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Abstract. This thesis is a contribution to the field of semantic paradoxes. It
joins a tradition of works that investigate the questions of why certain referential
structures of sentences or sentence systems lead to semantic paradoxes.

The approach presented in Chapter 2 is language-independent. The funda-
mental concept it is based on is that of a Boolean network. Other frameworks
of the tradition that could be described as graph-theoretic approach to the se-
mantic paradoxes can be embedded in ours straightforwardly.

As in various other accounts, reference patterns are formally conceived as
directed graphs. A question every graph-theoretic account has to answer is
what graphs should be conceived as being potentially paradozical. The answer is
not straightforward, since graphs that occur as reference graphs of paradoxical
sentences usually do so not exclusively, but occur also as reference graphs of
sentences that are not paradoxical.

I will suggest three candidates for the class of all potentially paradoxical
directed graphs: dangerous digraphs, digraphs of infinite character and not
strongly kernel-perfect digraphs. Each of them captures a different aspect of
the intuition one might have about potentially paradoxical graphs and each
gives rise to a characterization problem, i.e., the problem of finding a graph-
theoretic property that is a necessary and sufficient condition for a graph to
be a member to this class. To each of the three characterization problems I
conjecture a solution. A directed graph is conjectured to be dangerous if and
only if it contains a directed cycle or a finitary inflation of the Yablo-graph
(i.e., the reference pattern of Yablo’s paradox); it is conjectured to be of infinite
character if and only if it contains a finitary inflation of the Yablo-graph; and
it is conjectured to be not strongly kernel-perfect if and only if it contains an
odd directed cycle or an odd finitary inflation of the Yablo-graph. It will be
investigated how these conjectures are interrelated.

The goal of Chapteris to show that any Boolean network (and the question
of whether it has a fixed point in particular) can be analyzed in terms of an
associated directed graph. Such a graph is called a characteristic digraph of
the Boolean network and contains more information about it than a reference
graph. This reduces the question of whether a sentence system is paradoxical
to a purely graph theoretic one. In Chapter [ it is shown that all three criteria
conjectured as sufficient and necessary are sufficient indeed. In Chapter [5] it
is shown that the criterion for dangerous digraphs is necessary under certain
additional assumptions.
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Included material from co-authored publications. Section [I.1] which is
presented here in a slightly modified form, was jointly written with Thomas
Schindler and is part of our joint article [5]. Some of the material in Subsection
[2772] can also be seen as taken from this paper, though being presented here
in a modified and more elaborate form. Conjecture in Subsection is
also contained in [5] as Conjecture 4.24, as well as in [4] (another paper jointly
written with Thomas Schindler) as Conjecture 1. Although Conjecture is
formulated for the more abstract domain of Boolean networks and is strictly
speaking not equivalent to Conjecture 4.24 in [5], it seems to be fair to regard
both as essentially the same.

Some theorems and definitions of Chapter [2] can be seen as more abstract
counterparts of definitions and theorems in [5]. In most of these cases, how-
ever, the transfer is not a straightforward one. It is problably more appropriate
to speak of reconstructions of concepts and theorems within a more abstract
framework. This is the cases with some of the material in Section 2.3 (in partic-
ular Definition and some of the material in Subsections and
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Finally, Definition in Section [3.6] of Chapter [3] can be seen as a recon-
struction of Definition 5.1 of [5].
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Chapter 1

Introduction

1.1 Semantic paradoxes and reference patterns

‘Why are some sentences paradoxical while others are not? Since Russell the
universal answer has been: circularity, and more especially self-reference.” These
are the opening lines of Stephen Yablo’s paper ‘Paradox without self-reference’
[50] that he concludes with the assertion that self-reference is neither necessary
nor sufficient for liar-like paradoxes, drawing on the now famous example of an
infinite sequence of sentences each of which says that all the sentences appearing
later in the sequence are not true.

