are related by a T-supported bijection,
and O is tight. ]

From now on we assume that B is a tight S-orbit.
Lemma 3.6. The set {O : O C B, O is a tight orbit} is orbit-finite.

Proof. By the very definition, for any tight T-orbit O C B, the size of T is at
most the size of the support of elements of B. Let d def |support (b) | for some
(every) b € B (d is well-defined since B is assumed to be a single orbit). Define
a function that maps a subset T C A of size < d, and an element b € B to the
T-orbit of b:

T,b — orbity(b) .

This function is supported by S, its domain is orbit-finite and hence its range is

also orbit-finite (Lemma 2.25}iv). All tight orbits O C B belong to the range, an

hence there are only orbit-finitely many of them. n

3.2.3 Definition of the basis
We define BASIS(B) as the set of characteristic vectors of all tight orbits O C B:

BASIS(B) def

{1p : O C B atight orbit} .

Once B is fixed, the set BASIS(B) is orbit-finite due to Lemma3.6] Since every
singleton is a tight orbit, 1, € BASIS(B) for every b € B, i.e., BASIS(B) extends
the basis {1, : b € B} of FinLing(B).

Remark 3.7. The definition of BASIS(B) is essentially independent of the ring
R, which is why we omit R from the notation BASIS(B).
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Example 3.8. Continuing Example where B = A(?), the basis vectors are
the following ones:

1 1. 1 1

for any ap € A?). <

We argue that BASIS(B) is indeed a basis, i.e., it spans the whole space Ling (B)

and is linearly independent.

3.2.4 Spanning

Fix an arbitrary finite subset T Cgy A such that S € T. We distinguish the set
of all tight T"-orbits for S C T’ C T:

TO(S, T) def {O C B : Oisatight orbit, S C support (O) C T} .

The set TO(S, T) is finite since, due to Lemma B includes only finitely many
T’-orbits for every fixed T" Cgy A. Define

def

BASIS(B) {1p : O €TO(S,T)} C Basis(B).

Note that the set BASIS(B) is finite, as TO(S, T) is so. The following lemma
implies that BASIS(B) spans Ling(B).

Lemma 3.9 (Spanning). Each T-supported vector v € Ling(B) is a linear combina-
tion of vectors from BASIS(B) .

Proof. Recalling Notation we define the T-orbit-domain of v as follows:

T-orbit-dom(v) et {O : O C Ban T-orbit, v(O) # 0} .

For two T-supported vectors w,w’ € Ling(B), we write w < w' if the set
T-orbit-dom(w) is obtained from T-orbit-dom(w’) by removing one T-orbit
and replacing it by arbitrarily many T-orbits of strictly smaller T-atom dimen-

sion.

Example 3.10. For illustration, continuing Example
T-dim(70") > T-dim(70, ) = T-dim (,O") > T-dim(O,) fora, € T

Hence, (1 or + 1roﬁ +2-1ap) < (Iror +2- 14p)- <

We define a representation of v in basis BASIS(B) by structural induction

with respect to the transitive closure of <. Concerning the induction base,
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if T-orbit-dom(v) is empty then v = 0 and the lemma holds vacuously. Oth-
erwise, suppose the claim holds for all strictly smaller vectors w < v. Take a
T-orbit O € T-orbit-dom(v) of maximal T-atom dimension. Let

T’ % support (x) N T (3.2)
for some (every) x € O. Note that S C T" as S C support (x) (since B is tight)
and S C T. We define the T’-orbit O’ as T’-closure of O:

O ¥ 1n(x) : x €0, me Autp(A)}

(note that when O = {x} is a singleton then T" = support (x) and O’ = O). The
set O’ is supported by T’ and T’ is included in the support of every element
of O/, therefore the orbit O’ is tight, and hence 1o/ € BASIS(B). As T' C T,
every T-orbit in B is either included in O’ or disjoint from it, and hence O’ is a

finite union of T-orbits (Lemma[2.25}Hii). We claim that O has the largest T-atom

dimension among all T-orbits included in O":

Claim 3.10.1. For every T-orbit M included in O' but different than O, we have
T-dim(M) < T-dim(O).

Consider the vector

w ¥ v v 10. (3.3)
Note that w is supported by T as both v and 1,/ are so, and w(O) = 0. By
Claim [3.10.1)we infer w < v, and therefore by the induction assumption w is a
linear combination of vectors from BASIS(B). By we deduce the same for
v. This completes the proof of Lemma 3.9/ modulo the proof of Claim [3.10.1

Before proving Claim [3.10.1)we give an example instance of it.

Example 3.11. Continuing Examples[3.2land let T = {a, B} for two distinct
atoms «, B € A. Let
v d:efz . lszT + 1TO/3 — 11306 .
We have
T-orbit-dom(v) = {,XOT, TOﬁ , {‘Ba}} .

The orbits ,O and TO g are of maximal T-atom dimension in T-orbit-dom(v).
Take O = ,OT and x = ay € ,OT. Then T' = {a} and O’ = a_. We have

Orbitsr(O') = {O, {Ba}} .
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Clearly O has the largest atom dimension among all T-orbits inside O'. <

Proof of Claim[3.10.1] Recall that T" C T N support (x') for every x’ € O’. Con-
sider the subset N C O’ containing those elements x' € O’ for which T' =
support (x") N T. The set N is supported by T and hence both N and O" \ N are
finite union of T-orbits in O’. For all " € O’ \ N we have T’ C support (x') N T,
which implies that each T-orbit M C O’ \ N has strictly smaller T-atom dimen-
sion than O. To prove the claim it is enough to prove that N = O.

By the definition of T we have O C N. We prove N C O, by showing
that every element y € N is related by an T-automorphism to some element of
z € O. Indeed, consider any z € O and y = 77/(z) € N, where 7’ € Autp (A).
We have

T' = support(z) NT = support (7'(z)) N T

and hence there is some v € Autr(A), possibly different than 77/, that coincides

with 77" on support (z). Using we conclude y = 71(z), as required.

The two inclusions imply N = O. O
Now that we have proven Claim 3.10.1} the proof of Lemma3.9)is also complete.
|
Example 3.12. Continuing Example
w=v—v(0) 1o =v—2 -1y leoﬂ —2-Tap —1ps -

We have

T-orbit-dom(v) = {,XOT, TO/S/ {,th}}

T-orbit-dom(w) = { 7O, {Ba}, {wp}} ,
and hence w < v. <

3.2.5 Linear independence

We rely on the following property of tight orbits (this property is not true for
arbitrary orbits):

Lemma 3.13. Iforbits O,04,...,0y are tight and O C O U...U O, then O C O;

forsomei=1,...,n.

Proof. 1f O is a singleton then the claim holds vacuously. Using

we may thus assume that O is infinite.
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Suppose O C O1 U...UO, for a tight orbit O and arbitrary tight orbits
O1,...,0p. Let K support (O). Take any x € O and let K’ &f support (x) \
K. Consider elements 7r(x) € O for all 7 € Autg(A), thus ranging over all
elements of the orbit O. At least one of the orbits Oy, ..., Oy, say the orbit Oy,
necessarily contains 77(x) and 77/(x), for some two K-atoms automorphisms
7T, 7r', such that the sets 77(K’) and 7/(K’) are disjoint. Let K; et support (O1).
By tightness of O; (and relying on Lemma[2.7) we get Ky C support (7(x)) C
KU n(K') and Ky C support (7r'(x)) € KU 7' (K’), and hence K; C K. This
implies

O = orbitg(7r(x)) C orbitg, (7(x)) = Oy,

which completes the proof. g

We now argue that the set BASIS(B) is linearly independent. Towards
contradiction, suppose that the zero vector is obtainable as a linear combination
of basis vectors

qi - 101 + ...+ gn- lon = 0, (3.4)

for some tight pairwise-different orbits Oy,...,0, C Band q4,...,4, € R\ {0}.
Take any inclusion-maximal orbit among Oy, ..., Oy, say O;. We distinguish

two cases.

Casel IfO; C O,U...UO;, then using Lemma we arrive at a contradic-
tion with the inclusion-maximality of O;.

Case 2 Otherwise O; £ O, U...UO,. Taking any x € O1 \ (O, U...UOy)
we arrive at a contradiction, as the value of the left-hand side of on x is

non-zero:
(110, + ... + qn-10,) (x) = g1 # 0,

while the value of the right-hand side is 0(x) = 0. [ |

Remark 3.14. Theorem [3.1]is effective. Indeed, the transformation from B to
BASIS(B) is equivariant, and the set BASIS(B) as well as the transformation from
v € Ling(B) to its basis representation in FinLing (BASIS(B)) are supported by
support (B), and therefore is computable (Remark 2.15).

Remark 3.15. The number of S-orbits inside BASIS(B) is linear in the number
of S-orbits inside B and exponential in the S-atom-dimension of B (recall that S
was fixed to be the support of B in the beginning of this section). The linearity
in numnber of S-orbits of B follows from (3.1). We quickly show that when B
is an S-orbit of atom-dimension k, there are at most 2% many S-orbits inside
Basis(B). Indeed, using Lemmas [3.5] and B is isomorphic to a set of
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the form {S} x (A \ S)%)/G for some k € N and subgroup G of S, by an
S-supported bijection. Vectors in BASIS(B) are of the form 1o where O C Bisa
tight orbit. Tight orbits inside {S} x (A \ §)®) /G are of the form

OI‘bitSUT((S, ny ... l’ék/G))

foray,...,ap € A\Sand T C {aq,...,a;}. Tight orbits orbits 1 ((S, a1 ...a;/G))
and orbitg 1 ((S, &} ...a;/G)) are in the same S-orbit when

{ie{l,...k} :aq;€eT}={i'e{1,... .k} : aj, €T’} .

This means the number of S-orbits of tight orbits inside {S} x (A \ $)®) /G is
at most 2~.

Remark 3.16. Theorem [3.1)is an improvement upon [6, Theorem 6.7] which
says that Ling (B) has an orbit-finite spanning set for orbit-finite sets B. In fact,
the basis BASIS(B) of Ling (B) that we construct in this section is a subset of the
spanning set of Ling (B) constructed in the proof of [6, Theorem 6.7].

3.3 Non-existence of bases

Contrary to the classical setting, not all orbit-finitely spanned vector spaces
have an orbit-finite basis. An example was provided in [6] without a complete
proof. We repeat the example and supply the proof as well.

Let V C FinLin (A(z)) be the subspace spanned by the set of vectors

Xd:ef{zxﬁ—ﬁzx : aﬁeA(z)} .

We show that V does not have an orbit-finite basis. Towards a contradiction,
suppose B C V is an orbit-finite basis of V supported by some S Cpn A. For
T gF]N A \ S, let

Veur d:"fVm{ve V : dom(v) C (smT)<2>} and Bsur BNV

Lemma 3.17. Forany T Cgn A\ S, Bgyr is a basis of V.

Proof. Pick arbitrary T Cgy A\ S. Since Bgyr C B and B is linearly indepen-
dent, Bgyr is also linearly independent. So we just have to show that Bgyr
spans Vsyr.

Towards a contradiction, suppose that the unique basis representation of

some vector v € Vs uses some base vector not belonging to Bgr. That is, for
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somev € Vour,11,...,m #0and uy,...,u, € B,
V=ri-u|+- -+, -uy
and u; ¢ Bgyr. Pick some atom & € support (uq) \ (SUT) and
B e A\ (SUTUsupport (uy)U---Usupport (uy,)) .

Let 1 € Aut(A) be the automorphism of atoms which swaps a and p and fixes
all other atoms. Then 7t € Autgyr(A). Hence 7(v) = v and 7t(u;) € B for all
ie€{2,...,n}. Moreover:

Claim 3.17.1. u; # nt(w;) foralli=2,...,n.

Proof. For every i we have B ¢ support (u;) and hence a ¢ support (77(u;)). As
a € support (u;), we deduce u; # 7(u;). O

Since v € Vgur, (v) = v. Hence,
n n
Zi’i'u,’— ZTI"?T(UI‘) :V—T[(V) =0.
i=1 i=1
Since 11 # 0 and u; # uy,...,u,, 7w(uy),..., w(uy,), this contradicts linear

independence of B. n

Lemma 3.18. Forany T Cgn A\ 'S, The dimension of Vs is (‘Sém).

Proof. Pick arbitrary T Cgy A \'S. Let n def [SUT|, and let aq, ..., a, be an

enumeration of the elements of SU T. Then
{winj —aja; = i < j}
is a basis of Vg 1. Hence dimension of Vsyr is (5). |

As an immediate consequence of the above two lemmas we get that for any
T Crn A\ S the set Bgyr has (‘SET‘) elements. Let m % |S|. Pick ap €
(A\ S)@. Then we have
m
|Bs| = <2 ) ,

m+1
IBsutayl = |Bsuipy| = < 9 >,and
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m+2
|BSU{zx,/S}|_( ) >

Moreover, as Bg (4} N Bsy(gy = Bs, by the exclusion-inclusion principle we

have:
|Bsugay U Bsugpy| = |Bsugayl + IBsugpy| — [Bs] -

In consequence,

m+ 2 m+1 m
|BSU{uc,‘B}\(BSU{1x}UBSU{/B}):< 5 )—2'< 5 )+(2>=1

We show that this leads to a contradiction. Let v be the unique element in
Bsuqapy \ (Bsugay U Bsuggy)- It can be written as

v=r-(af—Ba)+u

for some r # 0 and u € Vsy(a) + Vsuipy- Let 7 be the automorphism which
swaps « and 8 and fixes all other atoms. Since a, f ¢ S we have 7 € Autg(A).
The set B is supported by S. Hence

n(v) =r-(Ba—aB) + m(u) € B.
Clearly 71(v) # vand 71(v) € Bguqapy \ (Bsuga) YU Bsugpy), which contradicts
Bisuapy \ (Bsuga) U Bsugp)) being a singleton. |
3.4 Non-isomorphic bases

In this section we give an example of a vector space with two orbit-finite bases
which are non-isomorphic as orbit-finite sets (i.e. there is no orbit-finite bijection
from one to the other).

Let H, K15 and K33 be the subgroups of S; (the symmetric group of degree
3) generated respectively by the permutations

(1—~22—33—1), (1—22—1), (2~33—2).

Recall Notation For any apy € A®)

apy/H = Bya/H = yap/H
aBy/Kiz = Bay/Kiz #* ayB/Kiz
aBy/ Koz = ayB/ Ko # By /Ky
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Define equivariant orbit-finite sets B and C as

B f (A(3)/H) o (A(?))/KlZ) W (A(g)/K%)

c&f (?) W (?) WA

To distinguish the copies of (é\) inside C we write an arbitrary element of the
first copy as {«, B, 7} and an element of the second copy as [, B, 7|. An arbitrary
element of A(3) C Cis written as af37y.

Lemma 3.19. There exists an equivariant linear isomorphism from FinLin(B) to
FinLin (C).

Lemma 3.20. There is no orbit-finite bijection from B to C.

In consegeunce of the two lemmas, the space FinLin(B) (and FinLin(C)) has
two bases not related by an orbit-finite bijection.

Proof of Lemma We define equivariant linear functions
f :FinLin(B) — FinLin(C) and g :FinLin(C) — FinLin(B)

such that f o g and g o f are both identities. Note that it is enough to define
the functions on the generators. Recall Notation[2.31] Define f : FinLin(B) —
FinLin(C) as
def
flapy/H) = apy + pya+ yap
def
Fapy/Kia) = [, B,9] + apy + pay
def
Flapy/Kas) = {a, B,7} + apy +arp

for apy € A®). Define ¢’ : FinLin(C) — FinLin(B) as

& BvY) % apy/Kos + Bya/Kas + yap/ Koz — (apy/H + pay/H)

¢ ([, B,7]) & apy/Kup + Bya/Kig + yaB/ Ky — (aBy/H + Bay/ H)

& (wpy) & apry/Kas — pya/Kas + apry/Kiy — ayp/Ki + apy/H

Define g : FinLin(C) — FinLin(B) as

[
@
o

g}

'(x) iy
g(x) = 3 for all x € FinLin(C) .

We leave it to the reader to check that f and g are well-defined and fogand go f
are both identities. Notice that it is enough to check it on the generators. u
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Proof of Lemma We prove it by contradiction. Say there exists orbit-finite
functions p : B — C and q : C — B such that both p o g and g o p are identities.
Let S be the union of supports of p and ¢q

g &f support (p) U support (7) .

Then S supports both p and g. Pick afy € (A \ S)©). Since q is injective,
applying we get support (7(67)) US = {a, 6,7} US. Hence

q(aBy) € {apy/H,apy/Kip, afy/Ky} .

We show g(aB7) cannot be equal to afy/H, and leave it to the reader to check
that it cannot be equal to a7y /Ky, or afy/Kps either. Let 7t be the automor-
phism defined as

|

o

B
(7
i)

N

(
(

3

I
%Qg‘m

)
)
)
)=2oforalld #u,pB,7y.
Since p is inverse of ¢, it must hold

apy = p(apy/H). (3.5)

By definition of H,
wpy/H = n(apy/H). (3.6)

We have chosen «, 8, v to be outside S, so 7 € Autg(A). Since p is supported
by S, using Lemma

p(r(apy/H)) = n(p(apy/H)) . (37)
Combining (3.5), and we get
wpr D plapy/H) D p(riapr /1) D n(p(apy/H) B n(apy),

which is a contradiction. [ |

Remark 3.21. The reason why there exists a vector space with two orbit-finite
bases which are not isomorphic as orbit-finite sets is because the uniqueness

of bases fails in the category of G-sets; there exists a finite group G and non-
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isomorphic G-sets X and Y whose associated representations are isomorphic E
In fact, if we assume A to be a set of cardinality three instead of being countable
and suitably adapt Lemmas and our example shows this for G = Ss.

Thttps://math.stackexchange.com/questions/4103510/
injectivity-of-the-functor-from-group-actions-to-permutation-representations
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4.1 Introduction

In this chapter we are interested in solvability of orbit-finite systems of equations.
For this chapter fix R to be an arbitrary commutative ring with additive identity
0 and multiplicative identity 1 # 0, and satisfying the following effectivity

assumption:

Assumption 4.1. There is an algorithm which decides whether a given finite system of
linear equations with coefficients in R has a solution, and outputs a solution if there is

one.

53
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Remark 4.2. The above assumption in particular implies that the addition and
multiplication operations of R are computable. For a,b € R, (a+ D) is the
unique solution to z for the system if equations

X=a y=> z=x+y,
likewise, a - b is the unique solution to v for the system of equations
u=~=b v=a-x.

The effectivity assumption is satisfied by commonly used rings such as Q, Z,
the field of algebraic numbers, ring of integers modulo m for m € Z,. We
assume the coefficients of vectors and matrices in this chapter to be from R.
We recall from §[2.4.2]that, for orbit-finite sets B and C, an orbit-finite (Bx C)-
system of equations A - x = b is given by a matrix A € Ling(BxC) and
b € Ling (B). We are interested in the decidability of the following problems.

EQ(R)
Input: An orbit-finite system of linear equations A - x = b.

Question: Does it have an orbit-finite solution?

FIN-EQ(R)
Input: An orbit-finite system of linear equations A - x = b.
Question: Does it have a finite solution?

We show EQ(R) reduces to FIN-EQ(R) and FIN-EQ(R) is decidable:
Theorem 4.3. EQ(R) reduces to FIN-EQ(R).

Theorem 4.4. FIN-EQ(R) is decidable.

And as a consequence we get:

Theorem 4.5. EQ(R) is decidable.

For R = Z,Q we get a more precise complexity.

Theorem 4.6. EQ(Z) and EQ(Q) are both in EXPTIME, and in PTIME for fixed
atom-dimension of the input system.

Atom dimension of an orbit-finite system of equations is defined in the following
subsection.
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4.1.1 Representation of input

There are several possible ways of representing an orbit-finite (BxC)-system
of linear equations A - x = b as input to our algorithms. One possibility is to
rely on the equivalence between (hereditarily) orbit-finite sets and definable sets
[5, Sect. 4]. We choose another standard possibility, as specified in items (1)-(3)
below. First, the representation includes:

(1) acommon support S Cpy A of A and b.

Second, knowing that B and C are disjoint unions of S-orbits, and relying on
Lemma the representation also includes:

(2) alist of all S-orbits included in B and C, each one represented by some
tuple @ € (A \ $)(™ and subgroup G of S,; and a list of S-orbits included
in BxC, each one represented by one of its element.

Finally, relying on Notation we assume that the representation contains:

(3) alist of values A(O),b(O) € R, respectively, for all S-orbits O included in
B and BxC.

The atom-dimension of such a representation is the sum of S-atom-dimensions
of B and C. Note that Lemma implies that the latter is an upper bound of
atom-dimensions of A and b.

Organisation of the chapter

In §[4.2)we prove Theorem[4.3] i.e. we show that solvability reduces to finitary
solvability. Then in § 4.3 we introduce the order equivariant finitary solvability
problem and give a reduction of finitary solvability to order equivariant finitary
solvability in § Finally in §we show the latter problem is decidable, thus
proving Theorem 4.4 We end with a rough estimation of complexity in §[4.6]to

justify Theorem

4.2 Solvability reduces to finitary solvability

In this section we prove Theorem i.e. we show that EQ(R) reduces to
FIN-EQ(R). For this section, fix orbit-finite sets B and C, and an orbit-finite
(BxC)-system of linear equations A - x = b. WLOG, we assume support (A) =
support (b) = support (B) = support (C) = S, for some S Cgy A, and that B
and C are finite unions of tight S-orbits.

I This can be achieved by taking S = support (A) Usupport (b) and replacing B and C with
{(b,S) : beB}and {(¢,S) : ¢ € C}, respectively.
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4.2.1 Spans

For a subset P C Ling(B), we define FIN-SPANR (P) C Ling(B) as the set of all
finite linear combinations of vectors from P, forming a subspace of Ling (B):

FIN-SPANR(P) def { Y gv-v:igueR, P Cuy P} :
vep/

Given a vector v € Ling (C) the product A - v can be also seen as the orbit-finite
linear combination

Y v(U)- Y A(—0) (recall Notation [2.30)
UeOrbitst(C) celd

of column vectors A(—,c), where T sy support (v). This sum is well-
defined as a vector in Ling(B) and is equal to A - v when the latter is well-
defined (recall well-definedness of products of matrices from §[2.3). This al-
lows us to define the span of A by seeing it as the orbit-finite set of vectors
{A(—,c) : ceC}h

SPANR(A) = {A-v : v € Ling(C), A - v well-defined } . 4.1)

Deciding existence of an orbit-finite solution of the system A - x = b amounts
to deciding if b € SPANR(A).

For a finite vector u € FinLing (C) the product A - u is always well-defined,
and we define:

FIN-SPANR(A) % {A - u : u € FinLing (C)}

= FIN-SPANR({A(—,c) : c€C}),

We prove Theorem 4.3| by effectively constructing a matrix A with the same

row-indexing set B as A, such that SPANg(A) = FIN-SPANR(A).

4.2.2 Well-definedness and exactness

Let x € Ling(C) a vector. We start by a characterisation of vectors x € Ling (C)
for which the product y = A - x is well-defined. Recall that y(b) is well-defined
if and only if there are only finitely many ¢ € C such that A(b,c) # 0 and
x(c) # 0. Let

T ' support (A) Usupport (x) = support ((A,x)) .
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We say that the pair (A, x) is exact if for every b € B and ¢ € C such that
A(b,c) # 0and x(c) # 0, it holds

support (c) C support (b) UT. (4.2)

Lemma 4.7. A - x is well-defined if and only if (A, x) is exact.

Proof. For b € B, define Ty, e support (b) UT.

For the if direction, suppose (A, x) is exact, and consider an arbitrary fixed
b € B. By the support of every c satisfying A(b,c) # 0 and x(c) # 0
is included in T,. By [Lemma[2.27}] every orbit V C C contains at most |Tj,|!
elements ¢ € V such that support (¢) C T,. Since C has finitely many orbits,
there are only finitely many ¢ € C satisfying A(b,c) # 0 and x(c) # 0. The
product A - x is thus well-defined, as required.

For the opposite direction, suppose (A, x) is not exact, i.e., for some b € B
and ¢ € C we have:

A(b,c) #0, x(c)#0, and support(c) Z T, .
According to the latter condition, some atom a € A satisfies
a € support(c) and a ¢ Ty.

Pick an infinite set of atoms {B1,B2,...} C (A \ Ty). For n € IN, define 7, €
Aut(A) as 7, («) wf B, 7n(Bn) def v and 700 (77) def v fory € A\ {«a,Bn}. Then
7y € Autr, (A) which implies it preserves A, x and b. Applying Lemmawe

get that for all n € IN we have
A(b, 7ty (c)) = A(7ty(b), 7ty (c)) = mu(A(b,c)) = A(b,c) #0, and

x(7tn(c)) = 7a(x(c)) = x(¢) # 0.

Applying Lemma 2.7 we get that 8, € support (71,,(c)) if and only if n = m.
This implies the set {71,,(c) : n € IN} is an infinite set, and in consequence the
product A - x is not well-defined on b. This completes the proof. u

4.2.3 Proof of Theorem4.3

We are going to construct effectively a matrix A, with the same row-indexing

set B as A, satisfying SPANg(A) = FIN-SPANR(A). We claim that it is enough
to consider the special case when C is a single S-orbit. Indeed, otherwise we can
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split the matrix A into m matrices
A = [Ad]...|A]

each corresponding to one S-orbit C; C C. Assuming matrices A; such that
SPANR(A;) = FIN-SPANR(A;) fori = 1,...,m, we construct a matrix A as

A A |A

We have

SPANR(A) = SPANR(A1) + - - - + SPANR(Ay,)
= FIN-SPANR(A}) + - - - + FIN-SPANR (A,)

= FIN-SPANR(A)

We thus proceed under the assumption that C is a single S-orbit. WLOG we
also assume C to be a tight S-orbit (Lemma 3.5).

Lemma 4.8. Forany v € Ling(C), if A - v is well-defined and u € BASIS(C) appears
in the basis representation of v, then A - u is well-defined too.