In 1970, about two decades before Yablo’s discovery, Hans Herzberger [24]
already argued that there are referential patterns other than circularity that
should be counted as pathological. According to his approach, any sentence has
a domain, the set of objects it is about. Herzberger concedes that ‘the general
notion of a domain is more readily indicated than explicated’. However, he gives
the following rules of thumb. A sentence of the form ‘A is (not) true’ is about
Aj; a sentence of the form ‘All ¢s are (not) true’ is about all the ps. Of course,
some objects in the domain of a sentence may be sentences themselves. Those
sentences, too, have their own domain that may include sentences, and so forth.
Let D(y) be the domain of the sentence ¢ and D?(ip) the union of the domains
of all sentences in D(y). In this way, D¥(y) can be defined for all natural
numbers k. (This hinges of course on the assumption that we have a definition
of ‘domain’.) Herzberger calls a sentence o groundless iff for all k, D¥(y) is
not empty. According to this picture, both the liar and Yablo’s paradox are
groundless; but while the liar is about itself, hence circular, no member of the
Yablo sequence refers (directly or indirectly) to itself. Not all groundless sen-
tences give rise to actual antinomies (the non-paradoxical truth-teller sentence
is clearly groundless, for example), but they all suffer from ‘vicious semantic
regress’, a form of ‘semantic pathology’ more general than merely involving a
vicious circle, which, according to Herzberger, is responsible for the fact that
groundless sentences ‘lose their comprehensibility’. Thus, actual contradiction



is ‘but the extreme symptom of semantic pathology’ ([24, pp. 149-150]).

Yablo did not answer the question ‘Why are some sentences paradoxical
while others are not?’; but the idea that each sentence has a domain invites the
following crude answer:

Some sentences are paradozxical because of their position in the refer-
ence graph of our language, i.e., in the directed graph whose vertices
are the sentences of the language, where two sentences ¢, 1 are con-
nected by an arc from ¢ to ¢ iff ¢ is about (refers to, depends on)

.
Let us have a look at some informal examples.

Example 1.1.1. The paradigms of a self-referential statement are the liar and
the truth-teller and it is plausible to represent their reference patterns by simple
loops.

L: (L) is false T: (T) is true

8. 8+

The sentence L is paradoxical in the following sense. Its truth value depends on
its own truth value in a fashion that if we assign any truth value (true or false)
to L and then evaluate L relative to this assigned truth value, then the value
obtained by the evaluation turns out to be the opposite of the assigned value. In
other words, whatever truth-value is assigned to L is rejected by the evaluation.
The hypothesis that L is true implies that L is false and the hypothesis that L
is false implies that L is true.

When it comes to the truth-teller sentence T we are confronted with a related
but different phenomenon. Its truth value also depends on its own truth value
but in a different way. Whatever truth-value is assigned to T is confirmed by
the evaluation. The hypothesis that T is true implies that T is true and the
hypothesis that T is false implies that 7" is false.

What both sentences share is the same pattern of reference, but they differ
in their mode of reference.

Example 1.1.2. We can also consider pairs of sentences that, even if they are
not directly self-referential, still exhibit some kind of circularity:

Li: (T») is false
Ty: (Lq) is true

1O 20T



Example 1.1.3. Similarly, for every natural number n, we can consider liar
cycles of length n. A slightly different example is given by a version of Curry’s
paradox:

Cy: (C4) is false or (Cy) is true
Cy:1+1=3

Ch 8—’0 Cy

It is clear that self-reference or circularity is not a sufficient condition for para-
dox. But is self-reference or circularity a necessary condition for paradox? Ac-
cording to Yablo [50] that’s not the case.

Example 1.1.4. Consider the following combination of Example and Ex-
ample

K;: (K,) is false or (T) is true
Ks: (K») is false or (7)) is false
T: (T) is true

St

= (
 (

Example 1.1.5. Consider Yablo’s paradox:

Yi: (Y,) is false for all n > 1

Ya2: (Y;,) is false for all n > 2

Ys3: (Y,,) is false for all n > 3
- (Yn)

Ys: (Y,,) is false for all n > 4

Informally still, we may represent the Yablo sequence by the following graph
which does not contain any cycles.

Yy Y, Y3 Y,

It is not possible to assign a truth value to every Y,,: in any such assignment,
no more that two Y,,’s could be declared true. Hence there exists some ng such



that all Y,,, with m > ng are declared false. This implies that Y,, is true while
being declared false.

Yablo’s paradox seems to have an infinite character in the sense that it is
essential that there are infinitely many sentences involved.

Example 1.1.6. Variations on the Yablo sequence deliver new paradoxes whose
reference graphs do not contain any loops.

Y/: (Y3) is true

Yy (YY) is false and for all even n > 2, (Y})) is false

Yy (Yy) is true

Y. (YY) is false and for all even n > 4, (Y,]) are false
: (YY) is true

Y3

Y/ Y3 Y3 i Y5 Y5
=

Example 1.1.7. Finally let us have a look at the following version of McGee’s
paradox,

My: (M,,) is false
My: (M) is true
Ms: (My) is true

M,: (M) is true for all n < w.

In order to see the paradox in this construction, assume that M, is true. Hence
for all n < w, M,, must be true. But then Mj is true and thus claims truly that
M, is false. Hence M, is false. This implies that My is true. Which implies
that M is true. More generally, M, 1 is true, given that M, is. Hence, by
induction, we may conclude that M, is true.

McGee’s paradox combines traits of both the liar-paradox and Yablo’s para-
dox. While it has a cyclic structure, the fact that it involves infinitely many



sentences seems to be essential. Is it a paradox of infinite character in the same
sense as Yablo’s paradox is?

These examples raise the question of how many types of paradox there are and
what reference patterns underlie them. What are the ‘paradoxical nodes’ of the
reference graph? And can they be characterized in graph-theoretic terms?

1.2 Graph-theoretic accounts of the semantic para-
doxes

1.2.1 What is a graph-theoretic account?

Dating back to the early 1970s, there have been various attempts to explain
why some sentences are paradoxical while others are not in terms of certain
‘pathological’ patterns of reference, which are most conveniently captured by
directed graphs. All these accounts could be characterized as being rather ‘nat-
uralistic’ (or ‘naive’ or ‘empirical’) in the sense that they seem to agree on Hans
Herzberger’s guideline that ‘[rJather than try to eliminate those paradoxes [...]
the idea is to stand back and let the paradoxes reveal their inner principles’,
(cf. [25]). Ideally, every such approach would involve, roughly speaking, at least
the following four steps.

1. Choice of language: choose formal language L.
2. Notion of paradox: define what sets of L-sentences are paradoxical.

3. Graph assignment: assign to each set S of L-sentences a directed graph
R(S) that describes a relation of reference/semantic dependence between
the sentences of S,

4. Characterization problem: classify the (non) paradoxical sets of sentences
S in terms of R(S)!

1.2.2 The approach of Cook

As indicated in Section [I.1] the foundation for a graph-theoretic account of the
semantic paradoxes has been laid by Herzberger in his article [24]. Another
important and formally more rigorous contribution is Yablo’s work, [49] which
is thoroughly discussed in [5]. As the first rigorous and systematic attempt of
a graph-theoretic account could probably be regarded Gaifman’s approach in
[21], which is, however, rather complicated.

In the following we shall discuss Cook’s short and elegant essay [I4] as
paradigmatic of graph-theoretic accounts of the semantic paradoxesEI

LOther noteworthy contributions are: [9], [28], [29] and [46]. It is also worth mentioning
that at the intersection of philosophical logic and theoretical computer science there exists a
field of called abstract argumentation frameworks or discourse logic, which is quite flourishing

10



Cook considers (1) a formal language - denoted by Lp in this introduction,
‘F’ standing for ‘false’ - that consists of a set of sentence names, a falsity predi-
cate and conjunction symbols of arbitrary arity. (Strictly speaking, £z is not a
language but a family of languages, parameterized by the set of sentence names.
For the sake of simplicity we treat it as a language. This remark also applies
to Lo considered in the next subsection.) A denotation function that maps
sentence names to Lp-sentences gives rise to what might be called a negative
sentence system: A set of sentences S each of whose members refers to a subset
of § and claims that all the members of this subset are false. From our above
examples, {L} and {Y7, Y5, ...} are sets of sentence names that can be thought
of as such negative sentence systems (given the denotation function indicated
in our examples by a colon), while our examples built on the sets {T'}, {L1, Lo}
and {Y7,Yy,...} cannot.

Before discussing the notion of paradox (2), let us have a look how directed
graphs are assigned to sentence systems: Cook considers a relation of dependency
between sentences names that can be characterized as follows: a sentence name
«a depends on a sentence name 3 if and only B occurs in the sentence that is
denoted by aE| The directed graph that corresponds to a given sentence system
(let us call it the reference graph of this system) then consists of the sentence
names (the vertices of the graph) and has an arc from « to § iff @ depends on
B. Clearly, the reference graphs of the sentence systems {L} and {Y7,Ya,...}
are just as indicated by the drawings in the previous section: the loop and the
Yablo-graph.