Proof. Letv € Ling(C), and let T def support (v) US. We follow the definition
of the basis representation of T-supported vector v by structural induction
with respect to the transitive closure of <, as in the proof of Lemma If
T-orbit-dom(v) is empty then v is the zero vector and the claim holds vacuously.
Otherwise, suppose the lemma holds for all strictly smaller T-supported vectors
w. As in the proof of Lemma 3.9} take a T-orbit O € T-orbit-dom(v) of maximal
S-dimension. Let

T' % support (c) N T (4.3)

for some (every) ¢ € O. Since S C T and S C support (c) (as every S-orbitin C
is tight), we deduce
SCT. (4.4)

We define the T'-orbit O’ as T’-closure of O:
O ¥ () : c€0, me Autp(A)}.

By definition, T’ is included in the support of every element of O, therefore
the orbit O’ is tight, and hence 15 € BAsIS(C). According to the proof of
Lemma[3.9) the vector 1 appears in the basis representation of v, together with
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the vectors appearing in the basis representation of the vector
w = v —v(0)-1y. (4.5)

Note that w is supported by T as both v and 1/ are so. Moreover, w(O) = 0.
By Claim we infer that w < v and therefore, relying on the induction
assumption, it is sufficient to show that A - 1/ is well-defined.

According to the assumption and Lemma [4.7|we know that (A, v) is exact.
Using Lemma[4.7]again, it is sufficient to show that (A, 1¢/) is exact too.

Choose an arbitrary element ¢ € O’ and b € B such that A(b,c) # 0, and
an arbitrary 7 € Auty/ (A) such that 77(c) € O. A is S-supported so it is also
T’-supported ((#4)). Hence using Lemma 2.4 we get A(7t(b), 7t(c)) # 0. As
(A, v) is exact and v(O) # 0, we have:

support (7t(c)) C support (7r(b)) UT. (4.6)

By definition of T’ (Equation (4.3)), as 7z(c) € O, we have T = support (77(c)) N
T, and thus the inclusion (4.6) can be strenghtened to

support (7(c)) C support (7t(b)) U T’
Applying 7! and using Lemmato both sides yields
support (¢) C support (b) UT’ .

As b and c were chosen arbitrarily, we conclude that (A, 1o/) is exact, as required.
|

As the indexing set of A we take those basis vectors v € BASIS(C) for which
A - v is well-defined:

¢ % {v € BAsis(C) : A-viswell-defined}.

The new indexing set C is orbit-finite as BASIS(C) is so, and is S-supported
since both A and BAsIS(C) are S-supported. We define the new matrix A :
Ling (B X 5) as follows

Al—v) ¥ Av.

Note the injection ¢ — 1. of C into é, as A -1, = A(—,c) is always well-defined.
Therefore A extends A, as K(—, 1.) = A-1. = A(—,¢). It is now sufficient to
prove:

Lemma 4.9. SPANR(A) = FIN-SPANR(A).
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Proof. WLOG we assume that A contains non-zero column vectors only (oth-
erwise, since C is a single orbit, all column vectors in A are zero vectors
and the claim holds vacuously). In one direction, consider any vector v €

FIN-SPANR(A), ie.,
v=agq A= v)+t...+qu-A(—=,vn) = g1-(A-v))+...4+qn- (A-vy)

forqi,...,qn € Qand vy,..., v, € é, which immediately yields the required
membership in SPANR (A):

vV = A'(ql-V1+...+qn'Vn) € SPANR(A).

In the opposite direction, let v = A - x be well-defined for some x € Ling(C).
We are going to prove that v € FIN-SPANg (A). Consider the representation of
x in the basis BASIS(C)

X =q1-vi+...+q¢-vy.

Due to Lemma we know that A - v; is well-defined and hence v; € C for all
i=1,...,¢. Therefore

vV = A-(ql'V1+...+£M'Vg) =
ql-(A'V1)—|—...—|—lM'(A'Vg) =
g1-A(=,v1) +...+q,-A(—,v;) € FIN-SPANR(A),

as required. |

Since C +— BASIS(C) is an effective construction (Remark 3.14), the transfor-
mation from A to A is effective as well. This completes the proof of Theo-
rem[@4.3] [ ]

Remark 4.10. Assuming A is either integer or rational matrix, the blow-up in the
reduction A — A is exponential in the atom dimension of A, and polynomial
in the number of orbits of B and C.

The matrix A is indexed by B x C, and C C BAsIs(C). Let S be the support
of A and d be its atom-dimension (§[#.1.1). Then S also supports the system
A. Remark says that the number of S-orbits of BASIS(C) is linear in the
number of S-orbits of C and exponential in d. Elements of BASIS(C) are of the
form 1p where O is a tight S U T-orbit for some T C A \ S. By definition of tight
orbits, O = orbitg,r(c) for some c € O C Cand T C support (c¢). Which means

support (O) \ S = T C support (c) \ S = S-dim(O) .
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This implies the atom-dimension of BASIS(C), and hence also of C, is at most d.

Since the atom-dimension of B and C is both less than d, using
we get that the number of S-orbits of B x C is linear in the number of S-orbits
of BxC and exponential in d. To finish the proof, we show that the entries of A
only blow up by a multiplicative factor which is exponential in d. The entries of
A are of the form A(b, —) - 1 for some b € B and tight orbit O in C such that
A - 1p is well-defined. Let T = (support (O) U support (b)) \ S. Then |T| < 2d.

Using and Lemma we get

A(b,—)-1o= )Y, A(bo),

CGOSUT

where Ogyr = {c € O : support(c) C SUT}. implies that
Osyr contains at most |T|! < (24)! many elements. This implies the size of the
entry A(b, —) - 1o of A is at most (2d)! - max {|A(b,c)| : b€ B, c € C}.

4.3 Order equivariant finitary solvability

Let < be a dense linear order on A without endpoints. For concreteness, one
can equate A with the set of rationals with the usual ordering. A permutation
7 € Aut(A) is called an <-automorphism if it is order preserving:

() < m(B) foralla < B.
The set of all <-automorphisms in Aut(A ) forms a subgroup, and is denoted
as Aut (A):

Aut<(A) ot {m € Aut(A) : misa <-automorphism} .

For x an atom or a set, the <-orbit of x is defined as:

orbit. (x) def {m(x) : me Aut(A)} .
A set is order equivariant if it is invariant under <-automorphisms. Since
Aut<(A) C Aut(A), every equivariant set is automatically order equivari-
ant. Every order equivariant set splits into <-orbits. The set of <-orbits inside a
order equivariant set B is denoted as

Orbits<(B) def {O C B : Oisa <-orbit} .

B is called <-orbit-finite if Orbits (B) is finite.
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Remark 4.11. Order equivariant sets, <-orbits and <-orbit-finite sets are respec-
tively equivariant sets, equivariant orbits and equivariant orbit-finite sets with

ordered atoms (cf. Remark[2.24).

Definition 4.12. For n € N and g € S, define the subset (Z/;)(z of A" as

A\ def
(n)g = {ch(l)...zxg(n) g < v <Dén} .

Lemma 4.13. Foranyn € Nand g € S, the set (fl\)g ,
1. is a <-orbit,

2. is isomorphic to (f) by the order equivariant bijection

A A
0.ty = {aq, .. an ) " — 0
8

3. is not equivariant or even finitely supported unless n < 1.

Lemma 4.14. For any n € N, the set A" is the union of the n! disjoint <-orbits
(A

" )g , where g ranges over elements of S,.

We leave it to the reader to prove the above two lemmas. The following lemma
generalises Lemma from A to arbitrary equivariant orbit-finite sets.

Lemma 4.15. Every equivariant orbit-finite set is also <-orbit-finite.

Proof. We show that every equivariant orbit splits into finitely many <-orbits.
Consider an orbit X = orbit(x). Using our assumption of hereditary finite

support (page[I3) let
support (x) = {ag < -+ <an} .

For ¢ € S, define oy € Aut(A) as

og(a;) = ag forie {1,...,n}

og(a) = a fora & {aq,...,an}.

We show that
orbit(x) = [ orbit<(0g(x)).
g€Sy
Pick 1 € Aut(A). We need to find g € S, and 7’ € Aut(A) such that
' (og(x)) = m(x). Let {1 <--- < Bu} = m({ay,...,a,}). We define g to
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be the permutation of {1,...,n} satisfying 7(a;) = Bg;), fori € {1,...,n}.
Let 77’ be any order preserving permutation such that 7v’(«;) = p;. Clearly

(' 0 0g)(a;) = Bg(sy foralli € {1,...,n}. Applying now we get
7' (og(x)) = 7(x)
which finishes the proof. u

Remark 4.16. Lemma is effective. That is, given an equivariant orbit-finite
set X, one can compute a finite subset X’ Cgy X such that for every <-orbit O
of X there exists x € X’ such that O = orbit(x).

Definition 4.17. A <-orbit-finite set is called canonical if it is a finite disjoint
union of orbits of the form (I,:‘) for k € IN. The atom-dimension of such a set is
the maximum k such that it has an orbit of the form (Jk\)

Remark 4.18. Note that a canonical orbit-finite set is also equivariant in the
usual sense (i.e. w.r.t. the action of Aut(A)), and its atom-dimension, when
considered as an equivariant set (again w.r.t. the action of Aut(A)), is the same
as its atom-dimension when considered as a canonical <-orbit-finite set.

Let B be a canonical <-orbit-finite set. Relying on §[4.2.T|we define the order
equivariant finitary solvability problem, which is a variant of FIN-EQ(R):

FIN-EQ.(R)

Input: An order equivariant vector v € FinLing(B) and an
<-orbit-finite set P C FinLing(B)

Question: Isv € FIN-SPANR(P)?

Theorem 4.19. FIN-EQ(R) reduces to FIN-EQ. (R).
Theorem 4.20. FIN-EQ_ (R) is decidable.

These two theorems together imply Theorem [4.4] Theorems and are
proven in §[4.4]and §[4.5 respectively .

4.4 Finitary solvability to order equivariant finitary

solvability
This section is devoted to proving that FIN-EQ(R) reduces to FIN-EQ. (R) (The-

orem 4.19). Fix an orbit-finite (Bx C)-system of equations A - x = b supported
by some S C A. We want to decide if it has a finite solution. We start with two
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simplifying assumptions in §[4.4.1] and then reduce FIN-EQ(R) to FIN-EQ. (R)
in $ET2

4.4.1 Simplifying assumptions

Column-finiteness

A (B'x(C')-system of equations A’ - x' = b’ is called column-finite if the columns

of the augmented matrix (A’|b’/ )EI are finite, i.e.

{A'(~,¢) : ¢ eC’}U{b'} C FinLing(B') .

Lemma 4.21. WLOG we can assume that the system A - x = b is column-finite.

Proof. We define a column-finite system which has a finite solution if and only
if the system A - x = b also has a finite solution. For this proof, let

f : Ling(B) — FinLing (BASIS(B))

be the linear isomorphism which given an orbit-finite vector outputs its basis

decomposition, i.e. for all v € Ling (B)

v=" ) (f(m)(b)-b.
beBAsIS(B)

Recall Theorem Let A¢ € Ling(BAsIS(B)x C) be the matrix whose columns

are defined as
def

Af(—¢) = f(A(=0))
for ¢ € C. Since the co-domain of f is FinLing (BASIS(B)), A is column-finite
and f(b) is a finite vector. We leave it to the reader to verify that the system
A -x = f(b) has the same finite solutions as the system A - x = b. Note that
we can use the same vector of variables x for both of the systems, since columns
of both A and A’ are indexed by C. ]

Equivariance and Straightness
Recall the definition of straight orbit-finite sets (Definition [2.22).

Lemma 4.22. WLOG we can assume that B and C are equivariant straight orbit-finite
sets, and A and b are equivariant.

“https://en.wikipedia.org/wiki/Augmented_matrix
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Proof. The proof will be done in two steps. In the first step we show that WLOG
B and C can be assumed to be straight orbit-finite sets. Then in the second step
we show that furthermore WLOG we can assume B,C, A and b to be equivariant.

Step1: Using we know there exists straight orbit-finite sets B’
and C’ and S-supported surjective functions f : B — Band g : C' — C. Define

A’ € Ling(B'xC’) and b’ € Ling(B’) as

A, ) EAF(V),g(c)) and (V) Eb(F()).

It is easy to check that both A’ and b’ are supported by S. We need to show that
the system A - x = b has a finite solution if and only if the system A’ - x' = b’
has a finite solution.

Recall Notation2.31} In one direction, suppose A’ -y’ = b’ for some

n
y =) ri-c; € FinLing(C'),
i=1

where r; € Rand ¢} € C'. We claim that A -y = b, where
- /
y=_rig8(c).
i=1
Indeed, for any b’ € B’ we have

(A-y)(f(t)) = iA(f(b’),g(d)) -y(8(ci))

Since f is surjective, this says A -y = b.

For the opposite direction, suppose A - z = b for some

m
z=) sj-d; € FinLing(C)
j=1
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Since g is surjective, for every j there exists ad; € C’ such that g(d}) = d;. Define
z' € FinLing (C') as

We show A’ -z’ = b’. For any b’ € B’ we have

(A 2)(H) = f;lA'(b', &) -2 (@)
Z

This finishes the first step of the proof.
Step 2: Redefine the set of atoms to be (A \ S) instead of A. We have
Autg(A) = Aut(A\ S) . 4.7)

Both B and C are finite unions of sets of the form (A \ $)(") for n € IN. Hence
both of them are equivariant sets with atoms (A \ S). The matrix A and the
vector b are S-supported as sets with atoms A. Hence using we can say
they are equivariant sets with atoms A \ S. |

We illustrate the steps by the following examples.

Example 4.23. Recall Notation Let B = (‘é\) and C = A®)/H where H is
generated by the cyclic permutation

1—22—33—1.
Recall Notation Define the matrix A € Lin(BxC) with columns

A(=apy/H) ={a B} +{B, 7} + {72}

for afy € AB). We leave it to the reader to verify that A is well-defined and
equivariant. Fix a1, ap € A, and let

b= {ay, a2} .
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Then the system A - x = b is supported by S = {a1, a5 }. As a result of applying
Step 1 to this system we get the A x A(®)-system A’ - x' = b/, where

A'(— apy) = ap+pa+py+ B+ va+ay

for apy € A®), and
b = a0 + Kpnq .

<

Example 4.24. Let B = A and C = A, Define A € Lin(BxC) and b €
FinLin(B) as
A(—af)=2-a+p

for ap € A?), and
b=2-ua.

The system of equations A - x = b is supported by {a}. Let A, = A\ {«}. We
have
Orbitsy,) (B) = {Ax, {a}}

and
OI‘bitS{a} (C) = {(AIX X {lx},{‘x} X AIXIAISCZ)} .

For applying Step 2 we define our set of atoms to be A, and replace a with an
equivariant symbol a to emphasise that it is not an element of A,. Then we get
the ({a} UAy) x (Ay W Ay (AY)-system

Ay Ay AP
{a}[ 2-1}, ] 15, ‘ 0T W 2
4.8)
X =
Ay Ida, 2-1da, A, 0

Where A, is simply the restriction of A to A,Scz) x A 4. Notice that this system is

equivariant. <

Remark 4.25. Proofs of both Lemmas and are effective. That is, given
an orbit-finite system of equations A - x = b one can compute an equivariant
column-finite orbit-finite system of equations A’ - x'’ = b’ such that the former
has a finite solution if and only if the latter also has so.

Remark 4.26. Both Step 1 and 2 preserve column-finiteness of the system. For

Step 1 it follows from the fact that gives us f and g such that for
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every b € Band g € Cboth f~1(b) and g !(c) are finite. Step 2 only changes
the set of atoms and does not modify the matrix.

Remark 4.27. Step 2 in the above proof does not increase the size or atom-
dimension of a system. We argue that Step 1 does not increase the atom-
dimension of a system and can only increase the size of a system by a mul-
tiplicative factor of 20(4108(4)) where d is the atom-dimension of the system.
Let n and m, respectively, be the number of orbits of B and C.
guarantees that the atoms dimension of B’ and C’ is at most d, and the number
of orbits of B’ and C’ is, respectively, n and m. The number of orbits of BxC is
at least nm. implies that the number of orbits of B'xC’ is at most
(2d)% . nm = 20(@108(d)) . 41341, and hence at most 20(41°8(4)) times the number
of orbits in BxC.

44.2 The reduction

Due to §[£.4.1] the system A - x = b is assumed to be equivariant, straight and
column-finite. The system A - x = b has a finite solution if and only if the vector
b € FinLing(B) is in the equivariant subspace spanned by the equivariant
orbit-finite set of vectors

P={A(—,c) : c € C} CFinLing(B).

Since b and P are equivariant, they are also order equivariant. Moreover, using
Lemma the set of vectors P is also <-orbit-finite. Since Lemma is
effective (Remark , we can compute representatives of <-orbits of P from
representatives of equivariant orbits of P. The only thing left to do is to make
B a canonical <-orbit-finite set. This follows from the assumption that B is
equivariant orbit-finite and straight, and from Lemma [4.14).

Example 4.28. Consider the system in Example Writing A instead of
Ay, wegetB={a}WA,b=2-aand

P = orbit(2-a + B) Uorbit(a+2- B) Uorbit(2- B+ )

for some arbitrarily chosen 8, € A. B is already a canonical <-equivariant
set. WLOG assume f < 7. Applying the construction in Lemma .15 we split P
into four <-orbits

P = orbitc(2-a+B) U orbitc(a+2-79)U
orbit«(2-f+) U orbit«(B+2-7).
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4.5 Deciding order equivariant finitary solvability

For the remainder of this section, fix a canonical <-orbit-finite set B.

Definition 4.29. Define the <-orbit summation function
vY< : FinLing(B) — ROrbits< (B)

as follows:

v<(v): O € Orbits<(B) — Y v(b).
beO

The following lemma follows immediately from the definition:
Lemma 4.30. The <-orbit summation function -y is order equivariant.
Corollary 4.31. For every vector x, we have 7y (orbit. (x)) = {y<(x)}.

Proof. Since 1y is order equivariant (Lemmaf4.30), for every vectory € orbit (x)
we have y-(x) = 7<(y). Hence

Y<(orbit< (x)) = {7<(x)} -

Example 4.32. Consider R =Z and B = {*} & (?) W (?) Then
FinLingz(B) & Z X FinLing (?) x FinLing (?)

and we may write an element of FinLinz(B) as a tuple (7, p,q) where r € Z
and p, q € FinLing (?‘) For a < B < <y define sy, typ, € FinLinz(B) as

def def

sap = (L{a, B}, {w B})  tapy = (0 {a, B} +{B7},2-{w}).
Letv & (1,0,0) and
def

P={syp: a<PEAJU{typ, : a <Bp<yecA}.

Fora < B < € A wehave
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V< (tupy) = (0,2,2) .

|

Theorem 4.33. For every order equivariant vector b € FinLing (B) and order equiv-
ariant set of vectors P C FinLinR(B),

b € FIN-SPANR(P) <= 7<(b) € FIN-SPANR(7<(P)) .

Note that we do not assume P to be orbit-finite in the statement of theorem.
However, in all the applications of the theorem in this chapter, P is orbit-finite.

The above theorem implies decidability of FIN-EQ. (R). Let b be an arbitrary
order equivariant vector in FinLing (B), and P = orbit- (p1) U - - - U orbit (px)
be an arbitrary orbit-finite set of vectors inside FinLing (B). Applying Corol-

lary 43T we get
FIN-SPANR ({7<(P)}) = FIN-SPANR ({7<(p1),---,v<(Pn)}) -

Now Theorem implies that, b € FIN-SPANR (P) if and only if

Y<(b) € FIN-SPANR({7<(p1),---, 7<(Pn)}) -
The latter is an instance of solvability of a finite system of linear equations over
R, which is decidable by our effectivity assumption (Assumption4.1).

Example 4.34. Continuing Example using Theorem we conclude
v ¢ FIN-SPANz(P). However, taking R = Q instead of Z, we have v €
FIN-SPANgQ(P). <

The remainder of this section is devoted to proving Theorem

4.5.1 Proof of Theorem{4.33

Let n be the atom-dimension of B. Then B can be written as

B=BWB

-l
ny N

where
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for some ¢ € Z .. Hence FinLing (B) can be written as
FinLing (B) = FinLing (B') x FinLing (E) .

Noting this, we identify every vector v € FinLing(B) with the pair (v/,¥),

where

A
v/ € FinLing (B") = FinLinR< ) X ... X PinLinR(A>
np 7]

4
¥ € FinLing (E) =~ (FinLinR (A>) .
n

For n € N, define a mapping

A A \"
fun : FinLing < Y > — FinLing <n B 1)
as the unique linear extension of the map

{ag < <an} = {ag, ... a0}, {a, a3, a0}, o, .o, an1}) .

Equivalently,

fu(v) = (v1,...,Vn)

where

vil{f1 < - <Bu-1}) = N Zl; ﬁ,v({ﬁl << Bu1pU{B})

assuming B9 = —oo and 3, = +o0. The function f, is readily extended to spaces

of the form (FinLinMﬁ‘)) ‘ for{ € Z, as
fa(vieve) = (fa(va), o fu(ve))

L or. A .. A s A ¢
and to spaces of the form FinLing ;) x - - - x FinLing ;) x (FmLmR(n )) for
0<k<...<kpy<nand/l € Z, as

fo(Vi, oo Vi, V) = (V1,. ., Vi, fn(V)) .

Remark 4.35. The definition of the function f, is taken from [6} page 14].

Now we state the main lemma for proving Theorem [4.33}
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Lemma 4.36. Let C be a canonical <-orbit-finite set of atom-dimension n > 1 (Defini-
tion[4.17). For every order equivariant vector v € FinLing (C) and order equivariant
set of vectors U in FinLing (C),

v € FIN-SPANR(U) ifand only if ~ f,(v) € FIN-SPANR(f,(U)) .

Note that U is not assumed to be <-orbit-finite in the statement of the lemma.
Before proving the lemma, let’s prove Theorem [4.33| using it.

Proof of Theorem using Lemma

If b € FIN-SPANR(P), then v~ (b) € FIN-SPANR (< (P)) by linearity of y.. We
need to prove the other direction.

Assume 7y~ (b) € FIN-SPANR(y<(P)). Let n be the atom-dimension of B.
If n = 0, them 7« = Id on FinLing(B) and b € FIN-SPANg(P). Otherwise,
applying Lemma n-times we get
Corollary 4.37. b € FIN-SPANR(P) if and only if f.(b) = FIN-SPANR(f«(P)),
where f d:effl o...0fy.
Each of the functions f; is equivariant and linear, and hence so is f.. Let V be
the vector space which is the co-domain of f,. Then

P
V= (FinLinR (?)) >~ R?

for some p € Z,, and hence is atomless. By Corollary [4.37} to prove that b is
in FIN-SPANR (P) it is enough to prove that f.(b) € FIN-SPANg( f«(P)), which
we do now.

Since f4 is equivariant and its co-domain V is atomless, for every <-orbit O
of Band b,b’ € O, f. maps 1, and 1, to the same vector,

fe(lp) = £ (1) -

Denote this vector as f, (O). Define the map g : RO™its<(B) _ RP ag

gx)= ) x(0) f(0).

O€Orbits<(B)

Clearly g is linear.
Claim 4.37.1. go vy« = fi

Proof. We prove it for vectors 1, for b € B. Since {1, : b € B} forms a basis of
the vector space FinLing (B), the result extends to all elements of FinLing (B) by

linearity.
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For b € B the vector 7 (1,) € RO™its<(B) maps orbit- (b) to 1 and every
other <-orbit of B to 0. Hence g(y<(1;)) = f«(orbit< (b)) = fi(1p). O

Using the above claim and our assumption that v« (b) € FIN-SPANRg(y<(P))
we conclude that

fe(b) = g(r<(b))
€ g(FIN-SPANR (7<(P)))
= FIN-SPANR((g 0 7<) (P))
= FIN-SPANR(f«(P)) .

This finishes the proof. |

Now we prove Lemma The proof is almost identical to the proof of [6,
Claim 4.7].

4.5.2 Proof of Lemmal4.36

We start with the easy direction. Since f, is linear it is clear that if v is in
FIN-SPANR (U) then

fn(v) € fu(FIN-SPANR(U)) = FIN-SPANR (f,(U)) .
From this point on we prove the other direction. Suppose
fu(v) € FIN-SPANR(f,(U)) .
Write FinLing (C) as
FinLing (C) = FinLing (C') x FinLing (C)

where A A
FinLing (C") 2 FinLing x - -+ x FinLing
K K

l
FinLing ((’f) =~ (FinLinR (é)) (4.9)

forsome 0 < ky < -+ < ky < nand ¢ € Z,. Recall that we can identify
every vector x € FinLing (C) with the pair (x/,X) where x” € FinLing(C’) and

and

x € FinLing (5) . Since v is a finite order equivariant vector and n > 1, we have
v = 0. Hence, to finish the proof we have to argue that (v/,0) € FIN-SPANg(U).
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For a vector
B AN\
¥ = (y1,...,ys) € FinLing (c) = (FinLinR<n>) )

define aom(i) as

l

~ ~ def

dom(y) % | dom(y;)
i=1

Clearly, for any finite vector y € FinLing (6 > , dom(y) is finite and

dom(y) € (MPPU)).

n

Example 4.38. Consider C = AU (5)andz = a+{B,7} — {B,6} € FinLinz(C)
forsomea < f <y <6 € A. Then

A

2 4

support (z) = {a,f,7,0} ,

C

z={B,v}—{B S},
dom(z) = {a, {B,7},{B,6}} .,
dom(z) = {{B,7},{B,5}} .

Due to our assumption that
fn(v) € FIN-SPANR (f(U)) = fu(FIN-SPANR(U)) ,

there exists a vector w € FIN-SPANR (U) such that f,(w) = f,,(v). Applying
the definition of f, we get

(W, fu(W)) = (v, fu(¥)) = (v, 0).

Let S = support (w). Then we know that

dom(w) C <S> .

n
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Let <§ex denote the lexicographic order on (i) That is, for two n-element
subsets {a] < --- < ay},{B1 < -+ < PBn}of S, we define

{[X1<"'<a”} <?ex{151<"'<13”}

if there exists i € {1,...,n} such that a; = B; forall j > i and «; < B;. For every
vector X € FinLing (6 ) such that dom(X) is a non-empty subset of (7‘(’;) we write

max(dom (X)) to denote the maximum element in dom(X) with respect to < f -

Since (g) is a finite set:

Claim 1. <fex is a well-order.