Now to the notion of paradox (2) that comes with Cook’s account: a truth-
value assignment is a function that maps sentences to truth values (t and f). A
truth value assignment o is acceptable if and only if a sentences name « receives
the value ¢ under o iff every sentence-name that o depends on receives the value
f under o. A sentence system is said to be paradozical iff it has no acceptable
truth value assignment. Again, both {L} and {Y7,Y5, ...} are paradoxical under
this definition.

However, if we modify our example of the liar cycle {L;, Lo} in such a way
that both L; and Lo claim that the other is false (and only then this example
can be expressed in Lr), then the resulting sentence system comes out as not
paradoxical: One sentence might be true and the other might be false.

Now to the characterization problem (4) that comes with this account. What
can be said about the paradoxicality of a sentence system in terms of its refer-
ence graph? Cook emphasizes the (philosophical) importance of ‘determining
what patterns of dependency between sentences generate paradox’, since in the
absence of such a classification ‘philosophical accounts of truth are constantly
in danger of being overturned by the discovery of new sorts of paradox’.

since the 1990s and which deals, at least from a formal point of view, with rather similar
questions as graph-theoretic accounts of the semantic paradoxes do. Noteworthy papers are
e.g. [18] and [20].

2In [, [5] and in this thesis a dependency relation is understood as a relation between
sentences and sets of sentences. This is done purely for technical convenience and both version
are inter-translatable.

11



It turns out that the characterization problem can be tied straightforwardlyﬂ
to a well-known and important concept in the theory of directed graphs, that of
a kerneﬂ A set K of vertices of a digraph G is called independent iff there is no
arc of G between any (not necessarily distinct) pair of (not necessarily distinct)
vertices and K is called absorbent iff for all x ¢ K there exists y € K such that
(z,y) is an arc of G. A kernel of G is a subset of the set of all vertices of G that
is both independent and absorbent.

The crucial observation is that the characteristic function of any kernel of the
reference graph that corresponds to a sentence system S defines an acceptable
truth value assignment for S and, on the other hand, every acceptable truth
value assignment for S can be read as the characteristic function of a kernel
of its reference graph. Let us illustrate this point with the sentence system
{Y1,Ya,...} and its reference graph. Notice that a function f : w — {0,1} is
the characteristic function of a kernel of the Yablo-graph iff the following holds.
For all n > 1: f(n) =1iff f(k) =0, for all kK > n, and f(n) = 0 iff there exists
k > n such that f(k) = 1. Replacing ‘f(n) = 1’ by ‘Y, is true’ and ‘ f(n) = 0’ by
‘Y,, is false’ generates the sentence system {Y1,Y5,...} of our above exampleﬂ

As a consequence, the characterization problem is tantamount to the prob-
lem of classifying the digraphs that have no kernel. Promising as this cor-
respondence might seem, it also brings to light the issue of complexity: the
characterization problem could be much too difficult to have a satisfying solu-
tion. Cook himself concedes that ‘elegant necessary and sufficient conditions for
the existence of a kernel, even in the finite irreflexive case, have so far eluded
discovery.” Indeed, this is not surprising. The problem of determining whether
a finite digraph has a kernel or not is known to be NP-completelf] As shown
in [§], for recursive infinite digraphs the problem is ¥i-complete. This makes
the corresponding versions of the characterization problem co-NP-complete and
I1i-complete, respectively.

This raises the question of whether there is any hope of ever formulating a
simple graph-theoretic property that is a sufficient and necessary condition for
a digraph having a kernel. Typically, graph-theoretic properties are formulated
is in terms of excluded subgraph conditions. Examples are the characterization
of the planar graphs or Hadwiger’s conjecture. (Cf. [I7]). That such a char-
acterization is not possible for digraphs with (or without) kernel is due to the
fact that for any digraph that has no kernel there is a superdigraph that has a
kernel, and for any digraph that has a kernel, there is a superdigraph that has

3Cf. the appendix of [14]

4We will touch the notion of digraph kernel and its history a little more in Sectio A
good survey is [I0]. The very readable introduction to graph theory [3] dedicates an entire
chapter to kernels.