Let X be the set of all vectors x € FIN-SPANg (U) such that X' = v/, f,(X) = 0
and dom(X) C (%):

n
x &f {x € FIN-SPANg (U) : X' =V, fu(X) = 0 and dom(X) C (i) } .

The vector w is an element of X, hence X is non-empty. If there exists x € X
such that X = 0 then we get

x=(xX,0)=(v,0)=v.

We show that this is the only possible case.

Suppose otherwise, i.e. suppose that for every x € X we have X # 0. Which
means that for every x € X the set dom(X) is non-empty and max(dom (X)) is
well-defined. Since X is non-empty and <3, _is a well order (Claim 4.36/1), there
exists u € X which is minimal in the following sense: for all x € X

max(dom (1)) <o max(dom(X)) .
By definition of X we have u’ = v’. Let
{B1 < --- < Bu} = max(dom(d)) . (4.10)
Pick &1, ...,a, € A\ S such that
ap < P <ap <<y < Py

and for every i, there are no elements of S between «; and ;. For every I C
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{1,...,n} pick r; € Aut-(A) such that

(6 {ocl- ificl

Bi otherwise,
and 7r7(y) = yforally € S\ {B1 < --- < Bn}. Define a vector
x € FIN-SPANg (orbit< ({u})) € FIN-SPANR (U)

as

x &t Y (=) 72y (u) .
IC{1,..n}

Using (4.9), we write u and X as
ﬁ:(ul,...,Ug) iZ(XL...,XZ)

for u;, x; € FinLinR(i\). In the next claim we use Notation

Claim [4.36/2. Foreveryi € {1,...,¢} we have :
xi =wi({f1 <+ <Pu}) -

(4.11)
( ). <—1)I-<{rx§:ieI}U{ﬁi:iﬂD)
IC{1,..n}

Claim 3. There exists o}, ..., &) € S such that
W <Br<ah <<l < PBn.

We finish the proof of Lemma using the above two claims. The claims
themselves are proven at the end of this section.

Pick 7 € Aut (A) such that 77(«;) = } and 71(B;) = B; foralli € {1,...,n}.
Define y def y - 7t(x) € FIN-SPANR (U). The following claim contradicts the
minimality of u and finishes the proof of Lemma

Claim [4.364. The vector'y is an element of X, i.e.
1.y =v,
2. fu(y) =0, and
3. dom(y) C ().

Moreover, max(dom(y)) o P11 < <PBut= max(dom(i1)).
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Proof. First, we prove thaty € X.

Item 1: First we show y’ = v/. We use multiple times the fact that both
the functions z — z’ and z + z are linear and equivariant. We already have

u’ = v/. Hence,

/

y=@u-nx)=u-nx)=v-nkx)=v-nrx).

Hence, to prove y/ = v’ it is enough to show that X’ = 0. The vector v is
order equivariant by assumption, hence so is the vector u’ = v’. Pick arbitrary
I1C{1,...,n}. We have (7rr;(u))’ = 7r;(u’). We also have 77;(u’) = u’ since u’
is order equivariant. Now applying the definition of x we get

x = Z (—1)\1\ . (ﬂl(u))’ _ ( Z (_1)1) o
} )

IC{1,..n IC{1,..n

Since n > 1, we have Zlg{l,...,n}(—l)m =(1-1)" =0. Hence X' = 0. Asa

consequence, y' = v'.

Item 2: Now we show f,(y) = 0. We already know f, (1) = 0. Hence,

fu(¥) = fu(@) = fu(n(X)) = —7(fu(x))

So we just have to show f,(x) = 0. Applying the definition of x and using the
fact that f,,(u) = 0 we get

A=Y Dma@)= Y (o) =o.

IC{1,..n} IC{1,..n}

Item 3: Now we show dom(y) C
show dom(7(x)) = dom(7(X)) C (
where ' = {ay,...,an,B1,...,Bn}-

dom((%)) € (5 ) <(3)

where 8" = {af,... ), B1,...,Bu}

( ). Since dom (i) C (S) we just need to
)

C1a1m-1mphes dom(x) C (n/)

Since 71(a;) = af and 7(B;) = B; for all i,
we have

Finally, we show max(dom(¥)) <3 - max(dom(@)). Using @&9), we write ¥ as

y=(yu---,ye)

fory; € FinLing(2). Clearly y; = u; — x; foralli. Recall that {81 < - -+ < B} =
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max(dom(ii)) and
) <Pr <<l <PBu.

Using Claim 4.36[2|we get x;({B1 < -+ < Bn}) = w;({B1 < --+ < Bu}). Since
{B1<---<PBu}e aom(i) ,

thereexistsi € {1,...,n} suchthatu;({f1 < --- < Bu}) # 0. Using Claim{4.36/2]
again we deduce

dom(X) = {{71 <+ < u} : vi € {a},B;} forie {1,...,n}} .

Hence
max(dom(X)) = {B1 < --- < Bu} -

Moreover, for all i
Yil{fr <+ <PBu}) =ui({f1 <+ <Bu}) =xi({P1 <--- <PBu}) =0.

Which implies {1 < --- < Bn} ¢ dom(y). Hence,

dom(y) € (dom(®) Udom(%))\ {{B1 < -~ < Bul}} .

As a result
max(dom(y)) <fex {B1 < -+ < Bu} -
This finishes the proof of Claim |

The proof of Lemma [4.36]is thus completed, modulo the proofs of Claims [£.36]2]
and which we do now.

Missing proofs
Proof of Claim[.36]2] Pick i arbitrarily. Firstly,

Yo (D m({Br < < Ba))

IC{1,..n}

= Y () ({a i€y U{piig}).

IC{1,..n}

4.12)

The above equation implies (4.11) if we can prove that for every y; < --- <
In € Ssuchthat {y] <--- <y} #{B1 < - < Bn} wehave

Y, ) m(n<o<mh) =0, (4.13)
IC{1,...n}
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which we do now. Pick such atoms y; < --- < 79, € S. Let j be such that
7vj # Bj- Forevery ] C {1,...,n}\ {j} we have

m({mn < <mm}) =mu{n < <ml).

Using this we conclude

Y DM < <)

IC{1,...n}

_ y ((,1)\1\ ({m <o <))+
T, n\{j}

(DI g < - < 1a})

= Y h(mUm<<m)-mmn < <))
JE{L...n\{j}

=0.
0

Proof of Claim[£.36]3] We know f, () = 0. Using (@.9) writeuasu = (uy,...,up).

Since {B1 < --- < Bu} € dom(il) there exists i such that

ui({f1 <+ <Pu}) #0.

Pickj e {1,...,n}. LetS; = {B1 < --- < Bu} \ {Bj}. We know

fu(ui)(7)(S;) = 0.

Using the definition of f,;, this implies

Y,  w(SU{p}) =0
Bj-1<B<Bj+1
where Bp = —o0 and B, 41 = +c0. We have w;({1 < --- < Bn}) # 0 which
implies there exists f such that B; 1 < B < 1, u;(S;U{B}) # 0and B # B;.
Hence B € S. To finish the proof we show B < B;. Since u;(S; U {B}) # 0
we have 5j U {B} € dom(ui). By definition, {B; < --- < By} is the largest
element in dom(w). Hence S; U {B} <3, {B1 <--- < Bu}. This is possible
only if B < B;. Applying the above argument for all j € {1,...,n} we get the
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claim. O

With all the claims being proven, the proof of Lemma is now finished. W

Remark 4.39. FIN-EQ_(R) is a special case of FIN-EQ(R) in the setting of
ordered atoms (see Remark 2.24) where the system is assumed to be equivariant
and column-finite. In fact, the general problem can be reduced to this specific
version, but we leave that for future work.

Remark 4.40. Reducing FIN-EQ(R) to FIN-EQ. (R) was necessary for solving
the former problem, namely Theorem [4.33]is not true in the setting of equality
atoms, with order equivariance replaced by equivariance: there exists an equiv-
ariant orbit-finite set B, equivariant vector b € FinLinz(B) and an orbit-finite
set of vectors P such that b ¢ FIN-SPANz(P) but y(b) € FIN-SPANZ((P)),

for the orbit-summation function
v : FinLing (B) — RO™its(B)
defined as expected

7(x) : O € Orbits(B) — Y_ x(b) .
beO

Here is a counterexample. Let B = ALy {*} where * is an equivariant
element, i.e. 77(x) =  for all 7 € Aut(A). Recall Notation[2.31| For afy € A®)
define x,4, = aBy — Bay +x € FinLinz(B). Let b = x € FinLinz(B) and

P = {xam s afy € A(3)} .
For apy € A®), the orbit-summation function yields

7(b) = ')’(xtxﬂ'y) = (0/1) ’

where the first and second co-ordinate, respectively, correspond to the equiv-
ariant orbits A and {x}. Thus 7(b) € FIN-SPANz(7(P)). We argue that
b ¢ FIN-SPANz(P). Towards a contradiction, suppose there exists a finite set S
and integers r,g, for afy € S0 such that

b= Y TapyXapy- (4.14)
aByest)
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Putting x = afy — Bay + x we get

b = ( Y. 7%57) kY ). (Tapy = Tpay) - 2Py, (4.15)

apyes® Y€S aBes\ {71

which implies

) e, =1,and (4.16)
aByes®
Tapy — Tpay = 0 forall afy € s@). (4.17)

Let < be a total order on S. Using (4.17) we rearrange the LHS of (4.16) to get

Y, Tapy =), Y. TapytTpay

aByes® TES (a<preS\h

=) ) 2 Tapy -

7S5 {aspre )

But this means the LHS of (4.16) is even, which contradicts the equation itself.

4.6 Complexity

For proving Theorem [£.6) we do a rough estimation of complexity of solving
an orbit-finite (B x C)-system of linear equations A - x = b with respect to the
number of orbits in B and C, and the atom-dimension of the system A - x = b
(defined in §4.1.T). The blow-up of reduction of Theorem [4.3|and Theorem
is exponential in the atom dimension of the system, but polynomial in the
number of orbits in B and C. Likewise is the number and size of finite systems
of equations that are produced in the procedure of Theorem Summing up,
the combined algorithm for EQ(R) produces exponentially many finite systems
of exponential size (polynomially many finite systems of polynomial size, when
atom dimension of input is fixed), and answers positively exactly when all
these systems are solvable. For R = Q or Z, finite systems are solvable in
PTIME. Therefore, the problems EQ(Q) and EQ(Z) are decidable in EXPTIME,
and likewise are FIN-EQ(Q) and FIN-EQ(Z). When atom dimension of input is
fixed, all these problems are decidable in PTIME.
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5.1 Introduction

In this chapter we focus on solvability of orbit-finite systems of linear inequal-
ities. In this and the following chapters, we will only consider vectors and
matrices with coefficients from IR (or possibly its subsets like Q or Z), instead
of an arbitrary commutative ring. For orbit-finite sets B and C, an orbit-finite
(BxC)-system of linear inequalities A - x < b is given by a matrix A € Lin(BxC)
and a vector b € Lin(B). When B and C are irrelevant, we speak of orbit-finite
systems of linear inequalities. For F C IR, an IF-solution of the system A -x < bisa
vector X' : C — TF such that the product A - x’ is well-defined and A - x’ < b.

Notation 5.1. We write A - x > b to denote the system (—A) - x < (—b).

83
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We are interested in the following decision problems regarding solvability of
orbit-finite systems of linear inequalities.

INEQ(TF)
Input: An orbit-finite system of linear inequalites A - x < b.
Question: Does it have an orbit-finite [F-solution?

FIN-INEQ(IF)
Input: An orbit-finite system of linear inequalities A - x < b.
Question: Does it have a finite [F-solution?

We are also interested in the following decision problems regarding existence
of non-negative solutions of orbit-finite systems of linear equations, which are
closely related to the above problems.

NONNEG-EQ(FF)
Input: An orbit-finite system of linear equations A - x = b.
Question: Does it have an orbit-finite non-negative [F-solution?

FIN-NONNEG-EQ(F)
Input: An orbit-finite system of linear equations A - x = b.

Question: Does it have a finite non-negative [F-solution?

We represent linear inequalities similarly as linear equations (§/4.1.1). The main
results in this chapter are the following:

Theorem 5.2. For F = R, Z the problems FIN-INEQ(IFF), NONNEG-EQ(F) and
INEQ(FF) are inter-reducible in EXPTIME and in PTIME in fixed atom-dimension.

Theorem 5.3. FIN-INEQ(RR), INEQ(IR) and NONNEG-EQ(IR) are decidable in EXP-
TIME, and in PTIME for fixed atom-dimension.

Theorem 5.4. FIN-INEQ(Z), INEQ(Z) and NONNEG-EQ(Z) are undecidable.

Theorem 5.5. FIN-NONNEG-EQ(IR) is decidable in EXPTIME and in PTIME for
fixed atom-dimension.

Theorem 5.6. FIN-NONNEG-EQ(Z) is decidable in 2-EXPTIME.
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Example 5.7. For illustration, consider the (A x A )-system of inequalities

011 1
1 01 1
110 x Z | G.1)
Equivalently written as,
x(a) > 1 (BeA). (5.2)

acA\{B}

This system is solvable. For example, for a finite set of atoms S = {a1,...,a,} C
A where n > 2, the finite vector 1g is a solution a solution of this system, so is
the finite vector x, : A — IR defined as:

if x €S, xn(tx)d:efOifterS.

1
xn(a) = n—1

<

Example 5.8. Consider the following system of inequalities with variables
indexed by A & A(?), Intuitively, unknowns correspond to vertices a and edges
«B of an infinite directed clique. The system contains an inequality

Yo x(w) =1 (5.3)

aeA

enforcing the sum of values assigned to all vertices to be at least 1, and the

inequalities
Y x(ap) — x(a) — Y x(Ba) = 0 (e A), (5.4)
pen\{a} peA\{a}

enforcing that for each vertex « € A, the sum of values assigned to all outgoing
edges to be larger or equal to the sum of values assigned to all incoming edges,
plus the value assigned to the vertex a. In matrix form (0 entries of the matrix

are omitted):

(5.5)
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where A is the oriented incidence matrix, namely for every distinct atoms
x, B €A,
A(a,aB) =1 A(w, Ba) = —1,

and all other entries of A are 0. Solutions of the system correspond to directed
graphs, whose vertices and edges are labelled in accordance with constraints
and (54).

This system has no finite solution. For illustration, we show how this follows
from our results in Example[5.26]inside §[5.4} It can also be proven independently.
Consider an arbitrary finite solution y € FinLin (/A(2) of the above system of
inequalities. There exists a finite set of atoms T Cgy A such that y(a) or x(ap)
are non-zero only if a, B € T. But then

o<y | ¥ y@p)-y@- Y vy

acT \ peA\{a} BeA\{a}
= ) y@B)-Y y@- )Y y@p)
xBeT?) ®€T xBeT?)
= - vy
a€eT
< -1

The system (5.3)-(5.4) has no orbit-finite solutions either, due to a similar ar-
guments as in Example any orbit-finite solution of this system has to be
finite.

On the other hand, this system has orbit-infinite solutions. For example,
consider any enumeration «g, &1, . .. of atoms. The vector

ao + Z Anly 41
neN

is a solution of this system, as evident from the following diagram.

1 1 1 1
o >e @ >
xQ X1 1%

<

We prove Theorems and 5.6 postponing the Theorems[5.3|and [5.4]to the

following sections.

Proof of Theorem[5.2] In the sequel, we consider arbitrary A € Lin(BxC) and
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b € Lin(B).

(NONNEG-EQ(F) — INEQ(F)): The system of equations A - x = b has a non-
negative orbit-finite IF-solution if and only if the system

A b
—A x< | —b
—Id 0

has an orbit-finite [F-solution. Therefore NONNEG-EQ([F) is reducible to INEQ(IF).

(INEQ(F) — NONNEG-EQ(F)): The system of inequalities A - x < b has an
orbit-finite [F-solution if and only if the system

[A\—A\m]~y=b

has a non-negative orbit-finite [F-solution. This shows INEQ([F) is reducible to
NONNEG-EQ(F).

(FIN-INEQ(F) — INEQ(F)): The system of inequalities A - x < b has a finite
F-solution if and only if the system

has an orbit-finite [F-solution, since any orbit-finite solution y of this system has
to be finite for (1T|1) - y to be well-defined. Therefore FIN-INEQ(F) is reducible
to INEQ(TF).

(INEQ(F) — FIN-INEQ(F)): Lemmaimplies the system A - x < b has an
orbit-finite solution if and only if the system A -y < b has a finite solution (A is
defined in §4.2.3). Hence INEQ(F) is reducible to FIN-INEQ([F).

The first three reductions can be easily argued to be computable in EXPTIME
and in PTIME for fixed atom-dimension. The complexity of the reduction
(INEQ(F) — FIN-INEQ(F)) follows from Remark[4.10] |

Remark 5.9. None of the reductions in the proof of Theorem [5.2]increase the
atom-dimension of the system. The first three reductions blow up the size of
the system only by a constant multiplicative factor. Using Remark[4.10|we can
conclude that the reduction (INEQ(FF) — FIN-INEQ(IF)) blows up the size of the
system at most by a multiplicative factor exponential in the atom-dimension.
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Proof of Theorem Decidability of FIN-NONNEG-EQ(IR) follows by a direct
reduction of FIN-NONNEG-EQ(IR) to NONNEG-EQ(IR) (similar to the reduc-
tion of FIN-INEQ(F) to INEQ(F) in the proof of Theorem together with
Theorem[5.3} This reduction does not increase the atom-dimension of the sys-
tem and increases the size of the system at most by a constant multiplicative
factor. Moreover the reduction and the decidability of NONNEG-EQ(IR) are
both in EXPTIME and PTIME for fixed atom-dimension. As a consequence we
get FIN-NONNEG-EQ(R) is also decidable in EXPTIME and PTIME for fixed
atom-dimension. |

Proof of Theorem For this proof we extend the notation presented in §.2.1]
For an orbit-finite set of vectors X and K C Z we write FIN—SPAN;I% (X) as

FIN-SPANK (X) 4 { Y ry-y i Y Cay Xandry € K} .
yeY
Let A - x = b be an instance of FIN-NONNEG-EQ(Z), where A € Linz(BxC)
and b € Linz(B). Consider the set of column vectors

P (A(=,c) : c€C}CLin(B)

of A. The system of equations A - x = b has a finite non-negative integer
solution if and only if

b € FIN-SPANY (P) . (5.6)

We rely on Theorem 3.1 which says that Lingz(B) has an orbit-finite basis. Let
BAsIS(B) C Ling(B) be such a basis. This implies that there exists a linear iso-
morphism ¢ : Ling(B) — FinLinz(BASIS(B)). In consequence, is equiva-
lent to

¢(b) € FIN-SPANY (¢(P)). (5.7)

By [24] Remark 11.16] we can compute a finite set of vectors {b’l, cee, bl’c} C
FinLin(BAsIS(B)) and an orbit-finite subset P’ C ¢(P) such that holds if
and only if

b} € FIN-SPANZ(P') (5.8)

forsomei € {1,...,k}. This is an instance of EQ(Z) which we have proven to
be decidable (Theorem . Since the computation of b/, .. ., b,’< can be done in
NEXPTIME and EQ(Z) is decidable EXPTIME, FIN-NONNEG-EQ(Z) is decidable
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in 2-EXPTIME. [ |

Remark 5.10 (Strict inequalities). We consider systems of non-strict inequalities,
for the sake of presentation. The decision procedures of Theorem [5.3| work
equally well if both non-strict and strict inequalities are allowed. Reductions be-
tween FIN-INEQ(IF) and INEQ(IF) work as well, but not the reductions between
NONNEG-EQ(F) to INEQ(IF) as we can not simulate equalities and non-strict
inequalities with strict inequalities.

Organisation of the chapter

The remainder of this chapter is organised as follows, In §5.2l we prove unde-
cidability of FIN-EQ(Z) (Theorem[5.4). Then, in §[5.3|and we define polynomially
parametrised systems of inequalities. Following this, in §[5.4|we introduce the
concept of setwise support, which is then used in §5.5to show that FIN-EQ(R)
is reducible to solvability of polynomially parametrised but finite systems of
inequalities. In §[5.6) we show solvability of the latter systems to be in PTIME,
thus proving decidability of FIN-INEQ(R) (Theorem[5.3).

5.2 Undecidability of integer solvability

We prove Theorem [5.4]by showing undecidability of FIN-INEQ(Z). We proceed
by reduction from the reachability problem of counter machines. We conve-
niently define a d-counter machine M as a finite set of instructions I, where each

instruction is a function
i:{1,...,d} - ZU{ZERO}

that specifies, for each counter k € {1,...,d}, either the additive update of
k (if i(k) € Z) or the zero-test of k (if i(k) = zZERO). Configurations of M
are nonnegative vectors ¢ € IN, and each instruction induces steps between
configurations: ¢ Lo if c'(k) = c(k) + i(k) whenever i(k) € Z and c(k) +
i(k) € N, and ¢’ (k) = c(k) = 0 whenever i(k) = ZERO. A run of M is defined
as a finite sequence of steps

co%c1—>...i—">cn. (5.9)

The reachability problem asks, given a machine M and two of its configurations,
a source cp and a target ¢y, if M admits a run from ¢y to ¢y. The problem is un-



90 Chapter 5. Linear Inequalites

decidable, as counter machines can easily simulate classical Minsky machinesE]

Fork € {1,...,d} we denote by zErO(k) & {i € I : i(k) = ZERO} the set
of instructions that zero-test counter k, and UPD(k) def {iel : ik)€Z} the
set of instructions that update counter k.

Given a d-counter machine M and two configurations ¢, ¢ £, we construct an
orbit-finite system of inequalities S such that M admits a run from cp to cf if and
only if § has a finite nonnegative integer solution. Nonegativeness is enforced by
adding inequalities x > 0 for all unknowns x. We describe the construction of S
gradually, on the way giving intuitive explanations and sketching the proof of
the if direction.

The system S has unknowns e,g indexed by pairs of distinct atoms aff €

A®), and contains the following inequalities:
e < 1 (ap e AD). (5.10)

Therefore, in every solution the unknowns e,z define a directed graph G, where
atoms are vertices, e,s = 1 encodes an edge from « to f and e,5 = 0 encodes a
non-edge. In case of a finite solution, the graph G is finite (when atoms with no
adjacent edges are dropped). Let us fix two distinct atoms ¢, { € A. The system
S contains the following further equations and inequalities:

Y epn = ) ep<1 (e e A\{4,T}) (5.11)
pHa pFu

enforcing that in-degree of every vertex, except for : and (, is the same as its
out-degree, and equal 0 or 1, and also

Y ep =0 Y epg=1 Y e =1 Y ep=0 (5.12)
p#1 i B#L B#L

enforcing that in-degree of : and out-degree of { are 0, while out-degree of
and in-degree of ¢ are 1. Thus atoms split into three categories: inner nodes
(with in- and out-degree equal 1), end nodes (: and {) and non-nodes (with in-
and out-degree equal 0). Therefore, the graph G defined by a finite solution
consists of a directed path from : to { plus a number of vertex disjoint directed
cycles. The path will be used below to encode a run of M: each edge, intuitively
speaking, will be assigned a configuration of M, while each inner node will be
assigned an instruction of M.

The system & has also unknowns t;, indexed by instructions i € I of M and

1A d-counter machine resembles a vector addition system with zero tests. A Minsky machine with n
states and k counters can be simulated by an (1 + k)-counter machine, by encoding control states
into additional counters.
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atoms & € A, and the following equations:

Ztiﬂé = Z €xp (D‘ €A \ {lr é}) (5.13)
icl BFu

Therefore in every finite solution, for each inner node « of the above-defined
graph G, there is exactly one instruction i € I such that t;, equals 1 (intuitively,
this instruction i is assigned to node «), and t;, equals 0 for all other instructions.
(This applies to all inner nodes of G, both those on the path as well as those on
cycles.) For non-nodes «, all t;, are necessarily equal 0. Note that the values of
unknowns t;, and t;; are unrestricted, as they are irrelevant.

Finally, the system S contains unknowns ¢, indexed by afy € A®) and
k € {1,...,d}. The following inequalities:

Caprk < €ap (apy e A® ke {1,...,d}) (5.14)

enforce that, whatever atom 7 is, the value of unknown ¢,g, may be 0 or
1 when «af is an edge (i.e., when e,s = 1), but ¢,k is forcedly 0 when af
is a non-edge (i.e., when e, = 0). The underlying intuition is that for each
ke {1,...,d}, we represent the kth coordinate of the configuration assigned to
the edge a8 by the (necessarily finite) sum

Y. Capyke (5.15)
v¢{a,p}

(In particular, configurations assigned to non-edges are necessarily zero on all
coordinates.) In agreement with this intuition, we add to S the requirement that
the configuration assigned to the edge outgoing from ¢ is the source ¢j, and the
configuration assigned to the edge incomming to { is the target c:

Y gk = colk) Y. cpope = cr(k) (ke {1,...,d}).
B# BY#C

Furthermore, in order to enforce correctness of encoding of a run of M, we add
to S equations that relate, intuitively speaking, two consecutive configurations.
Recall that, due to (5.11)-(5.12) and (5.14), for every & € A \ {1, {}, unknowns
Cguyk May be positive for at most one p € A; likewise unknowns ¢, For
xe A\{,C}andk € {1,...,d}), weadd to S the following equations:

Yo cpk + ), iRt = ) cupo (5.16)

B y#u ieurD(k) By#u

These equalities say that for every inner node or non-node « (i.e., every atom
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except for the end nodes ¢ and ), on every coordinate k, the configuration
incomming to « differs from the configuration outgoing from « exactly by the

Z I(k) -ty

ieupD(k)

sum

ranging over those instructions i of M that update counter k. Remembering that
for each « there is at most one instruction i satisfying t;, # 0, we get that the
configurations differ on coordinate k by exactly i(k) (if i updates counter k) or
the configuration are equal on coordinate k (if i zero-tests counter k, or there is
no instruction i such that t;, # 0).