5An important qualification must be made: Cook formulates and proves this correspon-
dence only for serial digraphs - i.e. digraphs without sinks. The reason is that the language
of his framework contains no logical constants. Even though the language of the framework of
Rabern et al. (cf. Subsection does contain logical constants, they restrict some of their
results about kernel to graphs without sinks. Unnecessarily so, as will be shown in Proposition

;For a discussion of complexity issues and for further references cf. [§].
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no kernel[7]

Theses considerations suggest that it is quite unlikely to ever find a satisfac-
tory graph-theoretic property that is a necessary and sufficient condition for a
digraph having a kernel.

1.2.3 The approach of Rabern et al.

Like Cook, Rabern et al. work in [41] with an infinitary propositional language,
sentence names and a denotation function. The main difference, however, is that
their language contains in addition to conjunction symbols the logical constants
1 and T and, in particular, a negation symbol —. In this introduction we denote
this language by Lo ( ‘C’ standing for ‘complete’). Thus L can be considered
as the negative fragment of Lo. In the latter, all our above sentence systems
- including the truth teller {T'} and the pair of liars {L;, Lo} - are expressible.
Moreover, a dependency relation (called a reference relation) is defined between
sentence names, completely analogously to [I4], which gives rise to reference
graphs for sentence systems.

Again, a sentence system is said to be paradoxical if and only if it has no
acceptable truth value assignment o, the definition of which could be seen as an
adaption of Cook’s to the context of more complex logical formulae: for every
sentence name «, the value assigned to a by ¢ must must coincide with the
semantic value relative to o of the sentence denoted by «,

The price of the gain in expressive power is that it is no longer possible to
characterize the paradoxicality of a sentence system in terms of its reference
graph: e.g. both the paradoxical liar and the non-paradoxical truth-teller have
a loop as their reference graph.

Probably for this reason, the authors shift the focus of the characteriza-
tion problem, which makes no sense in the form as it is stated under (4) in
Subsection It makes no longer sense to speak of paradoxical reference
patterns, only of potentially paradoxical ones: a directed graph is said to dan-
gerous if and only if it is the reference graph of a paradoxical sentence system.
The modified version of the characterization problem (4) becomes the following.

4. Classify the dangerous directed graphs!

One advantage of this shift is a reduction in complexity: in contrast to
(4), characterization problem (4’) seems to be a more tractable. Indeed, the
dangerous finite directed graphs are exactly those that contain a directed cycle.
Moreover, every directed graph that contains a dangerous graph is dangerous
itself. This last point opens the possibility of an excluded subgraph or an
excluded minor characterization of the dangerous directed graphs.

"In the first case just add a new vertex n to the digraph G and an arc from each vertex of
G to n; a kernel of the new digraph consists just of n. In the second case proceed as in the
first one but then add a further arc to the digraph from the n to itself. Then n cannot be in
any kernel of the new digraph G’. But this is tantamount to the claim that there is no vertex
v in any presumed kernel of of G’ such that (n,v) is an arc of G'.

13



1.2.4 The approach of Beringer and Schindler

Indeed, the following conjecture was suggested by Beringer and Schindler (in [4]
and in [5]).

Conjecture. A reference graph is dangerous if and only if it contains a directed
cycle or the Yablo-graph as finitary minorﬂ

However, it must be mentioned that in contrast to both of the previous ac-
counts, [4] and [5] work with the language of first-order arithmetic augmented
with a unary T-predicate. In this context, a syntactical notion of reference is
no longer possible (or at least not obvious). Reference graphs are based on a
notion of semantic dependence, first introduced by Leitgeb in [34]. For this rea-
son the above conjecture does not pertain to directed graphs simpliciter but is
relativized to reference graphs, a concept depending on the specific language of
the framework. The same holds true also for the concept of danger. Prima facie
it is not clear at all how the above conjecture relates logically to its translation
into the framework of [41].

Conjecture*. A directed graph is dangerous* if and only if it contains a di-
rected cycle or the Yablo-graph as finitary minor,

where dangerous™ is meant to be defined just as in [41].

In order to tackle the problem that the question of whether a sentence is
paradoxical cannot be answered in terms of its reference graph, a more fine
grained version of reference graphs, signed reference graphs, are introduced.
Signed reference graphs can distinguish the liar from the truth teller. In addition
to the reference relation itself, expressed by an arc between sentences, the mode
of reference is also taken into account and expressed by a label attached to
the arcs. The loop of the liar graph turns out to be negative and the loop of
the truth-teller positive. It is argued that the reference patterns that lead to
paradox are all predominantly negative.