In order to deal with zero tests, we add to S not just the inequalities (5.14),
but the following strengthening thereof:

Cup T Y, tu<ew (apyeA® ke {l,...d}). (5.17)

i€zERO(k)

In consequence, for every edge ap, if the instruction i assigned to « updates
counter k, or no instruction is executed at &, does not restrict further
the kth coordinate of the configuration assigned to a . But if the instruction i
assigned to a zero-tests counter k, the sum

Z tin

i€ZERO(k)

equals 1 and therefore the kth coordinate of the configuration assigned to «f3,
encoded by (5.15), is necessarily 0 (the same applies also to the configuration
incomming to «, due to inequalities above). The above considerations
apply to all edges of G, both those on the path as well as those on cycles. As
a further consequence, for a non-edge a3, the configuration assigned at «f,
encoded by (5.15), is necessarily the zero configuration.

The construction of S is thus completed, and it remains to argue towards its

correctness:

Lemma 5.11. M admits a run from cg to cg if and only if S has a finite nonnegative
integer solution.

Proof. For the ’if’ direction, given a finite nonnegative integer solution of S, we
consider the graph G determined by values of unknowns e,g, as discussed in the
course of construction, consisting of inner nodes and two end nodes, and having
the form of a finite directed path plus (possibly) a number of directed cycles.
By the construction of S, each edge of G has assigned a configuration of M,
and each inner node has assigned an instruction of M, so that the configuration
on the edge outgoing from an inner node is exactly the result of executing its
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instruction on the configuration assigned to the incomming edge. (As above,
this applies to all inner nodes and edges of G, both those on the path as well
as those on cycles.) Ignoring the cycles of G, we conclude that the sequence of
configurations and instructions along the path of G is a run of M from ¢ to cy.

For the “only if” direction, given a run of M from cg to ¢, as in , one
constructs a solution of S in the form of a sole path involving end nodes
&y = L,&y41 = (, n inner nodes «y,...,a,, and n + 1 edges LITITRD Thus
unknowns ey, are equal 1. The values of unknowns tiy; are determined
by instructions i; used in the run, and the values of the unknowns Cojaj ks for
sufficiently many fresh atoms 1, are determined by configurations ¢;. All other

unknowns are equal 0. |

Remark 5.12. The proof does not adapt to FIN-NONNEG-EQ(Z). Indeed, the
standard way of transforming inequalities into equations involves adding an

infinite set of additional unknowns, that might be all non-zero.

Remark 5.13. The atom-dimension of the system defined in this section is 3.
We do not know whether existence of finite integer solutions is decidable for

systems with atom diemension < 2. We leave it as an open question.

5.3 Polynomially-parametrised inequalities

We now introduce a core problem that will serve as a target of reductions in the
proof of Theorem 5.3in §[5.5} Consider a finite inequality £ of the form:

p1(n)-x1+ ...+ pr(n)-xp < q(n), (5.18)

where py, ..., pn and g are univariate polynomials with integer coefficients, and
X1,..., Xy are unknowns. The special unknown 7 plays a role of a nonnegative
integer parameter, and that is why we call such an inequality a polynomially
parametrised inequality. For every fixed value n € IN, by evaluating all polyno-
mials in 7 we get an ordinary inequality £ (1) with integer coefficients. Also,
if n does not appear in &, i.e., all polynomials are constants, £ is an ordinary
inequality. A polynomially parametrised system of inequalities is a system of linear
inequalities parametrised over the same parameter.

Example 5.14. For instance, the system (5.1) in Example5.7)is transformed to
the following two inequalities with one unknown x, which are polynomially
(actually, linearly) parametrised in a parameter # (further details are exposed in
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ln - 1] x> H (5.19)
n n

This system is solvable for every n > 1, an example solution being x = 5. <«

forthcoming Example 5.38):

In the sequel we study solvability of finite systems P of such inequalities (5.18).
Again, by evaluating all polynomials in n we get an ordinary system P(n). We
use the matrix form P(n) = A(n) - x < b(n) when convenient. A fundamental

problem is to check if for some value n € IN, the system P(n) has a real solution:

POLY-INEQ

Input: A finite system of polynomially-parametrised
inequalities P.

Question: Does P(n) have a real solution for some n € IN?

Theorem 5.15. POLY-INEQ is decidable.

Proof. Consider a fixed system P of polynomially-parametrised inequalities
over unknowns x1, ..., Xx and n where # is the only non-linear variable. Let
op(n,x1,...,xx) be the conjunction of inequalities in P, each of the form (5.18).
It is thus a quantifier-free real arithmetic formula which says that a tuple
X = (x1,...,x) is a solution of P(n). The existential real arithmetic formula
P(n) def 5 . op(n,x1,...,xx), with one free variable 7, says that P(n) has a real
solution. Using quantifier elimination of real arithmetic ([3| Theorem 10.1]) we
can compute a quantifier free formula ¢’ (1) equivalent to 3% : op(n, x1, ..., x¢).
¢/ (n) is thus a boolean combination of polynomial inequalities. The satisfiabil-
ity set of each inequality is a finite union of points and intervals such that, the
points, and the endpoints of the intervals are the zeros of the underlying poly-
nomials. Hence the satisfiability set of i’ (n) is also a finite union of points and
intervals, such that the points, and the endpoints of the intervals are the zeros

of one or more polynomials appearing in /(). A real root of a polynomial

4o laxl
lag]

putable natural number N such that all real roots of the polynomials appearing

Zi:o axx* can not be larger than + 1. f| Therefore, there exists a com-
in ¢’(n) are smaller than N. Hence ¢’ (N) is true if and only if ¢’(n) is true for
all n > N. Which means to check whether ¢’(n) has a non-negative integer
solution it is enough to check if any of the sentences ¢'(0), ¢'(1),...,¢'(N) is
true. |

ZWe leave it to the reader to verify the details.
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Remark 5.16. Polynomially parametrised systems are also studied in [2]], where
the authors show that given a polynomially parametrised system P(r), one can
decide in NP whether there exists r € Q such that P(r) has a rational solution
([2| Corollary 3.3]).

In the sequel we will not use the decision procedure of Theorem but rather
the algorithm of Theorem stated below, since our later applications only
use monotonic instances of POLY-INEQ, which can be solved in PTIME due to this

theorem.

Monotonic systems

A system P is monotonic if there is some 1y € IN such that every solution of P(n),
for an integer n > ny, is also a solution of P(n + 1). Note that monotonicity
trivially holds (with any value of ng) if n does not appear in P, i.e., when P is an
ordinary (non-parametrised) system. Instead of POLY-INEQ we use in the sequel
the following core problem, where we do not assume monotonicity but seek for
a solution of P(n) for almost all (all sufficiently large) values of the parameter
n € IN:

ALL-POLY-INEQ

Input: A finite polynomially-parametrised system of inequalities P.

Question: Is there 1y € N and a vector (xy, ..., x;) which is a solution
of P(n) for every integer n > ng ?

From now on, a vector (x1,...,x;) which is a solution of an inequality & (n)
(resp. a system P(n)) for almost all n € IN we call an almost-all-solution of £
(resp. P). For monotonic systems, the problems POLY-INEQ and ALL-POLY-INEQ

coincide.
Theorem 5.17. ALL-POLY-INEQ is in PTIME.

This theorem will be proven in §[5.6|

5.4 Finitely setwise-supported sets
For T Cpn A define
Autypy(A) € {7 € Aut(A) : n(T) =T} .

This is a special case of Notation2.26|with S = @.
Definition 5.18. A {T}-orbit is a set of the form {n(x) 1 T E Auty (A)}

where x is an atom or set with atoms.
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Remark 5.19. We have Autr(A) C Autyry(A) C Aut(A). Hence every equiv-
ariant orbit splits into finitely many { T }-orbits, each of which splits in turn into
finitely many T-orbits.

Definition 5.20. A set x is called {T}-supported if for all T € Autry(A) we
have 7t(x) = x. A set is called finitely setwise-supported if it is { T }-supported for

some T Cgyn A.

Each {T}-supported set is T-supported, but the opposite implication is not true.
Notice that a {T}-supported set is not necessarily { T'}-supported for T C T'.
Forany @ C T C T' Cuyn A the set T itself is an example of a set which is
{T}-supported but not {T’}-supported.

Example 5.21. Let B = A(?). Pick two atoms a,8 € A and let T = {a,}.
Define the functionv: B — R, for 7,y € A\ {«, B}, by

v(an) =v(na) = -1 v(ap) =v(Ba) =3
v(Bn) = v(np) = -2 v(y) =0

is an integer vector over B, supported by T. It is not { T }-supported. Indeed,

(V) (@) =v(p7) # v(a,7)
forany 7 ¢ T and 7w € Autr}(A) that swaps a and f but preserves all other
atoms. However, the vector v 4 77(v) is {T }-supported. <

Clearly, with the size of T increasing towards infinity, the number of T-orbits
included in one equivariant orbit may increase towards infinity as well. The
crucial property of {T}-supported sets is that they do not suffer from this
unbounded growth: the number of {T }-orbits included in a fixed equivariant
orbit is bounded, no matter how large T is. We will need this property for
{T}-orbits U C AM 3 € N, and it follows immediately by the next lemma.

Lemma 5.22. Let T Cpy A of size |T| > n. Each {T}-orbit U € A™ is of the form
u= {oq...ocn eAM .y € Tforiclanda; € A\T fori ¢ I} (5.20)

for some fixed 1 C {1,...,n}.

Proof. Consider any tuple a; ...a, € A", Let
I={ie{l,...,n} : aq; €T}

denote the positions in a7 . .. a, filled by atoms from T. By applying all {T}-
automorphisms to &1 ...a,, we obtain all tuples, where positions from I are
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arbitrarily filled by elements of T, and positions outside of I are arbitrarily filled
by elements of A \ T. [ |

Definition 5.23. We define the orbit summation function
v : FinLin(C) ROrbits (C)

which takes a vector x € FinLin(C) and outputs the vector

v(x) def (O € Orbits (C) — ) x(c)) .
ceO

Remark 5.24. The <-orbit summation function (Definition [4.29), which was
used for solving order equivariant finitary solvability in Chapter{4] is a slight
variation of the above definition.

Lemma 5.25. If an equivariant system of inequalities A - x < b has a finite T-supported
solution x then it also has a finite { T }-supported solution y such that y(x) = y(y).

Proof. Let x € FinLin(C) be a solution of the system, namely A - x < b. Let
T = support (x) and n = |T|. We recall the definition

Aut(T) = AutA\{T} (A)

given in Notation[2.26] i.e. Aut(T) is the set of permutations of Aut(A) which
only permutes elements inside T and fixes everything else. As A and b are both
equivariant, for every p € Aut(T) the vector p(x) is also a solution: A - p(x) < b.
Knowing that the size of Aut(T) is n!, we have

A-( ) p(x))g n!-b,

pcAut(T)

and hence the vector y defined by averaging

y = % ) ) (521)

peAut(T)

is also a solution of the system, namely A - y < b. We notice that for finite x,
the vector y is also finite. By the very definition, the averaging preserves
the orbit-sum: y(x) = y(y). Furthermore, we claim that the vector y is {T}-
supported. To prove this, we fix an arbitrary 7w € Autyr (A), aiming at showing
that 77(y) = y. It factors through 7 = ¢ o p for some p € Aut(T) and o €
Autr(A). Indeed, p acts as 7 on T but is identity elsewhere, while ¢ acts as 7
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outside of T but is identity on T. A crucial but simple observation is that, by the

very construction of y, we have

p(y) =y. (5.22)

Indeed, as y is defined by averaging over all p’ € Aut(T),

o X d)= ¥ (o) = ¥ oK

o'eAut(T) p'eAut(T) o'eAut(T)

which implies p(y) = y. Moreover, as action of automorphisms commutes with
support (Lemma[2.7), we have

support (p'(x)) = p’(support (x))

for every p’ € Aut(T), and therefore

support (p’(x)) = support (x)

for every p’ € Aut(T). Therefore T supports the right-hand side of (5.21), which
means that support (y) C T and implies

o(y) =y. (5.23)

Combining (5.22) and (5.23) we obtain 77(y) =y, as required. |

Example 5.26. Recall the system of inequalities from Example Its finite
solutions correspond to finite directed graphs, whose vertices and edges are
labelled by real numbers satisfying constraints and (5.4). According to
Lemma if such a finite directed graph existed, there would also exist a
finite directed clique, where labels of all vertices are pairwise equal, and labels
of all edges are pairwise equal as well, while satisfying constraints and
(5.4). In particular, all edges incoming to a vertex would carry the same value
as all outgoing edges. This requirement is clearly contradictory with constraints
(5.3) and (5.4), and hence the system has no finite solutions. <

In the next section we rely on the fact that existence of a { T }-supported solution
implies existence of such a {T’}-supported solution for any T’ Dy T. The
fact follows immediately from Lemma as every { T }-supported vector is
trivially T'-supported, for every superset T’ of T:

Corollary 5.27. If an equivariant system of inequalities A - x < b has a finite {T }-
supported solution 'y for some T Cyn A, then for every T' Dun T, the system has a
finite {T" }-supported solution y' such that y(y) = y(y’).
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Remark 5.28. Our technique discussed in Example[5.8 and developed formally
in this section, seems to be reminiscent of (but independent from) the techniques
in the recent work [1]].

5.5 Orbit-finite to polynomially parametrised

In this section we prove Theoremby a reduction of FIN-INEQ(IR) to ALL-
POLY-INEQ introduced in §[5.3] We start with some simpliflying assumptions

in§ and an intuitive explanation of the reduction in § In§ we
describe the reduction and prove its correctness. Finally in § we briefly

discuss the complexity of this reduction.

5.5.1 Simplifying assumptions

Consider an orbit-finite system of inequalities A - x < b given by a matrix
A € Lin(B x C) and integer vector b € Lin(B). The proof of Lemma can
be suitably adapted to prove that:

Lemma 5.29. WLOG we can assume that B and C are disjoint unions of equivariant
orbits AK) k € IN:

B=Amy, wpals) C=AMmMy. walm (5.24)

(see the figure below), and that A and b are equivariant.

Alm) p(m2) o p(my)

A(HS)

As mentioned in Remark [4.27] the size blow-up is exponential in atom dimen-

sion, but polynomial when atom dimension is fixed.

5.5.2 Idea of the reduction

Suppose only finite T-supported solutions are sought, for a fixed T Cgy A.
FIN-INEQ(RR) then reduces to a finite system of inequalities A’ - X' < b’ obtained
from A - x < b as follows:

(1) Keep only columns indexed by T-tuples (= elements of finite T-orbits)
c € C, discarding all other columns.
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(2) Pick arbitrary representatives of all T-orbits included in B, and keep only
rows of A and entries of b indexed by the representatives, discarding all
others.

The system A’ - x" < b’ is solvable if and only if the original one A -x < b
has a finite T-supported solution. Indeed, discarding unknowns as in (1) is
justified as a finite T-supported solution of A - x < b assigns 0 to each non-T-
tuple (Lemma [2.32). Discarding inequalities as in (2) is also justified. Indeed,
each inequality in the original system is obtained by applying some atom T-

automorphism to an inequality in A" - x/

< b/, while atom T-automorphisms
preserve T-supported solutions of A’ - x' < b/, which implies that every T-
supported solutions of A’ - x’ < b’ is also a solution of all inequalities in the
original system. The above reduction yields no algorithm yet, as we do not know
a priori any bound on size of T, while the size of A’ - x’ < b’ depends on the
number of T-orbits and grows unboundedly when T grows. We overcome this
difficulty by using { T }-orbits instead of T-orbits, and relying on Lemmas
and The former guarantees that the number of {T }-orbits is constant -
independent of T. Once we additionally merge (sum up) all columns indexed
by elements of the same {T}-orbit, we get A’ of size independent of T. This
still does not yield an algorithm, as entries of A’ change when T grows. We
however crucially discover that the growth of the entries of A’ is polynomial
in n = |T|, for sufficiently large n. Therefore, A’ is a matrix of polynomials
in one unknown 7, and solvability of A - x < b is equivalent to solvability of
A’ - x' < b’ for some value n € IN. The latter is decidable due to Theorem [5.15

5.5.3 The reduction

Fix an equivariant system A - x < b. We construct a finite monotonic system
P, of polynomially-parametrised inequalities such that A - x < b has a finite
solution if and only if P»(n) has a solution for almost all n € IN.

Let us denote by 4 def hax {ny,...,ns,my,..., m} the maximal atom dimen-
sion of orbits included in B and C. Let T Cpy A be an arbitrary finite subset of
atoms. Both B and C split into {T'}-orbits, refining (5.24):

B=BjW...WdBy C=CiW...0Cy. (5.25)

Let Cy,...,Cp be the finite {T}-orbits among Cy,...,Cpp. Importantly, by
Lemma M and N do not depend on T as long as |T| > d. In fact M is same
as the number of equivariant orbits included in C, as by Lemma we deduce:
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Lemma 5.30. Assuming |T| > , the equivariant orbit A") includes exactly one finite
{T}-orbit, namely T,

Our reduction proceeds in two steps. In the first step we derive a finite
polynomially-parametrised system P; which is yet not necessarily monotonic.
In the second step, we transform it further to a monotonic system P,.

Step 1 (finite polynomially-parametrised system) Our construction is para-
metricin T. Let by € By,...,by € By be arbitrarily chosen representatives of
{T}-orbits included in B. Given A and b, we define an N x M matrix A;(T) and
avector by (T) € ZN as follows:

(1) Pick columns of A(T) indexed by elements of all finite { T }-orbits included
in C, and discard other columns; this yields a matrix A’(T) with finitely
many columns (number thereof depending on T).

(2) Merge (sum up) columns of A’(T) indexed by elements of the same {T'}-
orbit C;; this yields a matrix A”(T) with M columns (M independent of
7).

(3) Pick N rows of A”, indexed by by, ..., by, and discard other rows; this
yields an N x M matrix A(T).

(4) Likewise pick the corresponding entries of b and discard others, thus
yielding a finite vector by (T) € ZN.

Forb € Band C; C C,j € {1,..., M}, we write A*(b, Cj) for the finite sum

ranging over elements of C;:

AZ(b,C) & Y A0,

CGC]'

which allows us to formally define the Bx M matrix A”(T), the N x M matrix
A1(T) and the vector by (T) € ZN:

A"(T)(b,)) & A% (b,C)) (5.26)
AL(T)(i,j) & A(T) (b, ) = AX(b;, C)) (527)
def

by(T)(i) = b(bi). (5.28)
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Example 5.31. We apply the above construction to the system presented in
Example|5.7] Fix a non-empty T Cgy A. The set A includes just one finite {T'}-
orbit, namely T. Therefore the matrix A’(T) has |T| columns, A”(T) has just one
column, and the system (A1(T), b1(T)) has just one unknown. Furthermore,
the set A includes two {T'}-orbits, the finite one T plus the infinite one A \ T,
and therefore the system (A;(T),b1(T)) has two inequalities. Pick arbitrary
representatives of the {T }-orbits, b; € Tand by € (A \ T). We have

AUTY(1L1) = Y A(byc) = [T| 1

ceT

A(T)(2,1) = }_ A(bz,c) =|T|.

ceT

Replacing | T| with n yields the system (A1 (T),b1(T)):

ln N 1] x> H (5.29)
n 1

which happens to be monotonic. In general, the system obtained so far needs

not be monotonic, but we will ensure monotonicity in the subsequent steps. <

The choice of representatives b; is irrelevant, and hence A;(T) and by (T) are
well defined, since rows of A” indexed by any two elements of B belonging the

same { T }-orbit are equal, and likewise the corresponding entries of b:

Lemma 5.32. If b,b/ € B are in the same {T}-orbit, then b(b) = b(b') and
A*(b,C;) = A*(V,C;j) for every j € {1,..., M}.

Proof. Let 1 € Autyry(A) be such that 7(b) = b'. As b is equivariant, it is
necessarily constant on the whole equivariant orbit to which b and b’ belong,
and hence b(V') = b(b). For the second point fix j € {1,...,M}. As A'is
equivariant, it is constant over the orbit included in B x C to which (b, c) belongs,
for every ¢ € C, and hence A(b,c) = A(7t(b), 7t(c)). This implies

Y A(bc) =Y A(n(b), n(c)) = Y. A(V, 7(c)).

CGCj CGCj CGC]'

Since 7 € Autyry(A), when restricted to the {T}-orbit C; it is a bijection
C; — Cj, and hence the two sums below differ only by the order of summation

and are thus equal:

Y AW, m(c) =) A(,c).

CGC]' CGC]'
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The two above equalities imply the claim, namely

Y A(be)=) A(V,c).

CGC]' CGC]‘
|

Notation 5.33. Let T Cgn A. Due to Lemma the set of finite {T}-
orbits {Cy,...,Cym} included in C is in bijection with the set Orbits(C) =
{Uy, ..., Upm} of equivariant orbits included in C (Lemma5.30). WLOG assume
Cj C Ujforj=1... M. Take any finite {T }-supported vector x € FinLin(C). It
is non-zero only inside finite { T'}-orbits C;, which implies

Y x(e) =} x(c) = v(x) (1)

CEC]‘ CGU]'

for j = 1,..., M. Furthermore, x is constant inside each Cj. We denote this

constant by x(j). Finally, we note the (obvious) relation between x and 7y (x):

r()(G) = IGjl - x(j)- (5.30)

The following lemma, being a cornerstone of correctness of the whole reduction,
is now not difficult to prove:

Lemma 5.34. Let |T| > d and x : FinLin(C) a finite {T }-supported vector. The
following conditions are equivalent:

* xissolution of A -x < b;
e x is a solution of P1(T) = (A1(T),b1(T)).

Proof. Take any {T }-supported vector x : FinLin(C), and let x’ be the restriction
of xtoU = C; ... Cy. We argue that the following four conditions are

equivalent, which implies the claim:
1. xissolutionof A-x < b;
2. x' is solution of (A’(T),b);
3. xis solution of (A”(T),b);
4. x is a solution of (A1(T), b1 (T)).

First, as x is finite, we have x(c) = 0 for all ¢ ¢ U, and hence A’(T) - x' = A - x.
This implies equivalence of (1) and (2). Second, as A” is obtained from A’ by
summing columns over a {T }-orbit where the vector x, being { T }-supported,
is constant, we have A”(T) -x = A/(T) - x'. This implies equivalence of (2)
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and (3). Finally, (3) implies (4) as (A1(T), by (T) is obtained from (A”(T),b) by
removing inequalities. For the reverse implication, we recall that Lemma [5.32]
shows that A”(b,j) = A”(b;,j) and b(b) = b(b;) for every i € {1,...,N}
and b € B;, and therefore A”(T) contains the same inequalities as A1(T). In

consequence, (4) implies (3). |

The function T +— P;(T) is equivariant, i.e., invariant under action automor-
phisms. In consequence, the entries of A;(T) and by (T) do not depend on the
set T itself, but only on its size |T|. Indeed, if | T| = |T'| then 7t(T) = T’ for some
automorphism 71, and hence 7t(P;(T)) = Py (T’). Since the system P; (T) is atom-
less we have also 71(P;(T)) = P;(T), which implies P;(T) = P;(T’). We can
thus meaningfully write P; (|T|) = (A(|T]),b(|T])),ie. Pi(n) = (A1(n),by(n))
for n € N (cf. Example 5.31).

We argue that the dependence on |T| is polynomial, as long as |T| > 2d:

Lemma 5.35. There are univariate polynomials p;;(n) € Z[n| such that, forn > 2d
we have Aq(n)(i,j) = pij(n).
Proof. Letn = |T|. Fix a {T}-orbits B; C B and a finite { T }-orbit C; C C. Each

of them is included in a unique equivariant orbit, say:
BCcB=AP ccc=aA0

(cf. the partitions (5.24)). Recall Lemma B; is determined by the subset
I C {1,...,p} of positions where atoms of T appear in tuples belonging to
B;. Let m = |I|. On the other hand C; = T (cf. Lemma . Note that
m = |T Nsupport (b;) |.

We are going to demonstrate that the value A1 (n)(i,j) = AZ(b;, C;) is poly-
nomially depending on 1 = |T|. We will use the polynomials 1n(®) of degree w,
for w < d, defined by

n(w)d:efn-(n—l)~...-(n—w+1). (5.31)

In the special case of w = 0, we put n{®) = 1. The value n(*) can be interpreted

as follows:

Claim 5.35.1. For n > w, %) is equal to the number of arrangements of w items
chosen from n objects into a sequence.

Denote by D the set of equivariant orbits U C B’ x C'. For U € D, we
put U(b;, C;) def {c € Cj : (byc) € U}. As A is equivariant, the value A(b;, ¢)
depends only on the orbit to which (b;, ¢) belongs. We write A(U), for U € D,
and get:
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Claim 5.35.2. A*(b;,Cj) = Lyep A(U) - [U(b;, C))|-

Recall Example Orbits inside B’ x C’ are in one-to-one correspondence
with partial injections ¢ : {1,...,p} — {1,...,¢}. We write U, for the orbit
corresponding to i. Let dom(¢) = {x : ¢(x) is defined} denote the domain of «.

Claim 5.35.3. U,(b;, C;) # @ if and only if dom(s) C I.
Indeed, recall again Example which yields

U,(b;, Cj) = {c € Cj : YVxVybi(x) =c(y) < 1x)=y}.

If dom(:) C I, the set U,(b;, C;j) contains tuples ¢ € C; with fixed values on
positions | = {/(x) : x € dom(¢)}, namely

bi(x) = c(i(x)), (5.32)

and arbitrary other atoms from T elsewhere, and therefore is nonempty. If
there is x € dom(:) \ I then b;(x) ¢ T and therefore no ¢ € C; satisfies (5.32).

Claim [5.35.3|is thus proved.

Claim 5.35.4. Let k = |dom(t)| be the number of pairs related by 1. If U, # @ then
|Ui(bi, Cj)| = (n—m) {0,
According to (5.32), tuples ¢ € U,(b;) have fixed values on k positions in J. The
remaining ¢ — k positions in tuples ¢ € U,(b;, C;) are filled arbitrarily using
n — m atoms from T \ support (b;). Due to the assumption that n > 2d, we have
n—m>d > {—k, and therefore using Claim [5.35.1] (for w = ¢ — k) we deduce
\U,(b;, Cj)| = (n— m) (=K thus proving Claim

Once b; € B; and U € D are fixed, the values k, ¢ and m are fixed too, and
the formula of Claim is an univariate polynomial of degree ¢ — k. The
formula of Claim yields the required polynomiaﬂ A(n)(i,j) = pij(n) and
hence the proof of Lemma is completed. |

Relying on Lemma we get a polynomially-parametrised system P; (1) def

(A1(n),b1(n)).

Step 2 (monotonicity) The system P; constructed so far, does not have to be
monotonic in general. As an immediate corollary of Lemma and Corol-
lary [5.27} we only know that If P; (1) has a solution for n > d, then P;(n + 1)
has a (potentially different) solution. We slightly modify the system P; in order

to achieve monotonicity.

3This confirms, in particular, that A(T)(i, j) is independent from the actual set T, and only depend
on its size n = |T|.
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Before formally defining the new system P»(n) = (Ax(n), ba(n)), we point
to our objective: we want to replace x in Lemma|5.34] by the orbit-sum vector
7(x), as in Lemma5.37|below. Noting that Orbits(C) = M we consider 7 (x) to
be an M-dimensional vector where the j-th coefficient is equal to 7(x)(C;). In
other terms, we want the solutions y; and y; of P;(n) and P,(n), respectively,

differ on position j by the multiplicative factor of |C;|, namely

y2(/) = [Gjl-y10)) (5.33)

forj=1,..., M (cf. (5.30)). The size |C;| of the {T }-orbit C;, where |T| = n, is
equal to

Ci| = n'), (5.34)

where C ;i C A ), ie, eis the atom dimension of the equivariant orbit including
Cj, assuming |T| > ¢;. These considerations lead to the following formal

definition of P»:

()
Ao(m)(i.j) & A(n)(i,]) = ba(i) = (i) -0 (5.35)

where A1 (n)(i, ) = pij(”) We rely on the following fact:
Claim 5.35.5. n(®) . (n — w)®) = plwtu),

By the claim, all coefficients in (5.35) are polynomials, namely: A, (n)(i,j) =
pij(n) - (n—e;) =4

i), since ej < d. It remains to conclude that the systems Py (1)
and P, (n) have the same solutions modulo (5.33):

Lemma 5.36. Let n > d and let y1,yo € RM satisfy yo(j) = nei) -y1(j) for
j=1,..., M. Then yy is a solution of Py(n) if and only if y, is a solution of P,(n).

Combination of equations (5.30) and (5.34), and Lemmas to yields:

Lemma 5.37. Let |T| = n > 2d and x € FinLin(C) a finite {T }-supported vector.
The following conditions are equivalent:

* xis solutionof A-x < b;
* y(x) is a solution of P,(n).

Example 5.38. The system (5.19) in Example is obtained from (5.29) in
Example [5.31| by applying the equation (5.35). Indeed, M = d = ¢; = 1 and
hence A stays unchanged, while the right-hand side vector b gets multiplied by

n) = . |
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Lemma 5.39 (Monotonicity). Let n > d. Every solution of P,(n) is also a solution of
P, (l’l +1 )

Proof. Supposey is a solution of P»(n), for n > d. Let T Cgy A be any subset
of atoms of size |T| = n. Let x be the finite {T }-supported vector uniquely
determined by

1(x) =y. (5.36)

By Lemma5.37] x is a solution of A - x < b. We apply Corollary[5.27]to obtain
another finite solution x’ of A - x < b, {T'}-supported by some T’ of size
|T|" = n + 1, and having the same orbit-summation mapping:

r(x) = r(x). (5.37)

Equalities (5.36) and (5.37) imply y(x') = y. By Lemma again, y(x') =yis

a solution of P»(n + 1), as required. |

Combining Lemmas[5.25) [5.35] [5.37]and [5.39| we derive correctness of the re-
duction (the constraint n > 24 is inherited from the assumption in Lemma [5.35):

Corollary 5.40. The following conditions are equivalent:
* A x < b has a finite solution,
e D5 (n) has a solution for some integer n > 2d,
 P,(n) has a solution for almost all n € IN.

To finish the reduction of FIN-INEQ(IR) to ALL-POLY-INEQ it remains to
argue that P, is computable from A - x < b. Computability of P, follows

immediately from computability of P;, which we focus now on:
Lemma 5.41. The system Py is computable from A - x < b.

Proof. 1t is enough to range over representations of {T}-orbits B; and C; of B
and C, respectively (such representations are given by Lemma [5.22), and for
each pair of such orbits proceed with computations outlined in the proof of
Lemma5.35} applied to an arbitrarily chosen representative b; € B;. |

By Corollary and Lemma FIN-INEQ(R) reduces to ALL-POLY-
INEQ.
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5.5.4 Complexity

Concerning computational complexity, the number of {T }-orbits included in
an equivariant orbit A(*) is exponential in ¢ (cf. Lemma . That is why
the size of P, may be exponential in atom dimension d of A - x < b. On the
other hand, the size of P, is only polynomial (actually, linear) in the number of
orbits included in B x C. In consequence, for fixed atom dimension we get a
polynomial-time reduction and hence, relying on Theorem [5.17} the decision
procedure for FIN-INEQ(IR) is in PTIME. Without fixing atom dimension, we get
an exponential-time reduction and hence the decision procedure is in EXPTIME.

The complexity of INEQ(IR) and NONNEG-EQ(IR) follows from the complex-
ity of FIN-INEQ(R), Theorem 5.2land Remark 5.9}

The same complexity bounds apply to the algorithm for the optimisation
problem presented in Chapter|6]

5.6 Almost always solvability in PTIME

In this section we prove Theorem [5.17] Consider a polynomially-parametrised
inequality £ of the form:

pi(n)-x1+...+pe(n)-x = g(n). (5.38)

Let d be the maximal degree of polynomials py, ..., pk, g appearing in £. We call
d the degree of £, and denote it also as deg(€). Let ay, ..., ax, b be the (integer)
coefficients of the monomial 1% in py, ..., py, g, respectively. Therefore

pi(n) = ar-n' + py(n)

(5.39)
pr(n) = ay - n? + pi(n)
q(n) =b-n"+q'(n)

for some polynomials p}, . .., p}, q of degree strictly smaller than d. The ordinary

inequality with integer coefficients
ap-x1+...+ag-x =0, (5.40)

we call the head inequality of £, and denote by HEAD(E). Furthermore, the

polynomially-parametrised inequality

pr(n)-x1+ ..+ pr(n) x> q'(n), (5.41)
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obtained by removing all appearances of the monomial 1, we call the tail
inequality of £, and denote it by TAIL(E). We also consider below the strict
strengthening of the head inequality (5.40), denoted as HEAD- (&), and the
equality, denoted as HEAD—(E):

a-x1+...4+ap-x>b ar-x1+...+ag-x=0b. (5.42)

As € is equal to the sum of its head HEAD (&) multiplied by n?, and its tail
TAIL(E), we immediately deduce:

Claim 5.41.1. For every n € IN, every solution of HEAD— () is either a solution of
both € (n) and TAIL(E)(n), or of none of them.

We now provide under- and over-approximations of the solution set of £ (in

Claims|5.41.2|and [5.41.3)).

Claim 5.41.2. Every almost-all-solution of £ is also a solution of HEAD(E).

Proof. Consider an inequality £ (5.38) and any its almost-all-solution x =
(x1,...,x¢). Let d = deg(&). We thus have

Pl(:),xl+_..+
n

pe(n) o 1)

nd “opd

for all sufficiently large n € IN. Using the decomposition (5.39), we rewrite the
above inequality to

pi(n)

nd

Pi(ﬂ)) .

(a1+ )~x1+...+(uk+ i

As the degrees of all polynomials pj, . . ., p;, q’ are smaller than d, all the fractions
tend to 0 when 7 tends to oo, and we may deduce

ay-x1+...+ag-xp = b,

i.e., x is a solution of HEAD (&), as required. O
Claim 5.41.3. Every solution of HEAD- (&) is also an almost-all-solution of £.

Proof. Let d = deg(€). Consider any vector x = (x1,...,x;) satisfying the
strict inequality HEAD- (&) (in (5.42) on the left). Therefore for any polynomials
P, -, Piq of degree strictly smaller than d, the inequality

/

"(n n /
(ﬂl-i—pln(d))'X1+...+<ak+pkn(d)>'Xk>b+q1£:l)
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is satisfied for all sufficiently large n € IN. Applying the above inequality to
polynomials appearing in (5.39), we obtain:
q(n)

X > —
k nd

pi(n)

nd

p1(n)

nd

X1+ F

for all sufficiently large n € IN. We multiply both sides by n? in order to derive
that x is a solution of £(n) for all sufficiently large n € N, as required. O

Consider an instance P of POLY-INEQ, i.e., a finite system of polynomially-
parametrised inequalities of the form (5.38)). Let

HEAD(P) def {HEAD(E) : £ € P}

be the system of head inequalities (note that degrees of different inequalities in

P may differ), and let HEAD-. (P) def {HEAD- (£) : &€ € P}. Using Claims[5.41.2
and 5.41.3 we derive:

Claim 5.41.4. Every almost-all-solution of P is also a solution of HEAD (P).
Claim 5.41.5. Every solution of HEAD~ (P) is also an almost-all-solution of P.

For time estimation, as the size measure |£| of an inequality £ we take the total
number of monomials appearing in €. In particular, |£| > |TAIL(E)|. The size
of a system P is the sum of sizes of all its inequalities. For two systems P/,
P of inequalities, we denote their union by P’ U P (clearly, union of systems
corresponds to conjunction of constraints). We write P U £ instead of P U {€}.

By P\ £ we denote the system obtained from P by removing an inequality .

The algorithm. A decision procedure for ALL-POLY-INEQ iteratively trans-
forms an instance of the form P UT, where P is a system of polynomially-
parametrised inequalities, and I' is a system of ordinary (non-parametrised)
equalities over the same unknowns (each equality can be represented as two
opposite inequalities). Initially, I" is empty. We define a transformation step
that given such an instance P U T, either confirms its solvability (existence of
an almost-all-solution), or confirms its non-solvability (non-existence of an
almost-all-solution), or outputs an instance P’ UT” which has the same almost-
all-solutions as P UT, and such that |P'| < |P|. ALL-POLY-INEQ is solved
by iterating the transformation step until it confirms either solvability or non-
solvability. Termination after a polynomial number of iterations is guaranteed,
as |P|, while being nonnegative, strictly decreases in each iteration. The trans-
formation step invokes a PTIME procedure for ordinary linear programming (as
detailed in and below). Here is a pseudo-code of the algorithm:
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Algorithm 1 (ALL-POLY-INEQ)

1: Input: A monotonic polynomially-parametrised system P.

2T+ @

3: repeat
4 if HEAD(P)UT is non-solvable then > see Claim 5.41.4]
5: report non-solvability of P
6 else
7 if HEAD- (£) UHEAD(P\ E)UT is solvable for all £ € P then
> see Claims[5.41.5 and [5.41.6]
8: report solvability of P
9: else
10: choose any £ € P such that HEAD- (£) UHEAD(P\ £)UT
is non-solvable > see Claim 5.41.7]
11: P < (P\€&) U TAIL(E)
12: I' «+ T U HEAD_(E)

13: until solvability or non-solvability of P is reported

Transformation step. The step, defined by the body of the repeat loop, pro-
ceeds as follows. If the ordinary system

HEAD(P) U T (5.43)

is non-solvable, non-solvability of P UT is reported. This is correct due to
Claim Otherwise, knowing that (5.43) is solvable, the algorithm checks,
for every £ € P, whether the strengthened system

HEAD> (£) U HEAD(P\ &) U T, (5.44)

obtained from (5.43) by replacing the inequality HEAD (&) with HEAD~ (€), is
also solvable. If this is the case for every £ € P, solvability of P UT is reported.
This is correct due to Claim [5.41.5|combined with the following one:

Claim 5.41.6. Solvability of (5.44) for every inequality € in P, implies solvability of
HEAD- (P) UT. (5.45)

Proof. Suppose that for every inequality £ in P, the system (5.44) has a solu-
tion, x¢. The average of all these solutions % - Y cep Xe is then a solution of
HEAD- (P) U T, where m is the number of inequalities in P. O



112 Chapter 5. Linear Inequalites

Otherwise, we know that some inequality £ in P is degenerate, namely is
non-solvable. In other words, the equality HEAD— (&) is implied by (5.43). The
algorithm chooses a degenerate inequality £ € P and creates a new instance
P'UT’, where

P’ = (P\ &) U TAIL(E) I = T U HEAD_(E).

In words, P’ is obtained from P by replacing £ with TAIL(E), and I” is obtained
from I' by adding HEAD—(E). As |TAIL(E)| < |€], we have |P'| < |P|, as
required. This completes description of the transformation step.

Correctness. By Claim [5.41.1jwe derive:
Claim 5.41.7. Systems P UT and P' UT’ have the same almost-all-solutions.

Proof. In one direction, consider an almost-all-solution x of P’ UT”. It is trivially
a solution of I'. Furthermore, being a solution of HEAD— (&) and of TAIL(E)(n)
for almost all n € N, by Claim5.41.1]it is a solution of £ (1) for almost all 7, and
hence an almost-all-solution of P.

Conversely, consider an almost-all-solution x of P UT. By Claim it
is a solution of HEAD(P) UT and hence, as £ is degenerate, also a solution of
HEAD—(E). Therefore x is a solution of I"'. Furthermore, being a solution of
HEAD-(€) and of £(n) for all sufficiently large n € IN, by Claim it is
also a solution of TAIL(E)(n) for all sufficiently large n € IN, and hence an
almost-all-solution of P’. O

Complexity. We note that the main loop of the algorithm always terminates,
at latest when P = @, as in this case the system is vacuously solvable for
all £ € P. Solvability of in line[dis checked by one solvability test of an
ordinary system of inequalities. Solvability of in line[7]is also checkable
in polynomial time due to the following claim applied to Q = HEAD(P) U I

Claim 5.41.8. Given an ordinary system Q of linear inequalities and € € Q, one can
check, in PTIME, solvability of £~ U (Q\ £), where E is the strict strengthening of
.

Proof. We invoke ordinary linear programming twice (in PTIME, see e.g. [35]
Section 8.7]). Let & be of the form aq - x1 + ...+ a; - x; = b. If Q is non-solvable,
the algorithm reports non-solvability of £~ U (Q \ £). Otherwise, the algorithm
computes the supremum M € Q U {co} of the objective function

S(x1,.-., %) =ap-x1+ ... +ag-x,
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constraint by Q \ &, by invoking ordinary linear programming. By solvability of
Q we know that M > b. If M > b, the algorithm reports solvability, otherwise it

reports non-solvability. O

Number of iterations of transformation step is polynomial (as |P| decreases in
each iteration) and hence so is the number of inequalities in I'. In consequence,
the number of invocations of ordinary linear programming is polynomial in
each transformation step, and hence polynomial in total, and each its instance
of ordinary linear programming is also polynomial. Summing up, our decision
procedure for ALL-POLY-INEQ works in PTIME.

The proof of Theorem is thus completed. |

Example 5.42. Recall the system presented in Example[5.14] It contains
two polynomially-parametrised inequalities. They have the same head inequal-
ity x > 1, which is trivially solvable, and hence the algorithm reports solvability
after the first iteration. Both the tail inequalities, —y > 1 and 0 > 1, are ordinary
(non-parametrised).

The following instance Py admits three iterations of the main loop of the
algorithm:

The head inequalities of these two inequalities arex —y > Oand —x+y > 0,
respectively. Therefore the system HEAD (P) is equivalent to x = y and hence
solvable, while HEAD- (P) is not, and both inequalities in Py are degenerate.
Supposing the first one is chosen by the algorithm, after the first iteration we
get the following systems P; (left) and I'y (right):

n-z

VoWV

—n-x + (n+3)-y

In the second iteration, the system HEAD(P;) UT (left) is solvable but the
system HEAD- (P;) UT (right) is not:

z >0 z >0
-x+y =0 —x+y >0
x—y =20 x—y =20
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The algorithm picks up the second inequality in P;, the only degenerate one,
and sets P (left) and I'; (right):

Z x—y=20

n
3-y

VoV
o o

-x+y =20

In the last third iteration, the system HEAD- (P,) U T, (obtained by replacing
the inequality n -z > 0 by z > 0) is solvable, and hence solvability of Py is
reported. <
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6.1 Introduction

Let B and C be two arbitrary orbit-finite sets. Let A be an arbitrary matrix in
Lin(BxC), b be an arbitrary vector in Lin(B) and ¢ be an arbitrary vector in

Lin(C). Using A, b and ¢ we can define an optimisation problem

T

maximise c¢' X
subjectto A-x<b (6.1)
x € Lin(C)

which asks to maximise ¢

¢’ -xand A - x are well-defined and A - x <b. A problem such as this is an

- x for vectors x € Lin(C), for which the products

instance of an orbit-finite linear maximisation problem. The orbit-finite partial

linear functional x — ¢T

- x is called its objective function. A vector x € Lin(C)
is called a solution of this problem if the objective function is well-defined at x
and it satisfies the orbit-finite system of inequalities A - x < b. The value of a
solution x is the number (cT - x). The supremum of the maximisation problem is
the supremum of values of its solutions.

The support of the linear maximisation problem is
support (A) Usupport (b) Usupport (c) .

115
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The atom-dimension of the maximisation problem is the sum of S-atom-dimensions
of B and C. Note that Lemma[2.19]implies that the latter is an upper bound of
atom-dimensions of A, b and c.

Symmetrically, a problem such as the following is an instance of an orbit-finite

linear minimisation problem

minimise ¢ - x
subjectto A-x>Db (6.2)
x € Lin(C)

which asks to compute the infimum of values ¢! - x for vectors x € Lin(C), for
which the products ¢T - x and A - x are well-defined and A - x > b. The objective
function, solutions, value of a solution, infimum, support, and atom-dimension
of an orbit-finite minimisation problem are defined accordingly. Instances of
orbit-finite maximisation or minimisation problems are known as orbit-finite
linear programs. The optimum of such a problem is its supremum or infimum
depending on whether it is an instance of a maximisation or minimisation
problem. A solution x is called optimal if its value is equal to the optimum of the
linear program. Sometimes we restrict the solutions of the linear program to be
finite instead of orbit-finite.

T T

maximise ¢’ -X minimise ¢’ -X
subjectto A-x<b subjectto A-x>Db
x € FinLin(C) x € FinLin(C)

Orbit-finite linear programs of this form are said to be finitary.
Remark 6.1. An orbit-finite linear minimisation problem

T

minimise c¢' -x
subjectto A-x2>Db (6.3)
x € Lin(C)

is equivalent to the orbit-finite linear maximisation problem

maximise (—¢)T - x
subjectto (—A)-x < (—b) (6.4)
x € Lin(C)

in the sense that, x is a solution of (6.3) with value ¢" - x = r (say), if and only if
x is a solution of (6.4) with value —r = (—c)T - x. This in particular implies that
if the optimum of (6.3) is R, then the optimum of is —R. And if has an
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optimal solution, then (6.4) also has an optimal solution.

Remark 6.2. Sometimes we add an explicit non-negativity constraint to our
linear programs which leads to linear programs of the form:

maximise ¢! -x

subjectto A-x<b
x>0
x € Lin(C)

Linear programs of the above form are as general as the linear programs of the
form (b.1), since the linear program (6.1) is equivalent to the linear program

maximise el ‘ —cl | X
subject to A —A | -X<b
x>0

x' € Lin(CWC) .

Remark 6.3. An instance

maximise ¢!

subjectto A-x<b
x>0
x € FinLin(C)

- X

of an orbit-finite maximisation problem of the finitary variant can be considered
as the instance

T

maximise ¢' -X

N

subject to - X

x>0
x € Lin(C)
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of an orbit-finite maximisation problem, because the added constraint
(-17)-x<0

enforces the solution to be finite and is satisfied for any non-negative finite

vector.

Orbit-finite linear programming faces phenomena not present in the classical
setting. For instance, in classical linear programming whenever the optimum
is finite, there exists an optimal solution (i.e. a solution with value equal to the
optimum). This does not always happen in orbit-finite linear programming, as

the following example illustrates.

Example 6.4. Suppose that we aim at minimising the objective function

2- ) x(a). (6.5)
acA
with respect to the constraints (5.2). The function is equivariant, and its value is
always greater than 2. Indeed, for every solution x : A — IR there is necessarily
some B € A such that x(8) > 0, and hence

2. ) x(w) > |2 ) x(a)| =2 (6.6)

a€A aeA\{B}

What is the minimal value of the objective function? For solutions x;, defined in
Example the value 2 - ¥ c p Xu (&) = -2% may be arbitrarily close to 2 but,
according to (6.6), never achieves 2. <

We are interested in the following computational problems.

LIN-PROG
Input:  An orbit-finite linear program.
Output: Optimum of the linear program.

FINLIN-PROG
Input: An finitary orbit-finite linear program.
Output: Optimum of the linear program.

The main results in this chapter are the following.

Theorem 6.5. LIN-PROG is reducible to FLIN-PROG in EXPTIME and in PTIME for
fixed atom-dimension.



6.1. Introduction 119

Theorem 6.6. LIN-PROG and FINLIN-PROG are computable in EXPTIME and in
PTIME for fixed atom-dimension.

Proof of Theorem[6.5] We do the proof only for maximising variants. Consider
an orbit-finite linear program

T

maximise ¢’ -x
subjectto A-x<b (6.7)
x € Lin(C)
Let M be the augmented matrix
A
M &
c

— A’
M =
C/
Lemma[4.9]says that
SPANR (M) = FIN-SPANR (M). (6.8)

Using A’ and ¢’ we define the orbit-finite linear program

maximise ¢T - x/

subjectto A’ x'<b (6.9)
x" € FinLin(C’)

By the equality (6.8), for every r € R we have the following: there exists an
orbit-finite vector x such that A - x < b and ¢ - x = 7 if and only if there exists a
finite vector x’ such that A’ - x’ < b and ¢’ - x’ = r. In consequence, the systems

and have the same supremum. Theorem|[6.5]is thus proved. [ ]

Remark 6.7. The reduction in the proof of Theorem [6.5/does not increase the
atom-dimension of the system. Using Remark we can conclude that the
reduction blows up the size of the system at most by a multiplicative factor

exponential in the atom-dimension.
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Remark 6.8. Since the existence of integer solutions of orbit-finite systems
of inequalities is undecidable we do not consider orbit-finite integer linear
programming. However, existence of finite non-negative integer solutions of
orbit-finite systems of equations is still decidable, hence solvability of linear

programs of the form

maximise ¢! -x

subjectto A-x=Db
x € Linn(C)

is a valid question, which we leave as open. Here, Linn (C) denotes the set of

orbit-finite functions from C to IN.

Organisation of the chapter

The remainder of this chapter is organised as follows, In §[6.2) we define polyno-
mially parametrised linear programs and show they are solvable in PTIME. Then
in §[6.3) we show FINLIN-PROG is reducible to solvability of polynomially
parametrised systems of linear programming, proving linear programming is
also computable (Theorem [6.6).

6.2 Polynomially-parametrised linear programs
A polynomially parametrised maximisation problem

maximise  S(xq,...,x)

subjectto  P(n,x1,...,%,)

asks to maximise an ordinary (non-parametrised) objective function S given by

a linear map
S(xl,...,xk) =ay-x1+ ...+ ag - Xg.

with respect to a polynomially parametrised system of constraints P(1, x1, ..., X;)
with n being the only non-linear variable. Asin § by an almost-all-solution
of a system P we mean in this section a solution of P(#n) for almost all n € IN.
The supremum of such an instance, denoted as sup(P, S) is defined to be the

supremum of the objective function over almost-all-solutions,

sup(P, S) def sup {S(x) : xis an almost-all-solution of P},
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Referring to the standard terminology, we can say that the system is infeasible if
the supremum is —oo, and it is unbounded if it is co.

Symmetrically we define polynomially parametrised minimisation problems and
their infimums (denoted as inf(P, S)). Instances of polynomially parametrised
maximisation or minimisation problems are called polynomially parametrised
linear programs. The optimum of such a problem is its supremum or infimum
depending on whether it is a maximising or minimising instance. Interestingly,
the optimum cannot be irrational (see Corollary[6.10]below). In this section we
study the following problem:

ALL-POLY-OPT
Input: A polynomially parametrised optimisation problem.
Output:  Its optimum.

The problem generalises ordinary (non-parametrised) linear programming, and
can be solved similarly to POLY-INEQ (of which it is a strengthening):

Theorem 6.9. ALL-POLY-OPT is in PTIME.

Proof. Let (P, S) be an instance. The algorithm is essentially the same as Algo-
rithm 1| for POLY-INEQ in the proof of Theorem[5.17} and proceeds by iterating
the transformation step until either unsolvability or solvability is reported. Re-
call that solution set is preserved by the transformation step (Claim [5.41.7). If
unsolvability is reported, the algorithm returns —oo. If solvability is reported —
let PUT be the system examined in the last iteration — the decision procedure
computes and returns sup(HEAD (P) UT, S), the supremum of S constrained by
the ordinary system of inequalities HEAD (P) U T, by invoking any PTIME proce-
dure for ordinary linear programming. Correctness follows by the two claims
formulated below. First, since solution set is preserved by the transformation
step, we have:

Claim 6.9.1. sup(P,S) =sup(PUT,S).

Second, the supremum does not change if the polynomially parametrised con-
straints P are replaced by the over-approximation HEAD (P):

Claim 6.9.2. sup(PUT,S) = sup(HEAD(P) UT,S).