1.3 Guiding questions

The discussion of graph-theoretic accounts in the previous section raises a couple
of questions that we partition into three groups.

1. Is there a language-independent graph-theoretic approach to the semantic
paradoxes, integrating e.g. the frameworks of [I4] and [41] on the one hand
and that of [5] on the other hand? What would be the underlying depen-
dency relation of such an abstract approach? Could it be in any sense
meaningful or just an artificial construct? What is the exact relationship

8The concept of finitary minor will be introduced in Definition [2.7.10|and Definition [2.7.13
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between the abstract framework and the particular accounts discussed in
the previous section?

2. Isit possible to assign to sentence systems (or to their language-independent
counterparts) directed graphs that capture the full information about their
status of being paradoxical or not, just as in [I4], but without any restric-
tion of language? What would be the relation between these graphs, let
us call them characteristic graphs, and dependency graphs? And what
would be their relation to the signed reference graphs in [5]?

3. Is there some notion of dangerous graph in the abstract framework and how
does it relate to the respective notions in the particular frameworks? What
is a reasonable conjectured solution for the corresponding characterization
problem? Is there an analogous characterization problem for characteristic
graphs? What is a reasonable conjectured solution for this problem? How
is the second related to the first? Can any of theses conjectured solutions
be proven, at least partially?

These questions will serve as a guideline for this investigation, of which an
outline shall be given in Section Before doing so, it seems appropriate to
provide the reader with some background in the theory of digraphs kernels,
given the important role this concept plays throughout our investigation.

1.4 Richardson’s theorem for infinite graphs

The notion of a kernel was first introduced by von Neumann and Morgenstern
in their seminal work [45], in order to describe solutions for certain cooperative
games. Kernels of directed graphs (at least of finite ones) have been studied
extensively. For a survey of some classical results cf. [I0] and [I].

A rare example of a book that treats kernels of infinite graphs to some extent
is Berges Théorie des graphes et ses applications from 1958 [2]E| With hindsight,
it might seem a bit surprising that Yablo’s paradox wasn’t discovered by Berge
back then - or, more precisely, its counterpart in kernel theory. In order to
appreciate this remark, let us restate the definition of a kernel already given
in Subsection [1.2.2] and then have a look at the pages 48 to 50 of the English
translation.

A set K of vertices of a digraph G is called independent iff there is no arc of
G between any (not necessarily distinct) pair of them, and K is called absorbent
iff for all z ¢ K there exists y € K such that (z,y) is an arc of G. A kernel of G
is a subset of the set of all vertices of G that is both independent and absorbent.
After having stated Richardson’s theorem (cf. [42]) Berge proceeds by proving
two generalizations of it.

9English translation from 1962: The theory of graphs and its applications, ([3]).
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Richardson’s theorem. Every finite digraph possesses a kernel if it contains
no cycles of odd length.

Generalization 1. If a totally inductive digraph contains no cycles of odd
length, then it possesses a kernel.

Generalization 2. If a locally finite digraph contains no cycles of odd length,
then it possesses a kernel.

Here a digraph G is totally inductive iff for every infinite directed walk
xg,1,... in G there exists a natural number n such that for all n < k < [,
there is a directed walk from z; to xx, and G is locally finite iff every vertex of
G has at most finitely many in-neighbors and finitely many out-neighbors.

It is hard to believe that at this point a mathematician like Berge hasn’t
given at least a moment’s thought to the now apparent question of whether
there is an infinite digraph that has no odd cycles and no kernel. Note that a
negative answer would make the hypotheses that replace the condition of being
finite in Richardson’s theorem — i.e., being totally inductive and locally finite
respectively — superfluous after all. On the other hand, if one suspects that
such a digraph exists and one knows that it can neither be well-founded, nor
totally inductive nor locally finite, the simplest example that comes to mind is
the following.

Let Y be the digraph whose vertices are the natural number and whose arcs
consist of all the ordered pairs (n,m) such that n < m. It is quite easy to
see that Y cannot have a kernel. Every independent set contains at most one
element ng. But no m > ny has an arc leading to ng, hence no independent
set can be absorbent. As already argued in Subsection this can be easily
translated into the language of Example which, in turn, is Yablo’s infinite
version of the liar paradox he discovered in 1985.