For the claim it is enough to prove the inequality

sup(HEADs (P)UT,S) > sup(HEAD(P) UT,S)

as, according to Claims [5.41.4|and [5.41.5} we have sup(HEAD- (P)UT,S) <
sup(PUT,S) < sup(HEAD(P)UT,S). Take any solution y of HEAD(P) UT, and




122 Cha pter 6. Linear Programming

any solution x of HEAD- (P) UT. We rely here on solvability of the latter system,
which is implied by the condition for reporting solvability in Algorithm [Ijand
Claim[5.41.6| For every k € IN, the vector x; = % is a solution of HEAD~ (P) U
', and S(xx) tends to S(y) when k tends to co. Hence sup(HEAD- (P) UT,S) >
sup(HEAD(P) UT,S), as required. n

By Claims and in the proof of Theorem [6.9 the optimum of a polyno-

mially parametrised instance, if not —oo nor oo, is equal to the optimum of an

ordinary linear program and hence is rational:

Corollary 6.10. The optimum of a polynomially parametrised instance belongs to
QU {—o0, 400}

Remark 6.11. The next example illustrates that like orbit-finite linear programs,
polynomially parametrised linear programs also may not admit optimal solu-
tions even when its optimum is finite. However, once the optimum s € Q is
computed, one can easily check if S achieves its supremum, by adding to the
system an equation S(x1,...,xx) = s and checking if the system is still solvable.

Example 6.12. Consider the polynomially parametrised linear program

minimise 2x

. n—1 n
subject to [ 1 x> l ]
n n

The value of any solution is always greater than 2. Indeed, for every solution

y € Rthereexitsn € N suchthat2-y > % > 2. The infimum of this program
2n

is 2. Since y, = ;7 is an almost-all-solution for any n > 2 with S(y,) = ;=45,
<

which may be arbitrarily close to 2.

6.3 Orbit-finite to polynomially parametrised

In this section we prove Theorem [6.6|by a reduction of FINLIN-PROG to ALL-
POLY-OPT. We only sketch the reduction as it amounts to a slight adaptation of
the reduction of §[5.5.3} Following a similar calculation of complexity as §[5.5.4
one can show that this reduction is computable EXPTIME and in PTIME for fixed
atom-dimension. The computability and complexity of LIN-PROG follows from
Theorem[6.5]and Remark

Remark [6.1|says it is enough to start with a maximisation variant. Consider
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an orbit-finite maximisation problem

maximise ¢! -x
subjectto A-x<b (6.10)

x € FinLin(C)
Lemmas and can easily be extended to linear programming as well.

Lemma 6.13. WLOG we may assume that A, b and c to be equivariant and B and C
to be straight.

Proof. In the proof of Lemma take ¢ = coginstep 1. ]

We compute an instance

maximise  S'(x,...,xx)
subjectto  Pp(n,x1,...,xk)

of a polynomially parametrised linear program, where the finite system P»(n) =
(Az(n),ta(n)) of polynomially-parametrised inequalities is exactly as in §5.5.3}
and the objective function is

S’(xl,...,xk):ul-x1—|—...—|—aM-xM, (6.11)

where a; = ¢(C;) for j = 1... M. More concisely, the vector a = (ay,...,ay)
is defined as a = ¢ (recall Notation[5.33). We apply Lemmas and to

obtain:
Lemma 6.14. Supremum of (6.10) is equal to sup(P,, S").

Proof. Let x € Lin(C). By equivariance of ¢ and the definition of S’ we have the
equality ¢! - x = S'(7y(x)), that is, the value of the objective function ¢ - x de-
pends only on the image of x under the orbit-sum function 7 (x) : Orbits(C) —
R. As Lemmas and preserve orbit-sum, we deduce that for every
T Crn A of size |T| = n > 2d, the values ¢ - X for finite T-supported solu-
tions x’ of A - x < b are the same as the values of S’ on solutions of P;(n). By
Lemma [5.39) the solutions of P,(n) for some n > 2d are exactly the same as the
almost-all-solutions of P;. In consequence, the two suprema are equal. n

We illustrate the reduction with the following two examples.

Example 6.15. The system in Example is transformed to the system in

Example <
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Example 6.16. Consider the modification of the system in Example

Yazx1 (6.12)
aeEA

Y ap—a—2-) Bau >0 (x € A). (6.13)
BEA BEA

It enforces, for each vertex « € A, the sum of values assigned to all outgoing
edges to be larger than double the sum of values assigned to all ingoing edges,
plus the value assigned to the vertex . The indexing sets B = A U {*} and
C = AU A® and the shape of the matrix are the same. We identify the

singletons {*} = A

. We consider maximisation of triple the sum of values
assigned to edges: s' - x, wheres = 31 A According to Lemma the
set C includes exactly 2 finite { T }-orbits, namely T C A and T c A2 and
therefore the system computed by the reduction has 2 unknowns, x; and x;. By
Lemma for any nonempty T Cry A, the set B includes three { T }-orbits,
namely T, A \ T and {*}, and therefore the system P; computed in the first step

has 3 inequalities:

—x1 —(n—=1)-x =20 (T)
0>0 (A\T) (6.14)
n-xp 2z 1 ({+})

For instance, the coefficient —(n — 1) in the first inequality arises as:

A(Uout) - [Uout (, T<2))| + A(Uin) - |Uin(a, T<2))|
=1-n—-1)-2-(n—-1) = —=(n—1)

(cf. Claim[5.35.2), for some arbitrary &« € T and the following two orbits included
in A x A®:

Uout = {(“/“,B) : ﬁ i IX}, Ui, = {(“/:B‘X) : ﬁ 7 “}'

Likewise, the coefficient 7 in the last inequality arises as A(U) - [O(x, T)| =
1-n = n, for the orbit U = {*} x A. According to (5.35), the system P, is
obtained from by multiplying all occurrences of x1 by (1 — 1)) = n —1,
and by multiplying all right-hand sides by n® = n(n — 1) (the trivial second

1Recall in Chapterwe defined n™® =n-(n—1)-...-(n—w+1) forw < n € N.
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inequality is omitted):

—n=-1)xy —(n—=1)-x0 20

6.15
n(n—1) ©19

VoV

nn—1)-x

Finally, the objective function produced by the reduction, as in (6.11)), is S’ (x1, x) =
s(A®)).x, = 3-x. Itachieves —3 as its supremum, as the system (6.15) is

equivalent to the ordinary system (its head):
X1 > 1 X2 < —X1.

For every n > 2, the optimal solution x; = 1, x, = —1 corresponds, via the
constructions of § to a clique of n vertices where each vertex is assigned %,

and each edge is assigned fﬁ. <
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maximise ¢

subjectto A-x<b
x>0
x € Lin(C)

- X

(7.1)

called the primal, its dual is defined to be the orbit-finite linear program

minimise b' -y
subjectto ATy >c
y=0
y € Lin(B)

(7.2)

Every such pair ((7.I),(7.2)) of linear programs is known as a primal-dual pair.
Duals of finite linear programs are clearly finite themselves. The weak duality
theorem states that the optimum of every finite linear program is dominated
by the optimum of its dual. The strong duality theorem states that for every
primal-dual pair of finite linear programs, if the optimum of one of the linear
programs is finite, then the optimum of the other linear program is also finite
and the two optima are equal. In this chapter we investigate whether these
duality theorems can be extended to orbit-finite linear programs. We show that,
weak duality holds for orbit-finite linear programs and strong duality does not.
However, both weak and strong duality hold between two natural subclasses of
orbit-finite linear programs, called column-finite and row-finite linear programs,

respectively.

Organisation of the chapter

In §[7.2 we prove weak duality holds for orbit-finite linear programs. In §[7.3]
we show strong duality does not hold for orbit-finite linear programs by con-
structing a counterexample. In § 7.4 we briefly discuss duality for infinite linear
programs, which are not necessarily orbit-finite. In §[7.5we restrict our attention
to orbit-finite linear programs which are column-finite or row-finite. We show
that strong duality holds between them (Theorem[7.17), and that these linear
program are more robust than the general class of orbit-finite linear programs
(Theorems and[7.23). In §[7.6|lwe give the proofs of these theorems using
several facts which are demonstrated in §§[7.7] to Finally, in §[7.12 we
answer the question raised in §[1.2.2} whether orbit-finite linear programs ap-
proximate large linear programs. In particular we show that orbit-finite linear
programs in general do not, however both column-finite and row-finite linear
programs do.
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7.2 Weak duality

Theorem 7.1 (Weak Orbit-finite Duality). The optimum of any orbit-finite linear
program is dominated by the optimum of its dual.

7.2.1 Proof of Theorem|(7.1

Let B and C be two arbitrary orbit-finite sets. Consider a primal-dual pair of

orbit-finite linear programs (U, UT)

maximise ¢! -x
subjectto A-x<b
x>0

x € Lin(C)

minimise b' -y
subject to AT. y>c
y=0
y € Lin(B)

Z/[T

where A € Lin(B x C), b € Lin(B) and ¢ € Lin(C). Let S be the support of the
above systems. We need to show that the optimum of I/ is dominated by the
optimum of U . We fix some notations and prove a few lemmas for future use.

Notation 7.2. Consider K Cpy A and orbit-finite set P supported by K. For
u € Lin(P) also supported by K, by ux we denote the restriction of u to P,
where

Px ={p € P : support(p) C K} .

Let Q be another K-supported orbit-finite set, and B € Lin(Px Q) a K-supported
matrix. By Bx we denote the restriction of B to Px x Qg where

Qx ={g9 € Q : support(q) CK} .

Lemma 7.3. For K Cgn A, K-supported orbit-finite sets P, Q and R, and K-supported
matrices B € Lin(PxQ) and C € Lin(QxR) we have

Bk - Cx = (B- C)k

Proof. Pick (p,r) € PxxRg. |[Lemma [2.51Hi| implies the row B(p, —) and the
column C(—, ) are both supported by K. We have

(B-C)k(p,r) =B(p,—) - C(—,7)
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= ) B(p,9)-Cq7) (Lemma 2.50)

q€Qk
= Bk(p,—) - Cx(—,7)
= (Bk - Cx)(p,7)

Since (p,r) € Pxx Rk was chosen arbitrarily, this finishes the proof. u

Consider T Cgy A\ S. Let

Bsur def {b € B : support(b) CSUT}

Csur def {c€ C : support(C) CSUT} .

From the orbit-finite linear program U/, we get a finite linear program Us r by
restricting to constraints and variables whose indices are supported by S U T

.. T
maximise ¢g ;- u
subjectto  Agur-u < bgur
u-o0
uc Lin(CSUT)

Usur

Lemma 7.4. Let x be a solution of U supported by SU T, for some T Cgy A\ S.
Then xsyr is a solution of UsT with clx= CguT - XSUT-

Proof. Clearly xsyr > 0. Using Lemma 7.3 we get

T T
cC - X= CSUT . XSUT
and

Asur - xsur = (A-x)sur < bsur -

For every T Cpy A \'S, applying the transformation U — Usyt to the orbit-

finite linear program U T we get the finite linear program I/{;FUT:

minimise bg -V

subject to AsTuT “V 2 CuT
v>0
\AS Lin(BsuT)

T
USUT
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Remark 7.5. The linear program MSTUT is the dual of the linear program Us .
In other words, the linear programs (Us r) ' and (UT)syr are exactly the same.
Hence we can write Z/{;ruT without any confusion.

The following lemma can be proven similarly to Lemma

Lemma 7.6. Let y be a solution of U supported by S U T for some T Cpy A\ S.
Then ygyT is a solution ofL{;ruT withbT - y = bguT “YsuT-

We now finish the proof of Theorem[/.1jusing the above lemmas.

To prove that the optimum of ¢/ is dominated by the optimum of U7, it is
sufficient to show that for any pair of vectors (x,y) € Lin(C) x Lin(B) such
that x and y are solutions of & and U7, respectively, we have ¢ - x < b' -y.
Fix such a pair of vectors (x,y) € Lin(C) x Lin(B). Let

T = (support (x) Usupport (y)) \ S .

Then using Lemmas and we get that xgur and ygsyT are solutions of Us
and USTUT' respectively, and that cl x= CguT -xgurand bT - y = b—SrUT “YSuT-
But (Usyr, Z/{STUT) is a pair of finite linear programs. Hence using weak duality
for finite linear programs ([43] page 435]) we get

T T T T
¢ x=cg 7 Xsur S bgyr-ysur=b -y

which finishes the proof. |

7.3 Counterexample to strong duality

In this section we show strong duality does not hold for orbit-finite linear
programs by giving a counterexample. We construct a primal-dual pair of orbit-
finite linear programs such that the optimum of the primal system is finite but
the optimum of the dual system is not. Let B = C = A & {x}. Consider the
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linear program

A *
maximise [ 1 1 --. ‘ 0 }.x
1
subject to A 1 (7.3)
1 00 | -1
x>0
x € Lin(C)

Written explicitly, this is the linear program

maximise ¢! -x

subjectto A-x<b
x>0
x € Lin(C)

where A € Lin(BxC), b € Lin(B) and ¢ € Lin(C) are defined as

A(a,0) =1, fora € A

A(a,B) =0,fora #B € A b =1y, € Lin(B)
A(x,a) =0,fora € A

A(a,x)=1,fora € A c¢=1p € Lin(C)
A(x, %) = —1
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It is clear from the definitions that A, b and c are all equivariant. The dual linear
program of is the linear program

A *
minimise 0 0
1
subject to A 1 (7.4)
1
y=0
y € Lin(B)

The following lemma imply that the pair ((7.3),(7.4)) does not satisfy strong
duality:

Lemma 7.7. The optimum of the linear program is 0.
Lemma 7.8. The optimum of the linear program (7.4) is +co, i.e. it is infeasible.

Proof of Lemma The vector 0 € Lin(C) satisfies the system of constraints in

(7.3) since
A-0=0<Db.

Moreover, ¢! -0 = 0. Hence, the optimum of (7.3) is at least 0. We claim that
0 is the only solution of the system of constraints in (7.3). Consider arbitrary
x € Lin(C) which satisfies

A-x<b and x>0.

Then, forany o € A
x(a) +x(*) €0.

Since x > 0, this can only be true if x(#) = 0 for all # € A and x(*) = 0,
equivalently, when x = 0. |

Proof of Lemmal7.8} We argue that the system of constraints AT .y > cisnot
satisfiable. Towards arriving at a contradiction, consider an arbitrary vector
y € Lin(B) such that AT - y is well-defined and AT - y > ¢. From the definition
of A we get (AT -y)(a) = y(a) fora € A, and

(AT-y)(x) = <Z y(ﬂé)) —y(*).

aEA
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The condition AT -y > ¢ implies y(a) > 1 for every a € A. But then, the sum
Yrca ¥(@) is not well-defined. This implies that AT - y is not well defined, and
we arrive at a contradiction. |

Remark 7.9. The above counterexample also works even if we relax the con-
straints by dropping the conditions x € Lin(C) and y € Lin(B) in the primal
and the dual system (stated differently, we allow their solutions to be orbit-

infinite), respectively.

Remark 7.10. For a primal-dual pair of linear program, their duality gap is the
difference between the optimums of the primal and the dual. The duality gap
between the primal-dual pairs of linear programs defined in this section is
infinite. We do not know whether there exists a primal-dual pair of orbit-finite

linear programs where the duality gap is finite and non-zero.

Remark 7.11. Weak-duality does not hold for infinite linear programs in general.
For a counterexample, see [38] Section 3].

7.4 Duality for orbit-infinite linear programs

In this section, exceptionally, we do not assume the linear programs and their
solutions to be orbit-finite.

Definition 7.12. A matrix is called column-finite if its column vectors are finite
(i.e. non-zero only on finitely many co-ordinates). Symmetrically it is called
row-finite if its row vectors are finite.

Definition 7.13. A (not necessarily orbit-finite) linear program

maximise/minimise ¢!

subjectto A-x<b
x> 0.

- X

is called column-finite if the matrix A is column-finite and b is a finite vector.
Symmetrically, it is called row-finite if the matrix A is row-finite and c is a finite

vector.

One can try to remedy the fact that weak duality does not hold for infinite
linear programs (Remark [7.11) by adding extra assumptions. As we saw in §[5.4
orbit-finiteness is such an assumption. Another possibility is to assume that the
primal linear program is column-finite and restrict the solutions to be finite (i.e.

non-zero only on finitely many variables) as well. EI This means that the primal

INote that column-finiteness of the system does not enforce finiteness of the solutions.
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is of the form

maximise ¢! - x

subjectto A-x<b
x=0

x is finite.

(7.5)

where A is column-finite, b is a finite vector (as mentioned before, we do not

assume A, b and c to be orbit-finite). Then the dual becomes row-finite

minimise b' -y
subject to AT. y=>c¢ 76)
y:B—=R

Multiplication with column-finite matrices is always well-defined, and the
product of two column-finite matrices is also column-finite.

Lemma 7.14. For matrices X : (BxC) — Rand Y : (CxD) — R, if Y is column-
finite then the product X - Y is well-defined, and if X is also column-finite then X - Y is
also column-finite.

Proof. First we prove X - Y is well-defined when Y is column-finite. Pick arbi-
trary (b,d) € (BxD). Then (X-Y)(b,d) = X(b,—) - Y(—,d). Since Y is column-
finite, Y(—,d) is a finite vector. Hence X(b, —) - Y(—, d) is well-defined.

Now we show X - Y is column-finite assuming both X and Y are column-
finite. Pick arbitrary d € D. We show (X - Y)(—,d) is finite. Let C' C C be the
(necessarily finite) subset of elements of ¢ € C such that Y(c,d) # 0.

C'={ceC: Y(cd) #0}

For every ¢ € C' let B, be the subset of elements of b € B such that X(b,c) # 0.
Since X is column-finite, B, is finite for every ¢ € C'. Let B’ = U.cc/B,. Since
C’ is finite and B, is finite for every ¢ € B/, the set B’ is also finite. We claim
(X-Y)(b,d) # 0only if b € B'. Pick arbitrary b € (B\ B’). Since Y(¢,d) # 0
only if c € C/, we have

(X-Y)(b,d) =Y X(b,c)-Y(c,d) =) X(bc) Y(c,d).

ceC ceC’!

And for ¢ € C" we have X(b,c) # O only if b € B'. Hence,

Y X(b,c)-Y(c,d)=0.

ceC’
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Combining the above equations we get
(X-Y)(b,d)=0.

Thus (X-Y)(b,d) # 0 only if b € B, which implies finiteness of (X - Y)(—,d).
]

Remark 7.15. We emphasize that Lemma does not assume the matrices to
be orbit-finite. For a detailed discussion on column-finite matrices outside the
orbit-finite setting see [14]. We acknowledge Lorenzo Clemente for pointing
out that Lemma 7.14 holds without the orbit-finiteness assumption, and also for
making us aware of the reference.

As a consequence of the above lemma, the proof of weak-duality for finite linear
programs also extends to this setting: for every solutions x of and y of (7.6),
we have

" x<(y'-A)x=y"-(A-x)<y' b,

since the terms and subterms appearing in this sequence of equations and
inequalities are all well-defined. This implies that the optimum of the primal
system cannot be bigger that the optimum of the dual system (7.6).

However, like orbit-finiteness, restricting the primal system to be column-
finite and its solutions to be finite does not guarantee strong duality, as described
by the following example.

Example 7.16. Let < be a dense linear order on A. Let x be an element not in
A.LetB={*}wWAand C = (‘;) Consider the linear program

maximise 2 x({a, B})

{wpreC
subject to Y x({a,B}) <1 (%)
{aprec 77)
Y x({a BY) = 3 x({a, B}) <O (weA) '
B>u B<a
x=20
x € FinLin(C).
Considering this to be the primal system, the dual system becomes
minimise  y(*)
subjectto  y(x) +y(a) —y(B) >1 ({a< B} eQ) 78)
y=0

y:B—+R.
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The dual is row-finite, therefore, the primal is column-finite. The following two
claims says that the pair ((7.7),(7.8)) violates strong duality.

Claim 7.16.1. The optimum of the the primal system is 0.
Claim 7.16.2. The optimum of the dual system is 1.
We now prove the claims.

Proof of Claim The vector 0 is a solution to the primal system, hence the
optimum is at least 0. The optimum is equal to 0 since it is the only solution to
the primal system. To see this, pick any non-negative finite vector v: C — R.
Let S be the union of all sets {«, 8} such that v({«a, B}) is non-zero. Since v is
finite and not equal to 0 the set S is finite and non-empty. Let ay be the smallest

elementin S. Then

Y v({w ) = ) v{a ) = ) v({«p}) >0

B>ug B<ug B>ag
which means v cannot be a solution of the primal system. U

Proof of Claim[7.16.2] The vector 1, : B — R is a solution to the dual system.
Hence the optimum is at most 1. It is equal to 1 since for any solutionz : B — R
of the dual system, we have z(x) > 1. To see this, pick any solutionz : B — R
of the dual system. Pick @ < 8 € A. Since we assumed A is dense linear order
for any n there exists n atoms & < a7 < - -+ < &y < B between a and B. Putting
ayg = o and a1 = B we get

n
z(a) —z(B) = }_ z(a;) — z(wip1) =1 (1-z(x)).
i=0
This cannot be true for all n € IN unless z(x) > 1. O

<

Interestingly, assuming both orbit-finiteness and column-finiteness gives us

strong duality (Theorem[7.17). §§[7.5|to are devoted to proving this theo-

rem.
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7.5 Column-finite and row-finite linear programs

In this and the following sections, we study orbit-finite linear programs that are
either column-finite or row-finite. That is, they are of the form

maximise ¢! -x minimise b' - y
subjectto A-x<b subjectto AT.y>c
x>0 y=0
x € Lin(C) y € Lin(B)

where B and C are orbit-finite sets, the matrix A € Lin(BxC) is column-finite,
and the vector b € FinLin(B). Note that we wrote the column-finite linear
program in primal form and the row-finite linear program in the dual form. We
follow this convention for the rest of the chapter.

These linear programs are better behaved than orbit-finite linear programs.
Firstly, they satisfy strong duality.

Theorem 7.17 (Strong Duality). For any primal-dual pair of orbit-finite linear pro-
grams, if the primal or the dual is column-finite and the optimum of any of linear
programs is finite, then it is equal to the optimum of the other.

Secondly, column-finite and row-finite linear programs are more robust com-
pared to orbit-finite linear programs in general, and they admit optimal solu-
tions with small support when their optimum is finite (Theorems and
below). We need a few definitions to state these theorems.

Definition 7.18. Let P be an orbit-finite set. For a vector x : P — R, by ||x||; we
denote its (1 -norm, i.e.

def
Ixll1 =} Ix(p)l
peP

where |x(p)| denotes the absolute value of x(p). We write ||x||; < oo to denote
that the sum is finite, i.e., converges to a real number. Otherwise we write
X[} = eo.

Vectors x : P — R such that ||x||; < oo forms a vector space (we leave it to
the reader to verify the details), which we denote by ¢ (P).

Remark 7.19. For every v € Lin(P), the set {v(p) : p € P} of its coefficients is
finite, and hence ||v||; < oo if and only if v € FinLin(P).

Example 7.20. For any enumeration ay,a5,... of the atoms, the vector y :
A®?) = R defined as

2%, ifa = ay, and B = a1 for some n € IN, and

y(aB) =

0 otherwise
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is a vector in £!(A(2)) which is not in FinLin (A(2>). <

Lemma 7.21. For every orbit-finite set P and vectors x € ((P), y € Lin(P) the

vector
px(p)-y(p) : P— R

is also in /1 (P).

Proof. Let R = max({|y(p)| : p € P}).Sincey € Lin(P), R is finite. Then

Y Ix(p) - y(p) < R- Y x(p)] < oo.

peP peP
u

Theorem 7.22. Consider an S-supported column-finite linear program of atom dimen-
sion d. Forany T Cgn (A \ S) of size at least d:

1. The optimum of the linear program does not change if we restrict the solutions to
be finite and supported by S U T, or allow them to be orbit-infinite but of finite
-norm.

2. If the optimum is finite then it has an optimal solution which is finite and
supported by SUT.

Theorem 7.23. For any S-supported row-finite linear program:

1. Its optimum does not change if we restrict the solutions to be supported by S, or
allow them to be orbit-infinite.

2. Ifits optimum is finite then it has an optimal solution supported by S.

Compare the above theorems with Example which shows that even solv-
ability of orbit-finite linear programs can change if we allow orbit-infinite solu-
tions, and with Example[6.4 which shows orbit-finite linear programs may not
have optimal solutions when their optimum is finite.

Example 7.24. We give an example of a column-finite system with a non-trivial
orbit-infinite solution with bounded ¢!-norm.
Pick « € A, Consider the system

maximise 1£ - X
subjectto A-x<1,
x>0
x € Lin (A<2))

(7.9)
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where columns of the matrices are defined (using Notation [2.31) as
L @
A(—,aﬁ):a—i-ﬁ (ap e A\Y).

The vector y defined in Example[7.20]is a solution of the above system assuming
the enumeration ay, ay, ... defining y starts from «; = a. For any two atoms
B,y # , the vector z = af + ay + 1 - (By +7p) is a finite solution of with
the same value as y

1};-y:1£~z:2.

<

Remark 7.25. Column-finite linear programs are slightly less robust than row-
finite linear programs. The optimum of a row-finite linear program does not
change if we allow its solutions to be orbit-infinite. The optimum of a column-
finite linear program does not change if we allow its solutions to be orbit-
infinite of bounded ¢!-norm. However, even solvability of a column-finite linear
program may change if we allow orbit-infinite solutions without the bounded
¢'-norm restriction.

Recall the system defined in Example We leave it to the reader to check
that this system is column-finite. We have shown that this system has no finite
solutions. Theorem [7.22]implies it has neither any orbit-finite solution nor any
orbit-infinite solution of bounded ¢!-norm. However, as shown already;, it has
an orbit-infinite solution. Note that the /!-norm of the solution of this system
given in Example[5.8|is co.

7.6 Proof of strong duality

In this section we prove Theorems [7.17] [7.22|and [7.23] We start by defining
five functions and state one main lemma for each of them. The proofs of above

theorems follow almost immediately from these lemmas. The proofs of the
lemmas appear in later sections.

For the remainder of the chapter, arbitrarily fix S Cgy A, orbit-finite sets B
and C supported by S and a column-finite maximisation problem I/:

maximise ¢! -x

subjectto A-x<b
x>0
x € Lin(C)

(7.10)

where A € Lin(BxC), b € FinLin(B) and ¢ € Lin(C), and all of them are
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supported by S. Fix d € IN to be the atom-dimension of ¢/. Fix an arbitrary
T C (A\S) of size at least d.

Definition 7.26. For an S-supported orbit-finite set P and finite K O S, define
the orbit restriction function (i : Lin(P) — FinLin(P) as

(Zxk(x))(p) = x(p), ifsupport(p) C K,

0, otherwise.

We write {(x) to denote (s support(x) (X)-

For finite K D S, the co-domain of {k is indeed FinLin (P) since|Lemma [2.27}ii}
implies that for every vector x € Lin(P), the vector {x(x) is finite.

Lemma 7.27. For every orbit-finite solution x of U, {(x) is a finite solution of U and
- (x)=c" x

The above lemma is proven in §[7.7]

Definition 7.28. For an orbit-finite set P supported by S, define the orbit summa-
tion function
vs 1 by (P) N ]ROrbitss(P)

as

vs(v) : (K € Orbitsg(P)) — Y _ v(b)
beK

Remark 7.29. Theorem 3.55 in [39] implies that 5 (x) is well-defined for vectors
x in ¢}(P): for any enumeration py, ps, ... of elements of P, the sequence of
partial sums

=

x(pi)

1

Il
_

converges to a real number, which is independent of the enumeration.

Remark 7.30. The function 7 (Definition [5.23) which was useful in solving
systems of inequalities is a special case of ys with S = @. A similar definition
(Definition [4.29) was also used in solving linear equations.

The orbit summation function 7y s is used to convert column-finite and row-finite
linear programs into finite linear programs. To do this, we extend it to matrices.

Definition 7.31. For orbit-finite sets P and Q and column-finite matrix B in
Lin(PxQ), all of them supported by S, define I's(B) to be the
Orbitsg (P) x Orbitsg (Q)-matrix with columns

(Ts(B))(—,K) def vs(B(—,q)), for some (every) g € K,
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for K € Orbitss(Q).

In §[7.8 we prove I's is well defined for S-supported matrices (Lemma|7.50), and
it commutes with matrix multiplication (Lemma|7.52). Using I's we get from &/
the linear program I's(/):

maximise Tg(c')-x
subjectto Ts(A)-x <Ts(b) (7.11)
x>0.

Note that I's(b) is well-defined since b is supported by S. Since b is a column-
vector (i.e. a matrix with only one column)

[s(b) = 7s(b) .

Lemma 7.32. For any solution x € (*(C) of U, vs(x) is a solution of T's(U) and

Ts(cT) - rs(x) =" -x.

Example 7.33. Let S = @. Let x be an equivariant element, i.e. 7w(*) = %
for every m € Aut(A). Let B = {x} ¥ A and C = A2 The set B has two
equivariant orbits, namely {x} and A, and C also has two equivariant orbits,
namely A®) = {ap € C : a #p}and I = {an : « € A}. Using Notationm
for every (a, B) € C define v,5 € FinLin(B) as

V/x,B =

def{a+ﬁ+* ifa # B

* — otherwise.

For every (&, B) € C we have 75(vag) € ROitss (B) — IR2 and

ro(veg) = {(2,1) ifa # B

(=1,1) otherwise.

(assuming that the first and the second coordinate, respectively, correspond
to the orbits A and {x}). Define A to be the (BxC) matrix with columns
A(—,aB) = vup for c € C. Then A is a column-finite matrix. We have

A2 ]

Is(A) = [i _1] {é}
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Define b € FinLin(B) and ¢ € Lin(C) as
b=x% and CZZ-IA(2)+1I.

Using A, b and ¢ we form I/ to be the column-finite linear program

maximise ¢! - x

subjectto A-x<b
x=0
x € Lin(C)

(7.12)

The vector b is an equivariant finite vector. Hence I's(b) = ys(b) = (0,1).
Since ¢ is not a finite vector y5(c) is not well-defined. However, following usual
convention we consider ¢! to be a row vector (i.e. matrix with only one row),

T

and hence it is automatically column-finite. Moreover ¢' is equivariant. Hence

Ts(c") is well-defined and is equal to

Using I's we get the finite linear program

maximise 2-x1+ xp
I's(U): subjectto 2-x1—x <0
x1+x <1

<

Recall the definition of d and T fixed in the beginning of this section. Also recall
Notation 2.31]

Definition 7.34. For an S-supported orbit-finite set P of atom dimension at most
d, define the semi-orbit distribution function

63 - RO™Is(P) 5 BinLin (P)

as

55 (x) def 3 ( x(K) 5 p)

KeOrbitsg (P) |[Ksur peKsur

where for K € Orbitsg(P)

Ksur = {p € P : support(p) CSUT}
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Lemma 7.35. For any solution x of Ts(U), 63 (x) is an (S U T)-supported finite
solution of U and cT - 63 (x) = Ts(cT) - x.

Definition 7.36. Two orbit-finite linear programs are called equivalent if:
1. they have the same optimum, and
2. in case one of them has an optimal solution then so does the other.
An immediate corollary of Lemmas and is:
Corollary 7.37. The linear programs U and T's(U) are equivalent.
Now we are ready to prove Theorem using Lemmas and The
proof of these lemmas will appear in respectively §[7.8|and §[7.9]
Proof of Theorem M

The optimum of &/ can only decrease if we restrict to finite solutions supported
by SU T. Lemmas|[7.27} [7.32 and [7.35| together imply that for any orbit-finite
solution x of U, (63 o s)({(x)) is a finite (S U T)-supported solution of &/ with

T (65 0 76)(E(x) = T -x

Hence the optimum of U does not change if we restrict to finite (S U T)-
supported solutions.

Lemmas and together imply that for any solution x of U in ¢!(C),
(63 0 v5)(x) is a finite (S U T)-supported solution of ¢/ with

¢’ (67 oys)(x) =’ -x

Hence the optimum of U/ does not change if we allow orbit-infinite solutions in
H(C).

Now assume the optimum of ¢/ is finite (say 7 € R). Corollary [7.37]implies
the optimum of I's (/) is also r. Finite linear programs admit optimal solutions
when their optimums are finite ([35] Theorem 2.6]). Let z be an optimal solution
of ['s(U). Then 6%(z) is a (S U T)-supported finite solution of ¢ with

¢l 85(z) =

Since r is the optimum of U/, 5%(1) is also an optimal solution. |

Lemmas and and the proof of Theorem using them can be
summarised by the following diagram of functions between solution sets of
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different linear programs. All of the functions preserve the value of a solution.

orbit-finite ¢ finite solutions
_—
solutions of U of U
Uy O

possibly orbit-infinite
(S U T)-supported

. . solutions of U of bounded
finite solutions of U

-norm

A
A /
solutions of T's(U)

The dual of the column-finite linear program U/ is the row-finite linear program
ur:
minimise b' -y

subject to AT. y>c

7.13
oo (7.13)
y € Lin(B)
The dual of the finite linear program I's (i) is the linear program T's(/)T:
minimise Tg(b)T -y
subjectto Ts(A)T -y <Tg(c™)T (7.14)

y=0

Definition 7.38. For an S-supported orbit-finite set P, define the orbit distribution
function
b : RO™itss(P) _, Lin(P)

as
ds(x) : p — x(orbits(p)) .

Lemma 7.39. Ify is a solution of Ts(U)T then, 55(y) is a solution of U and

b -ds(y) =Ts(b)" -y

Recall the definition of d and T fixed in the beginning of this section.
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Definition 7.40. For an S-supported orbit-finite set P of atom-dimension at least
d, define the semi-orbit summation function

'Y% . (P — ]R) N (IROrbitss(P))

as

5 : rbits ; v
v7(v) : (K € Orbitsg(D)) — <|KSUT| pe;m (P))

where for K € Orbitsg(D)
Ksur ={p € X : pissupportedby SUT} .
Lemma 7.41. Ify is a solution of U then, v3(y) is a solution of Ts(U) " with
bTy=Ts(b)" -7 (y)
As an immediate corollary of Lemmas and [7.41|we get:

Corollary 7.42. The linear programs U and Ts(U)T are equivalent.

Now we are ready to prove Theorem using Lemmas and The
proof of these lemmas will appear in respectively in § and §

Proof of Theorem

The optimum of U can only decrease if we allow the solutions to be orbit-
infinite and can only increase if we restrict the solutions to be supported by
S. Lemmas and together imply that for any solution y of UT (be it
orbit-infinite or orbit-finite), (Js o v3)(y) is an S-supported solution of T with

b’ (Js0r7)(y)=b" -y

Hence the optimum of T does not change if either we allow the solutions to
be orbit-infinite or we restrict the solutions to be S-supported.

Now assume the optimum of U T is finite (say 7 € R). Corollaryimplies
the optimum of T's(U/) T is also r. Finite linear programs admit optimal solutions
when their optimums are finite. Let z be an optimal solution of I's({/). Then
55(z) is an S-supported finite solution of T with

b b5(z) =7

Since 7 is the optimum of U, J5(z) is also an optimal solution. |
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Lemmas and and the proof of Theorem using them can be
summarised by the following diagram of functions between solution sets of
different linear programs. All of the functions preserve the value of a solution.

S-supported (possibly) orbit-infinite

solutions of U T solutions of U T

‘;5\ solutions of ['s(U)T /')’%

Finally, we are ready to prove Theorem [7.17}

Proof of Theorem

Consider the primal-dual pair (4, U . Corollary says that &/ and I's(U)
have the same optimum. Similarly, Corollary says that " and T's(U)7
have the same optimum. The pair (s (i), T's(U)T) is a primal-dual pair of finite
linear programs. Hence if the optimum of any of the linear programs & or U "
is finite then using the classical duality theorem we can conclude that the it is

equal to the optimum of the other. |
Example 7.43. Continuing Example fix some 18177 € AB). Define

x € FinLin(B) as

X =

(2 a1+ BT +2-aqa +3- B +Tima) -

O =

Then x is a non-negative finite solution with value %, since

A-x=%=D>b, and cT-x:%.

We have y5(x) = (g, %) Since

Fs(A) - 75(x) = (1,0) = Ts(b), and Ts(c) 7s(x) = §

the vector y5(x) is a non-negative solution of I's (1) with value 3. Coinciden-
tally it is also an optimal solution, and in this case the unique one. The atom
dimension of U is 2. Let T = {ay, B1}. Then

(a1pr+ Brag) + % - (aqa1 + B1B1)

N =

F(rs(x)) =

The vector 63 (7s(x)) is non-negative. Furthermore, A - 63 (7s(x)) = * = b,
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and ¢ - 63 (75(x)) = 5. Hence 63 (7s(x)) is a solution of i/ and in this case an
optimal one. Notice that 63 (7s(x)) uses fewer atoms that x.

Pick an infinite subset W C A. Define yw = 3 x + 1y +2- 1 p\p). The
vector yy is an orbit-infinite solution of T with value 3. The result 73 (yw) of
applying 7% to yiy depends on the intersection {a, B} N W. We focus on the case
where {«, B} NW = {a}, the remaining cases can be dealt with similarly. In
this case, 75 (yw) = (3,3) (assuming that the first and the second co-ordinate,
respectively, corresponds to the orbits A and {*}). Dualising I's (i) we get

minimise
Ts(U)": subjectto 2-y3 41

The vector 73 (yw) is a solution with of I's(1/) T with value 3. Applying ds to
77 (yw) we get

3
Os(vr(yw)) =3 %+ 3 1a

which is an equivariant solution of T with value 3. Note that although yyy is
orbit-infinite, but 55 (5 (yw)) is equivariant irrespective of W. <

It now remains to demonstrate Lemmas|[7.27}[7.32] [7.35] [7.39]and [7.41] Which
we do in the following §§[7.7]to

7.7 The orbit restriction function

Lemma 7.44. For any finite K 2 S, {x is a monotonic linear function.
Proof. Easy. |

Lemma 7.45. For every finite K O S and vector x, the vector {x(x) is a finite vector
supported by K.

Proof. Follows from the definition of { (Definition|7.26) and Lemma u
Lemma 7.46. For every finite vector x, we have {(x) = x.
Proof. Follows from the definition of { (Definition|7.26) and Lemma u

Lemma 7.47. For every K Dy S, and every x € Lin(C) supported by K such that
both ¢ - xand A - x are well-defined, we have

" x=c"-x(x) and Tx(A-x)=A-{k(x).
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Proof. Firstwe show ¢! -x = ¢! - {g(x). Since S C K, c is supported by K. Now
using Lemma [2.50| we get

chx= Y c(c) x(c), (7.15)

ceCg

where Cx = {c € C : support (c) C K}. By definition of (g (Definition [7.26),
we have {x(x)(c) = x(c) whenever ¢ € Cx and {x(x)(c) = 0 otherwise. Hence

Y cle) - x(e) =) ele) - Tk (x)(c) = - 7(x). (7.16)

ceCyk ceC

Combining (7.15) and (7.16) we get
lox=c" - x(x).

Now we show (g (A -x) = A - (x(x). Let By = {c € C : support (c) C K}.
Claim 7.47.1. Both (g (A - x) and A - {x(x) are finite vectors supported by K.
Proof. By Lemma Ck (A - x) is a finite vector supported by K. The same
lemma also implies {x(x) is a finite vector supported by K. Since A is supported

by S C K, A - {x(x) is also supported by K. Since A is column-finite, Lemmal7.14]
implies A - {(x) is also a finite vector. O

Let By = {c € C : support (c) C K}. Claim[7.47.1]and Lemma [2.32] together
imply that
dom({k (A -x)),dom(A - {x(x)) C Bk .

Hence to show (x (A - x) and A - {g(x) are equal it is enough to show that they
agree on By.
Pick b € Bg. By definition of {x, we get

Ck(A-X)(b) = (A-x)(b) = A(b,—) - x. 7.17)

Both A and x are supported by K. Hence, using we get that the
row A(b, —) is also supported by K. Recall that in the beginning of the proof

we defined Cx C C as
Ck = {c € C : support(c) C K} .
Applying Lemma we get

Ab,—)-x= Y A(bc)-x(c). (7.18)

ceCyk
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By definition of (g, the vector (k(x) is 0 outside Cx. Hence,

Y A(bc) - x(c) =}, Abc)  Lx(x)(c) = (A Zk(x))(b) - (7.19)

ceCk ceC

Combining (7.17)-(7.19) we get
Cx(A-x)(b) = (A-Ck(x)) (D),
which finishes the proof. n

Finally we are ready to prove Lemma[7.27]

Proof of Lemma Pick an orbit-finite solution x of /. Let K = S U support (x).
By definition, {(x) = (x(x). Clearly {x(x) > 0. Using Lemma we get
¢’ -x=cT-Zg(x). We also have

A Tx(x) = k(A -x) Lemmal(7.47]
< Zk(b) Lemmal(7.44]
=b Lemma|7.46]
which finishes the proof. n

7.8 The orbit summation function

In this section we present some lemmas regarding the orbit summation function
7s and prove Lemma using them.

Lemma 7.48. For any orbit-finite set P supported by S, every element in RO™itss(P)
is supported by S.

Proof. Pick arbitrary v € RO™is(P) 7 ¢ Autg(A) and K € orbitg(P). Using
Lemma we get 7! (K) = K. Applying Lemma 2.3{we conclude

7(v)(K) = v(m 1K) = v(K).

Recall the definition of g (Definition [7.28).

Lemma 7.49. The function 7yg is an S-supported monotonic linear map.
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Proof. Linearity and monotonicity of ys follows easily from its definition. We
focus on proving that it is supported by S.

Let P be an arbitrary orbit-finite set supported by S. Pick arbitrary v € ¢1(P)
and 71 € Autg(A). For any K € Orbitsg(P)

1s(m(v))(K) = ) 7(v)(p)

preK

=) v(mr(p)) (Lemma2.3)
pekK

Y v(p)
peK

= 7v5(v)(K)

Hence y5(7t(v)) = ys(v). Now using Lemma we get y5(v) = 7t(ys(v)).
Hence ys(mt(v)) = mt(ys(v)). Since m € Auts(A) was chosen arbitrarily,
Lemma 2.4 now implies s is supported by S. |

Lemma 7.50. The function I'g is well-defined for S-supported column-finite matrices.

Proof. Pick orbit-finite sets P and Q and column-finite matrix B € Lin(PxQ),
all of them supported by S. We show for any two elements g and 4’ in the same
S-orbit of Q.

15(B(—q)) = 1s(B(—.q')) -

Pick such g,q" € Q arbitrarily. Since they are in the same S-orbit, there exists
7 € Autg(A) such that 71(q) = q'. Using Lemma we get

7s(B(=q)) = 7(rs(B(—,q))) -
Since 75 is supported by S (Lemma|[7.49), from Lemma 2.4t follows that
(vs(B(=4))) = vs(7(B(=,9))) -
The matrix B is assumed to be supported by S. Using[Lemma[2.5TH| we conclude
15(m(B(—,9))) = vs(B(—, 7(q))) = 15(B(—,q)) -
As a consequence of the above equalities we get

15(B(—q)) = 1s(B(—.q')) -
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Lemma 7.51. For any vector x € £1(C) we have ys(A -x) = T's(A) - ys(x) and
¢’ -x=Ts(ch) - 75(x).

Proof. Pick x € ¢1(C). We prove v5(A -x) = T's(A) - y5(x). The proof of
¢’ - x=Ts(cT) - v5(x) is similar.
Pick arbitrary K € Orbitsg(B). We show

rs(A-x)(K) = (Ts(A) - v5(x))(K) .

The following sequence of equations finish the proof

vs(A-x)(K) =) (A-x)(b) (Definition [7-28)
bekK
= Z 2 A(b,c)-x(c)
beK ceC
=) ) Y A(b,c)-x(c)
beK MeOrbitsg(C) ceM

- Y Y x(c)- (Z A(b,c)) (rearrangement)

MEeOrbitsg (C) ceM bek

= Y Y x(c) -Ts(A)(K,M)  (Definition[7.3T)

MeOrbitsg (C) ceM
= Y Is(A)(K,M)- Y x(c)  (rearrangement)

MeOrbitsg (C) ceM
= Y Ts(A)K M) vs(x)(M) (Definition[7.28)
MeOrbitsg (C)

= (Is(A) - vs(x))(K) .

Note that we can rearrange the sums freely due to Lemma and Remark
|

The following lemma is not used in our current context. But we believe it is a

fundamental result and therefore worth stating.
Lemma 7.52. The function I's commutes with matrix multiplication.

Proof. Pick arbitrary orbit-finite sets P, Q and R, and column-finite matrices
B € Lin(PxQ) and C € Lin(QxR), all supported by S. We prove that I's(B -
C) =Ts(B) - I's(C).

Let L be an arbitrary S-orbit of R. We show

(Fs(B-C))(—,L) = (I's(B)-Ts(C))(—,L)
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Let r be an arbitrary element of L.

(Ts(B-C))(— L)
=v5((B-C)(—,7)) (Definition [7.31)
=7s(B-C(=,1))
=Tg(B)-vs(C(—,1)) (Lemma |7.57)
=Ts(B) - (Ts(C))(—,L) (Definition [7-31)
= (I's(B) - T's(C))(—, L)

Proof of Lemma|7.32

Consider an arbitrary solution x € ¢! (C) of U. By monotonicity of s (Lemmal7.49),
vs(x) is non-negative. Applying Lemma we get

Ts(A) - 1s5(x) = rs(A-x). (7.20)
Since A - x < b, again using monotonicity of s (Lemma(7.49) we get
7s(A-x) <7s(b). (7.21)
Combining equation (7.20) with inequality we get
Ts(A) - rs(x) < 1s(b) =Ts(b).

Hence, ys(x) is a solution of I's (/). Finally another use of Lemma gives us
Fs(c™) 75 (x) = T -x. n

7.9 The semi-orbit distribution function

In this section we present some lemmas regarding the semi-orbit distribution
function 6%, and prove Lemma using them. Recall the definition of &5
(Definition [7.34). Immediately from the definition we get:

Lemma 7.53. The function 63 is a monotonic linear map.
Recall the definition of Autg 1} (A) given in Notation@

Definition 7.54. A set x is said to be supported by S U {T} if 7r(x) = x for any
T E AutSU{T} (A)
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Remark 7.55. Definition which was useful in solving orbit-finite linear

programs is a special case of the above definition.

Lemma 7.56. If a set x is supported by S then it is also supported by (SU{T}).
Proof. Follows from the fact that Autg ;1 (A) C Auts(A). |
Lemma 7.57. For any orbit-finite set P supported by S and x € ROitss(P)  the vector
63.(x) is finite and is supported by S U {T}.

Proof. First we show 63(x) is supported by S U T. For K € Orbitss(P) define

Ksur ={p € P : support(p) C (SUT)} .

The vector (63 (x))(p) # 0 only if p € Ksur for some K € Orbitsg(P). Applying
Lemmawe conclude 63 (x) is supported by S U T.

Pick arbitrary T € Autg 1) (A). We prove 7(0%(x)) = 0%(x). There exists
0 € Autsyr(A) and 7w € Aut(T) (recall Notation 2.26) such that T = 7o 0. We
have proved that 63 (x) is supported by S U T. Hence ¢(63(x)) = 63(x). To
finish the proof we show 77(63.(x)) = 63 (x). Recall Notation[2.31] Since addition
of vectors commutes with the action of automorphims (Lemma 2.28), we get

x(K)

n(é%(x)):( Y Y n(p)) (7.22)

KeOrbitsg (P) |Ksur| peKgur

Lemma implies that 77(Kgyr) = Kgyr. Then 7 induces a permutation of
Ksur (with 7771 inducing the inverse permutation). Hence

Y. nlp)= ) p (7.23)

peKsur peKsur

Using equations (7.22) and (7.23) we conclude

(53(x)) = ( y X

KeOrbitsg (P) |Ksur| peKsur

Lemma 7.58. ygo (5% =Id.

Proof. The proof is an easy application of the definitions of ys and 63 and is left
to the reader. [}

Lemma 7.59. For any S-supported orbit-finite set P and (S U {T})-supported finite
vector x € FinLin (P)
(650 Ts)(x) = x.
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Proof. Pick arbitrary p € P. We show

(6% 0 75) (%)) (p) = x(p)

We split the proof into two cases.

(Case 1: p is not supported by SUT) The vector x is a finite vector supported
by SUT. Lemmaimplies (63 0 vs)(x) is also a finite vector supported by
SUT. Applying Lemma2.32

(670 75)(x))(p) = 0= x(p)

(Case 2: p is supported by SUT) For K € orbitg(P) define Kg, as done in
Definition Expanding the expression (63 o s)(x) using the definition of

vs and (5% (Definitions and
om0 = ¥ WW)( > p’)

KeOrbitsg (P) |Ksur| p'eKsur

Let L = orbitg(p). Since p is supported by SU T, we have p € Lg 7. Hence

(rs())(L)

(67 075) () (p) = Lor]

To finish the proof we need to show

(rs()) (L)

x(p) = |Lsur|

Claim 7.59.1. Forany p’ € Lgr we have x(p) = x(p').

Proof. Pick arbitrary p’ € Lg . Using we can find 7 € Aut(T)

such that 7t(p) = p’. Since x is assumed to be supported by (SU {T}), we have
7 (x) = x
Using Lemma[2.3we get
x(p') = x(n(p)) = n(7~ (x))(7(p)) = (7' (x))(p) = x(p)

This finishes the proof of the claim. O
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Lemma|7.56|implies x is supported by S U T. Hence, if x(p') # 0 forsome p’ € L
then p’ € Lgyr. This implies

Y. x(p) = X x(p)) = (vs(x)(L)

p'€Lsur p'eL

Now Claim[7.59.1|implies

s(X L
w(p) = 150N
[Lsur]
which finishes the proof for this case and also of the lemma. n

Lemma 7.60. For every vector x € RO™itss(C)
A-05(x) = 65(Ts(A) -x) and c'-65(x) =Ts(c")-x.

Proof. We prove A - 63(x) = 63(T's(A) - x), and leave it to the reader to verify
that ¢T - 03.(x) = Ts(cT) - x.

Claim 7.60.1. The vector A - 63(x) is supported by SU {T}.

Proof. Pick arbitrary T € Autgy(r}(A). We show (A - 55(x)) = A-55(x).
There exists ¢ € Auts 7 (A) and 7w € Aut(T) such that

T=7TOC0.

First we show o(A - 67(x)) = A - 63(x). The matrix A is supported by S and
hence alsoby SUT. Lemmaimplies that the vector 63(x) is supported by
SUT. Using the fact that automorphisms commute with matrix multiplication
(Lemma [2.52H) we get

o(A-0%(x) = o(A) -0 (53(x)) = A- 67 (x) .
Now we show that
T(A-65(x) = A- 65 (x).

Since Aut(T) C Auts(A) and A is supported by S we have 7(A) = A. The
vector 67(x) is supported by SU {T} (Lemma|7.57). Hence

(67(x)) = 67(x) .



7.9. The semi-orbit distribution function 157
Applying again we get
(A -5%(x)) = m(A) - 1(53(x)) = A - 52(x) .

O

Since 5% o 7s acts as identity on S U {T}-supported vectors (Lemma|7.59), the

above claim gives us
A~ 57 (x) = (87 0 ) (A - 57(x)) (7.24)
Applying Lemma we get
(67 0 75)(A - 87 (x)) = 67 (Ts(A) - (15 0 67) (x)) - (7.25)
Since 75 0 0% = Id (Lemma , we have (775 0 %) (x) = x. Hence
0} (Ts(A) - (75 06%)(x)) = 63(T's(A) -x) . (7.26)

Combining equations (7.24), (7.25) and (7.26) we get

A-55(x) = 65(Ts(A) ),
which finishes the proof of lemma. [ |

Proof of Lemmam

Pick a solution x of I's(i). We have to show 63(x) is a (S U T)-supported
solution of U such that
¢85 (x) =Ts(cT) - x.

Lemma givesus ¢! - 63(x) = Is(cT) - x. Lemma implies 67 (x) is a
finite vector supported by S U T. It remains to show 2(x) is a solution of U.
Because x is a solution of I's (/) it is non-negative and

rs(A) e rs(b) .