The correspondence between digraphs without a kernel and paradoxes of this
kind is quite general. Every digraph can be interpreted as a sentence system
by assigning to each vertex a sentence that claims that all its out-neighbors are
false, and to every such Yablo-like sentence system, we can assign the digraph
that describes its referential structure. This fact was first mentioned in the
appendix of [I4], a paper dealing with variations of Yablo’s paradox, among
others. So it contains implicitly the observation that Y is an acyclic infinite
digraph without kernel — the answer to the question that Berge didn’t ask in
his book.

A generalization of Richardson’s theorem was proved by Rabern et al. in [41]:
a sink-free directed graph G has a kernel, if the underlying undirected graph of
G is acyclic or if only finitely many vertices of G have infinite out degree.

Another generalization of Richardson’s theorem (even though the name isn’t
mentioned) is proved in [5]. If a reference graph G contains neither an odd cycle
nor an odd double path, then G has a kernel. As with all results in this paper,
as we already mentioned in Subsection the qualification must be added
that strictly speaking they apply only to reference graphs and not to graphs in
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general. We will prove the general result in Subsection [2.6.3

In 2019, Walicki [47] stated a conjecture about digraph kernel that is related
to Conjecture 4.24 and that reads as follows: a directed graph has a kernel if
it contains neither an odd cycle nor a ray that is dominated by infinitely many
of its vertices. (This conjecture will be discussed in Section We shall see
that the second condition is equivalent to not containing the Yablo-digraph as a
finitary minor in Section . This can be seen as conjectured generalization of
Richardson’s theorem. Walicki proved a special case of this conjecture: it holds
if the digraph has only finitely many ends (cf. [47] and Section [3.4)).

In Subsection [2.8.3] we shall state a conjecture that, if true, is a maximal
strong version of Richardson’s theorem in the sense that it provides a necessary
and sufficient condition for a digraph to be strongly kernel-perfect (i.e. being
such that every subdigraph has a kernel).

1.5 Outline of the thesis

Let me conclude this introduction with a rather detailed outline of each of
the remaining chapters of this thesis. Aside from giving a first overview, this
section is intended to help the reader navigate through these occasionally rather
technical parts and can be consulted if and when the need arises.

1.5.1 Outline of Chapter 2

While Herzberger’s paper [24], as has been indicated at the very beginning of this
introduction, can be seen as perhaps the first systematic attempt to understand
semantic paradoxes in terms of referential patterns, his works [25] and [26] could
be seen as an essay on the dynamical aspect of semantics and their relevance
for the understanding of semantic paradoxes. The opening passage of [25] reads
as follows.

‘One lesson I am inclined to draw from the recent history of philo-
sophical struggles with semantic paradoxes, is that new techniques
for suppressing them are unlikely to advance our understanding of
the basic problems.]...]

Rather than try to eliminate those paradoxes, I want to consider the
experiment of positively encouraging them to arise and watching
them work their own way out. This approach, which I call naive
semantics, is a deliberately nondirective exercise. The idea is to
stand back and let the paradoxes reveal their inner principles. Naive
semantics is very much in the spirit of Charles Chihara’s recent plea
for a diagnosis of the paradoxes preceding their treatment.’

The phrase ‘reveal their inner principles’ almost certainly refers to the behavior a
paradoxical sentence shows when subjected to a revision process. Such a process
consists of the iterated semantic evaluation of a sentence system, starting from
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some first truth-value assignment. In [25] (as well as in [26] , [22] and [23]) such
revision processes are iterated even transfinitely. We will discuss this point in
Subsection [2:4.2] but for the time being let us leave the limit step aside.

Formally, a revision sequence is a trajectory of a point in a discrete dynamical
system, which is simply a function ® : U — U. (Cf. [43] or [48]). In our case
the points, i.e., the elements of U, are truth-value assignment, i.e., elements
of U = {0,1}*, the set of all function of type f : X — {0,1}. The elements
of X are sentences, the functions f € {0,1}* truth value assignments and ®
and operator that revises the truth-value assignments. The particular structure
of the state-space U as set of all Boolean functions on a given set X makes
the dynamical system ® a Boolean network. The iterations ®', ®2, .. of ® are
of particular interest. Applied to an initial state f € {0,1}* they produce a
sequence of states that either reaches some fized point after finitely many steps
or goes on forever without stabilizing.