Using Lemma we conclude % (x) is non-negative as well. Now Lem-
mas|/.53|and gives us

A-65(x) = 65(I's(A) -x) < 55 (Ts(b). 727)

The vector b is supported by S and hence also by S U {T}. Using Lemmal7.59)
we conclude 63(T's(b)) = b. Along with (7.27), this implies A - 6(x) < b and
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finishes the proof. |

7.10 The orbit distribution function

In this section we present some lemmas regarding the orbit distribution function
ds, and prove Lemma using them. Immediately from the definition of the
orbit distribution function Js we get:

Lemma 7.61. The function dg is a monotonic linear function.

Lemma 7.62. For any vector'y € RRO™itss(5)
AT 55(y) =05(Ts(A)T-y) and bT-d5(y) =Ts(b)" -y.

Proof. We prove the first equality, the proof of the second is left as an exercise.
Pick arbitrary ¢ € C. Let L = orbitg(c). We have the following sequence of

equations proving (AT - Js(y))(c) = (65(Ts(A) - y))(c).

(AT - (s(y)))(c)
= Y AT(c,b)- (3s(y))(b)

beB

= ) A(bo)- (5s(y))(b)
beB

= ) Y A(bc)-y(K) (Definition [7.38)
KeOrbitsg(B) beK

= Y y(K)- )Y A(bo) (rearrangement)
KeOrbitss (B) bekK

= Y y(K)-Ts(A)(K,L) (Definition [7.31))
KeOrbitsg (B)

= Y Ts(A)T(LK)-y(K)
KeOrbitsg (B)

= (Ts(A)-y)(L)
= (0s(T's(A)-y))(c).

Proof of Lemma|7.39

Observing that d5(T's(c")T) = c, this lemma can be proven using Lemmas m

and in the same way that Lemma is proven using Lemmas and
|
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7.11 The semi-orbit summation function

In this section we present some lemmas regarding the semi-orbit summation
function 3, and prove Lemma using them.

Lemma 7.63. The function <3 is a (S U {T})-supported monotonic linear map.
Proof. Left to the reader. u
Lemma 7.64. For any S-supported vector y we have (Jg o 'y%) (y) =y.

Proof. Follows from the definitions of 65 and 77 and left to the reader. u

Lemma 7.65. For any orbit-finite set P and vector y € Lin(P), both supported by S
()T =Ts(y").
Proof. Using the same notation as Definition let

Ksur = {p € K : support(p) CSUT}

We have
(v3(y))(K)
1
= ) Y(P))
|Ksur| <pesz
= % ( E y(K)) (recall Notation [2.30)
| SUT| pEKsur
= y(K)
= (Ts(y")"(K)
This finishes the proof of the lemma. [ |

Lemma 7.66. For every S-supported orbit-finite set P, vectory : P — R, K €
Orbitsg(P) and (S U T)-supported element p € K,

s _ 1
(17 (y)(K) = (Aut(T)| Z(T) ”(Y)) (p)-

reAut

Proof. Define Kg T as done inside the definition of ')/% (Definition . We have

(»y%<y>)<1<>=|1<jm~ Y y(p)

peKsur
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Let .
= ] &, Y
Then
1
“(7) (|Aut(T)| %AZM(T)N(Y)) ()
1
= )L, (OO
= S ! . Lemmal2.3
|Aut(T)| n@gm)’(” (r) ( )
Using [emmaP 2 we get
1 -
|Aut(T)| nezg(T)Y( (p)
- |Aut1(T)| ( ; ‘”GA‘H(T) 7 (p)=p'} y(p’))
p'€Ksur
- IAutl(T)I ( ZK: [{m € Aut(T) ”(P/)IP}"Y(P/))
p'€Ksur
Hence

1 / /
Z(p)=|Aut(T)|'( Y [{meAuy(T) : ﬂ(P)=P}|-y(P)>

p'€Ksur
To finish the proof we show that for every b’ € Kg 1

Aut(T)|

meAw(T) : n(p) = _ [Aut(?

[{r e Au(T) : () = p}| = e

For p' € Ksur let W,y = {m € Aut(T) : 7(p') = p}. Then Aut(T) is the dis-

joint union of the sets W, for p’. Hence

|Aut(T)| = ) [W,] (7.28)
p'€Ksur

Pick any p’ € Kgyr. [Lemma [2.27H| implies that there exists ¢ € Aut(T) be

such that o(p’) = p. Then 7 + (0 o 1) is a bijection from W, to W), with

1

7 +— (0! o) being its inverse. Since p’ is an arbitrary element of Ks_r,
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this implies for every p’ € Ksur we have |[W,| = [W,|. Which together with
equation (7.28) imply that for every p’ € Ksyr

|Aut(T)|

Wy, | =
W [Ksurl
This finishes the proof of the lemma. |

Lemma 7.67. For every vectory : B — R
Ts(A)T - 73(y) = 77(AT y) and Ts(b)"-73(y)=b"-y.

Proof of Lemma[7:67) We prove Ts(A)T-75(y) = 75.(AT -y), the proof of T's (b) T -
'7%(y) =b'. y is left as an exercise.

Pick arbitrary L € Orbitsg(C). Using pick ¢ € L supported
by SUT.

R .

= JAut(T)| HGAZM(T)”(A Y)> () (Lemma 7.66)
- 1 * T . v
~ JAut(T)| HGAZM(T)”(A ) ﬂ(y)) () (Cemma2.520)
= 1 . T, a
~JAut(T)| HGAZM(T) A -m (Y)) (c) (A is S-supported)

_faT. 1
B (A |Aut(T)] (NEAZM(T)T[(Y)>) ©

_ Tie ). L
- ZA (C,b) |Aut(T)| ( Z(T)N(Y)>) (b)

beB neAut

= Y AT(c,b) - (v3(y))(orbits (b)) (Lemma|7.66)
beB

= ) (77 () (K) - Y A(bc) (rearrangement)
KeOrbitsg (B) bekK

= Y (K Ts(A)KL) (Definition [7-3T)
KeOrbitsg(B)

= (Ts(A)T - 17(y))(L).

This finishes the proof. n
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Proof of Lemma

This lemma follows from Lemmas [7.63] [7.65| and [7.67] in the same way that
Lemma follows from Lemmas[7.53] [7.57} [7.59] and [7.60] Note that we do
not need a counterpart of Lemma since unlike in the proof Lemma
where we had to show that 62(x) is supported by SU T, in Lemma we do

not have to prove any similar assertion regarding 73 (y). |

7.12 Do orbit-finite linear programs approximate large
finite linear programs?

In this section we try to address the question raised in § Consider S Cgy A
and orbit-finite sets B and C supported by S. Let I/ be an orbit-finite linear
program
maximise ¢! -x
subjectto A-x<b
x>0
x € Lin(C)

where A € Lin(B x C), b € Lin(B) and ¢ € Lin(C). For any finite set T Ty
A\ S let By and Csyr be the subsets of elements respectively of B and C,
which are supported by S U T. Removing all variables indexed by elements
outside Cgr and considering only the equalities indexed by Bgr we get a finite
linear program. Call this /s 1. Note that the function T — Ug T is S-supported.
For n € IN, we say U is a good approximation, if there exists n € IN such that for
all T Cgy A\ S of size at least 1, the linear programs Us 1 and U are equivalent
(Definition[7.36). The approximation degree of U is the smallest such .

Orbit-finite systems are not always good approximations even if we ignore
the objective function and focus on just the solvability of the constraints. We
illustrate this with the following example.

Example 7.68. Let « be an equivariant element, i.e. 71(x) = * for all 77 in Aut(A).
Let U be the following system of inequalities with variables {x(a) : & € A}:

Y x(e)<1 (BeA)
EAVA) (7.29)
Y x(a) > 1.

aEA

We prove that Ug T is solvable for every T Cgy A of size at least 2, but U is
unsolvable, even of we allow orbit-infinite solutions.
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Pick T Cpn A of size at least 2. The system Ugyr contains the following

inequalities:
Y x(e)<1 (BeT)
«cT\{p}
Yo x(a) > 1.
aeT
The vector solution xr which assigns the value IT\%l to all the variables is a

solution of Ug 7.

Now we show unsolvability of /. Assume otherwise. Lety : A — Rbe a
solution of U. The sum }_,c a y(a) is well defined. EI Hence for any n > 1 there
exists B, € A such that y(8,) < L. This implies for every n > 1

ZY(‘X) = Z y(a) | +y(Bn) < 1+%.
aEA a€A\{Bn}

Since the above is true for all 7, we conclude

Y y(a) <1.

xEA
This contradicts the fact the y is a solution of ¢/. <

The situation improves if we restrict our attention to orbit-finite linear programs
which are either column-finite or row-finite.

Theorem 7.69. Column-finite and row-finite linear programs are good approximations.
The approximation degree of a column(row)-finite linear program is not bigger than its
atom-dimension.

The remainder of this section is devoted to proving the above theorem.

Proof of Theorem|[7.69

Pick an arbitrary orbit-finite column-finite linear program &/. WLOG assume
it is a maximisation problem. Its dual T is an arbitrary orbit-finite row-finite
linear program. Let S Crn A be the support of I/ and d be its atom-dimension.
Then S and d are also respectively the support and atom-dimension of U T. We

Here, by well-defined we mean that the series Y, y(ax) converges absolutely for some (every)
enumeration a1, ay, ... of atoms [39] Page 71]. This ensures that the sum ¥,y y(2) converges to a
unique real number independent of the enumeration a1, a3, ... of atoms (cf. [39} Theorems 3.54 and
3.55]).
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can write Y and UT as

maximise ¢! -x minimise b' - y
subjectto A-x<b subjectto AT-y>c
x>0 y=0
x € Lin(C) y € Lin(B)

for some orbit-finite sets B and C, column-finite matrix A € Lin(BxC), vectors
b € FinLin(B) and ¢ € Lin(C), all of them supported by S.

Pick T Cpn A\ S of size at least d. Define Bgr and Cgt to be the subsets
of respectively B and C containing elements which are supported by S U T

Bsyr = {b € B : support(b) CSUT}
Csur = {c € C : support(c) CSUT} .

Note that both Bg,r and Cg7 are finite due to The linear
programs Us,t and Z’{STUT can be written as

maximise ng ‘u minimise bguT -V
subjectto  Agyr-u < bgur subject to A-SruT “V = CsuT
u=0 v>0
u € Lin(Csur) v € Lin(Bsyr)

where, Agyt, bsur and cgyr respectively be the restrictions of A, b and ¢
to BsurXCsur, Bsur and Csur. Note that (Asur)"T = (AT)sur, (bsur)’ =
(bT)sur, and (csur) T = (cT)sur. Hence we can write Al 1, bl 1, ¢l ; with-
out any confusion. As a consequence, (Us1)" = (UT)sur. So we can write
M;FUT without any ambiguity.

To prove Theorem we show that the linear programs U/ and Us T are
equivalent, and so are the linear programs ¢/ " and U;'_UT.

Observe that the current premise allows us to reuse Lemmas [/.4|and
proven inside the proof of Theorem [7.1]in § From Lemma|7.4and Theo-

rem[7.22)we get:

Lemma 7.70. The optimum of U is smaller than or equal to the optimum of Ug .
Similarly, Lemma|7.6|and Theorem gives us:

Lemma 7.71. The optimum of U7 is bigger than or equal to the optimum of L{;'—UT.
We will prove the following two lemmas:

Lemma 7.72. The optimum of U is larger than or equal to the optimum of UsT.

Lemma 7.73. The optimum of U is smaller than or equal to the optimum of UJ ;.
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Before proving the above two lemmas, we finish the proof of Theorem [7.69]
using them. We argue that the equivalence between U/ and Us 1 follows from
Lemmas and and Theorem Lemmas and imply U and
Usut have the same optimum. Hence we just need to show that if one of them
have an optimal solution, so does the other. Since /st is a finite linear program,
it has an optimal solution whenever its optimum is finite. The same is true for
U due to Theorem Since the optimums of I/ and Us are the same, this
shows U and Ug T are equivalent.

The equivalence between U and USUT follows from Lemmas and
and Theorem [7.23]in a similar manner.

Now we prove Lemmas and

Proof of Lemma Pick a solution u of Ug 1. Define x € FinLin(C) as

u(c) whenc € Cqur
0 when ¢ € C\ Cgy7.

Thenc' -x = Cg—uT - u. We finish the proof by showing x is a solution of &{/. Since
u is a solution of U1, we have u > 0. Hence we also have x > 0. We just have
to show A - x < b.

We have dom(x) C Cgyr. Lemma[2.32]implies x is a finite vector supported
by S UT. The matrix A is supported by S and is column-finite. Hence A - x is
supported by S U T, and using Lemma we get that it is also a finite vector.
The vector b is a finite vector supported by S. Hence, another application of
Lemma[2.32]gives us

dom(A - x),dom(b) C Bgyr -

Therefore, we just have to prove that (A - x)(b) < b(b) for all b € Bgr. For
every b € Bgyr we have

(A-x)(b) = (A-x)sur(b)
= (Asur - xsur) (D) (Lemmal7.3)
= (Agur - u)(b) (by definition of x)
< bsur(b)
=b(b).
This finishes the proof. u

Proof of Lemma Recall Corollary which says that T and T's(U)T are
equivalent. Hence to show that the optimum of UT is smaller than or equal
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to the optimum of UJ ., it is enough to prove that the optimum of I's(U) T is

smaller than the latter.

Pick an arbitrary solution v of ;ruT' We will construct a solution z of T's ()T

such that
Is(b)T-z=bl ;- v.

Extend vtoay : B — R by assigning 0 outside Bg7:

0 otherwise.

def {V(b) if b € Bsur

We show z = 'y%(y) satisfies our requirement. Since A is a column-finite matrix,
AT .y is well-defined (Lemmal7.14). Define ¢’ : C — R as

C/(C) _ {C(C) ifc € Csyr

(AT -y)(c) otherwise.

Claim 7.73.1. AT -y > ¢
Claim 7.73.2. 95(c/)T =Ts(cT).

Before proving the above claims we show that they imply 3(y) is a solution of
Ts(U)T such that
Ts(b)" 75 (y) = biur-v.

The vector v is non-negative and hence y is also so. Using the definition of 5

we conclude 77 (y) is non-negative as well. Now

Ts(A)" 75 (y)
=75(AT -y) Lemma[7.67]
> (! Lemmal[7.63]and Claim [7.73.1]
=Tg(c")T Claim[7.73.21

Again using Lemma[/.67|we get
Ts(b)T - 73(y) =b"y.
Since y is 0 outside BgT and agrees with v inside Bg 1 we have

bT-y=Y b(b)-y(b) = Y bsur(b) v(b) =bi,r-v.

beB bGBSUT
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As a consequence we get

Ts(b)" 73 (y) =blur-v.

This finishes the proof of Lemma [7.73] modulo the proofs of Claims [7.73.1]
and[7.73.2} which we do now.

Proof of Claim[7.73.1} We have to show that for c € C, we have ’(c) < (A-y)(c).
For ¢ € C\ Csr, it follows from the definition of the ¢’. We now show it for
¢ € Csur-

Pick ¢ € Cgyr. Using Lemma we conclude y is a finite vector supported
by SUT. The matrix A and is also supported by 5. We have,

(A-y)(c) = (A-y)sur(c)
= (Asur - ysur)(c) (Lemma(7.3)
= (Asur - v)(c) (by definition of y)
> esur(c) (v is a solution of Ud 1)
=c(c).
This finishes the proof. O

Proof of Claim[7.73.2] The vectors c and ¢’ agree on Csyr. Since the function 5
only looks at values inside Cg 7, we have

The vector c is supported by S. Hence Lemma implies

13(e)" =Ts(cT).
Combining the above two equalities we get 75.(c/)T = I'g(cT). O

With the proofs of Claims[7.73.1|and [7.73.2] the proof of Lemma is also
complete. ]

Now that we have proven Lemmas and the proof of Theorem|[7.69]
is also finished. u
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Chapter 8

Final Remarks

In this thesis, we have studied solvability of orbit-finite systems of linear equa-
tions and inequalities. Other than the results, there are a few takeaways which
we present in this final chapter of the thesis.

As pointed out in Remark[2.24] we focused on equality atoms. The final goal

of this line of research would be to answer the following:

Question 8.1. For which structures of atoms, solvability of orbit-finite systems of

lienar equations and inequalities is decidable?

While this is a hard question, this thesis gives a roadmap for proving decidability

of systems of linear equations. The first step would be to extend the orbit-finite

basis theorem (Theorem[3.1)) and use it to reduce solvability to finitary solvability

(extension of Theorem [£.3), and the second would be to solve finitary solvability.
The first step also raises another fundamental classification question:

Question 8.2. For which structures of atoms X, the vector spaces of orbit-finite
functions from orbit-finite sets to some field IF have orbit-finite bases?

The recent work [37] provides a positive answer to the above question for
X a stable structure or a dense linear order. A natural next step is to extend
Theorem to these structures. In [37] it has also been conjectured that the
class of structures for which the answer to Question 8.2]is positive is exactly the
class of NIP structures ([41} Definition 2.10]). Example 6.9 in [6] shows that the
answer to the above question is negative when X is the structure of Rado graph.

The second step, i.e. finitary solvability of orbit-finite systems of equations
has also been solved for several cases. In Chapter{4{ we proved its decidability
for equality atoms, by reducing it to order equivariant finitary solvability and
showing the latter is decidable. As mentioned in Remark[4.39} finitary solvability
with ordered atoms can also be reduced to order equivariant finitary solvability.

169
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For this decidability result we recycled the proof of [6, Theorem 4.8] which
implies that both equality and ordered atoms satisfy the Noetherian property
for orbit-finitely generated vector spaces: for an equivariant orbit-finite set B, any
increasing sequence of equivariant subspaces of FinLin (B) stabilises. We believe
this strategy can work in general. That is, given a proof for the Noetherian
property for orbit-finitely generated vector spaces for some structure for atoms
X, we can convert it to an algorithm for deciding finitary solvability for orbit-
finite systems of linear equations with atoms X. In this context we recall the
following conjecture presented in [6].

Conjecture 8.3. A structures of atoms X satisfies the Noetherian property for orbit-
finitely generated vector spaces if and only if it is oligomorphic.

Another interesting thing to notice regarding finitary solvability is the reappear-
ance of the orbit summation function in different avatars, (Definitions and
and how these functions reduce finitary solvability to solvability of a finite
system (Theorem[4.33|and Corollary [7.37). It is possible that this result can be
extended to the general oligomorphic case.

We also mention [19, Theorem 12] E]which says that structure of atoms
satisfying a natural well-quasi-ordering property ([19, Definition 6] satisfies
Noetherian property for equivariant polynomial ideals ([19] Property 4]). The well-
quasi-ordering property implies oligomorphicity, and the Noetherian property
for equivariant polynomial ideals implies the Noetherian property for orbit-
finitely generated vector spaces. Hence this result partially confirms Conjec-
ture In our ongoing work with Aliaume Lopez we have proven decidability
of the equivariant ideal membership problem for the subclass of atoms satisfying
the above mentioned well-quasi ordering property, which implies decidability
of finitary solvability for orbit-finite systems of linear equations. This reinforces
the belief that for any structure of atoms, Noetherian property of orbit-finitely
generated vector spaces implies decidability of orbit-finite systems of linear
equations.

Our technique in §[5.5/for solving systems of inequalities is more difficult (if
at all possible) to extend to other atoms. This is simply because for most struc-
tures of atoms X, the number of {T'}-orbits of X increases with T. We encourage
the reader to verify this for ordered atoms and graph atoms (Remark[2.24). Hav-
ing said that, we believe that this technique can be helpful in solving questions
regarding data Petri nets. A similar technique has already been used to decide
continuous reachability for data Petri nets ([20]). For attacking the problem of
solving orbit-finite systems of linear inequalities with a wide class of atoms, we

1This work was done during the doctoral studies of the author but is not part of this thesis.
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probably need to gain more intuition by working on specific structures of atoms.
Solving the problem for ordered atoms would be a natural next step.

There are still a few important topics related to orbit-finite systems of equa-
tions and inequalities which we have not covered.

Firstly, we did not discuss unrestricted solvability (§ , i.e. solvabil-
ity without the assumption of orbit-finiteness of solutions. This leads to the
following open question:

Question 8.4. Is unrestricted solvability of orbit-finite systems of equations and
inequalities decidable?

Secondly, we have not discussed equivariant/finitely supported subspaces
(8 in detail. These are studied in [6] and [44]. In [6] the authors have
proven that they are spanned by an orbit-finite set, and in [44] the author has
given a formula to compute the length of orbit-finitely generated vector spacesE]
However, none of these results can be applied to compute a spanning set of the
kernel of an orbit-finite matrix or, equivalently, a spanning set of the subspace of
solutions for an orbit-finite system of homogeneous linear equations. We state
this as an open question.

Question 8.5. How to compute orbit-finite spanning sets of kernels of an orbit-finite
matrix?

Finally, we also have not discussed orbit-finitely generated cones and solution
sets of orbit-finite sets of linear inequalities. For atom-dimension 1 these objects
are studied in [32].

Except for FIN-NONNEG-EQ(Z), all other problems that are shown to decid-
able/computable in this thesis, are shown to decidable/computable in EXPTIME,
and in PTIME for fixed atom-dimension. The corresponding finite dimensional
solvability problems, i.e. solvability of finite systems of linear equations and
linear programming are decidable/computable in PTIME. According to [11],
PTIME computability for fixed atom-dimension is an appropriate extension of
PTIME computability to the orbit-finite setting (note that PTIME computability
in fixed atom-dimension does not automatically imply EXPTIME computability).
Motivated by this, we state the following question:

Question 8.6. Is every orbit-finite decision problem, for which the corresponding finite
decision problem is decidable in PTIME, decidable in PTIME for fixed atom-dimension?
Is the problem decidable in EXPTIME?

The only problem we show to be undecidable is INEQ(Z). The finite dimensional
solvability problem corresponding to INEQ(Z) is integer linear programming,
which is NP-complete. This brings forth the following questions:

2We have described this result in §
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Question 8.7. Is every orbit-finite decision problem, for which the corresponding finite
decision problem is NP-hard, undecidable?

These are clearly difficult questions since positive answers to both of them will
prove P#NP (however a negative answer to any of them does not imply P=NP).
For more details on computation with orbit-finite sets, we point the reader to
[5, 10} 11}, 27, 29,130, 31].
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Index of Terminology

As promised in the introduction, this thesis includes an index that indicates
where the definitions of key terms can be found. The index begins with math-
ematical notations arranged roughly in alphabetical order, followed by an
alphabetical list of phrases.

P(A), 11 HEAD- (P), 110

A,3 ¢'-norm, 138

A, 3 (Y(P), 138

(3), 14 <lexs 75

({?)g, 62 Ling (B), 22

Aut(A), 12 Ling (BxC), 26

Autg(A), 12 orbit(x), 15

Aut(T), 20 orbit<(x), 61

Autg 1y (A), 20 orbitg(x), 15

Autyry(A), 95 Orbits(X), 15

Aut<(A), 61 Orbitsg(X), 15

w/G,18 Orbits< (B), 61

B — R, 21 Phin(A), 15

Basis(B), 42 SPANR(A), 56

dg, 145 support (x), 12

52,143 S, 18

S-dim(O), 17 TAIL(E), 109

dom(v), 22 Ck, 141

FinLing (B), 22

FIN-SPANR (A), 56 almost-all-solution, 95
FIN-SPANR(P), 56 approximation degree, 162
Tg, 141 atom-dimension

v, 97 of a matrix, 26

s, 141 atom-dimension of

'y%, 146 a canonical <-orbit-finite set, 63
HEAD(E), 108 a linear program, 116
HEAD(P), 110 a system of equations, 55
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an orbit, 17
an orbit-finite set, 17
atom-less set, 13
atoms, 3
atoms,
bit-vector, 19
equality, 19
graph, 19
ordered, 19
autmorphism, 12
<-automorphism, 61

S- automorphisms, 12

canonical

<-orbit-finite set, 63
canonical S-orbit-finite set, 18
canonical S-orbits, 18
column vectors, 26
column-finite

matrix, 134

system of equations, 64
column-finite linear program, 134
counter machine, 89

cumulative hierarchy, 11

domain of a vector, 22
dual linear program, 128
duality gap, 134

equivalence of linear programs, 144
equivariant, 12

exact, 57

finitary orbit-finite linear programs, 116
finitary solvability, 31

finite vector, 22

finitely setwise-supported, 96

finitely supported, 12

good approximation, 162

head inequality, 108
hereditarily
finitely supported set, 13
orbit-finite set, 16

INDEX OF TERMINOLOGY

infeasible, 121

infimum of a polynomially
parametrised minimisation
problem, 121

inner product of vectors, 27

length of a finitely supported vector
space, 24

linear equation, 29

monotonic system of polynomially

parametrised inequalities, 95

objective function, 115
optimal solution of an orbit-finite linear
program, 116
optimum of
a polynomially-parametrised
linear program, 121
an orbit-finite linear program, 116
orbit, 14
<-orbit, 61
S-orbit, 14
{T}-orbit, 95
orbit distribution function, 145
orbit of an equation, 30
orbit restriction function, 141
orbit summation function, 97, 141
<-orbit summation function, 69
orbit-domain, 43
orbit-finite
linear maximisation problem, 115
linear minimisation problem, 116
linear program, 116
matrix, 26
set, 14
systems of linear equations, 30
vector, 22
<-orbit-finite, 61
order equivariant, 61
order equivariant finitary solvability
problem, 63

polynomially parametrised
inequality, 93
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linear program, 121
maximisation problem, 120
minimisation problem, 121
system of inequalities, 93
primal linear program, 128
primal-dual pair, 128
product of matrices, 27

product of vector spaces, 24

row vectors, 26

row-finite linear program, 134

semi-orbit distribution function, 143
semi-orbit summation function, 146
solution of

a linear program, 115

a system of equations, 29

a system of inequalities, 83
solvability problem, 31
solvable, 31
straight orbit-finite set, 18
support of

a linear program, 115
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aset, 12
support preserving solvability, 31
S-supported, 12
supported by {T}, 96
supported by SU {T}, 153
supporting
a set, 12
an equation, 29
supremum of
a polynomially parametrised
maximisation problem, 120
an orbit-finite maximisation

problem, 115

tail inequality, 109
tight orbit, 41

transpose of a matrix, 26

unbounded, 121

unrestrcited solvability, 31

value of a solution, 115

vector, 21
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