The concept of Boolean network was first introduced by Kaufman in [30] with
an intended application in a completely different domain, namely biology. Since
then the field has flourished and the concept has found its application also in
theoretical computer science, e.g., [19]. Dedicated to research at the intersection
of biology and computer science, there is the journal Artificial Life, many of
whose articles are concerned with Boolean networks, explicitly or implicitly,
e.g.[ll”ﬂ However, the Boolean networks considered in the literature I am
aware of are almost exclusively finite. (In [48] an infinite example is treated en
passant.) For sure, no attempts have been made so far for a systematic and
rigorous treatment of general (i.e., finite and infinite) Boolean networksE

The goal of Chapter [2] is to undertake such an exposition and to develop
a language-independent graph-theoretic account of the semantic paradoxes in
terms of Boolean networks. In particular, almost all of the important concepts
and theorems of [5] shall be reformulated in this more abstract setting. In
Subsection it is shown (or at least indicated how it can be shown) that
the framework of Beringer and Schindler can be conceived of as a particular
Boolean network and that their concepts and results are indeed instances of our
abstract reconstructions of them.

In Section we start out from scratch by expounding the basic concepts
of a general theory of discrete dynamical systems that will be of importance
for our endeavor like that of an iteration graph (Subsection , an invariant
subset of the state space, or an attractor (Subsection. In Subsection m
Boolean networks are formally introducedE

101t should be mentioned that Boolean networks considered in biology are often (but not
always) non-deterministic. 1 will only discuss deterministic Boolean networks in this thesis.

1T At least not under the name of Boolean networks. As we have argued above, the works
of Herzberger, Gupta and Belnap could be regarded as being about infinite Boolean net-
works. Another field that seems to be quite suitable for conceptualization in terms of Boolean
networks (and which is formally related to revision theory) it that of infinite time Turing
machines and ordinal Turing machines, cf. e.g. [35] and [13].

1216t me mention here that there is an unpublished paper by Landon Rabern and Brian
Rabern, [40], which introduces a framework that seems to be equivalent to the present one
taken at the stage of development it is in Subsection [2:3.1] although using a different termi-
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Analogously to sentence systems, Boolean networks can be equipped with
dependency graphsE (Subsection that capture the information on which
members of the network the ‘computation’ any given automaton is about to
perform depends on. Of course, the terms ‘computation’ and ‘automaton’ are
strictly speaking not adequate for our general setting of infinite Boolean net-
works - Boolean functions involved are not necessarily computable. However,
we shall stick to the term automaton when it comes to talking about a par-
ticular component of a Boolean network. Even if the corresponding Boolean
function is not computable, one might think of a Boolean automaton as an
oracle interacting with other members - other automata - of the network.

The notion of dependence that these graphs are based on can be seen as a
straightforward generalization of the notion of semantic dependence introduced
by Leitgeb in [34], which is a key concept of the framework of Beringer and
Schindler. (Cf. [5], [4] and Subsection [2.3.2]).

From a mathematical point of view, the guiding question of our investigation
can now be formulated as follows. Given a dependency graph of a Boolean net-
work, what can be said about its behavior as a dynamical system, in particular
about its fixed points?

The main goal of Section [2:4] is to establish the aforementioned transfer of
large parts of the conceptual apparatus of [5] to Boolean networks. In order
to achieve a reconstruction of Kripke’s theory of truth some pendant to three-
valued logic is need. For this reason general function networks are introduced
in Subsection [2.4.3] They are just like Boolean networks with the difference
that each automaton can assume not just the states 0 and 1 but values from an
arbitrary set - {0, 3,1} for most of our purposes.

This allows us consider monotonic three-valued extension of a Boolean net-
works, called Kripke extensions in Subsection In Subsection the
usual types of Kripke fixed points are defined and the notion of a Kripke-
paradozical automaton is defined in full analogy to that of a paradozical sentence
in [32].

After having defined the notion of a subtype of the state-space of a Boolean
network we give in Subsection [2.4.9] an interpretation the Kripke fixed points,
i.e., the fixed points of the Kripke-extension as subtype of the original Boolean
network. This allows us to compare the concept of a Kripke-paradoxical au-
tomata to that of a Herzberger-paradozical automata (already defined in Sub-
section in terms of sets that are invariant with respect to the Boolean
network ®.

At the end of Section a theorem from [0] whose translation states that
every Boolean network has a fixed point if it has a dependency graph that is
a tree is proven in Subsection [2.4.10] Finally, in subsection Subsection [2.4.11
we can reconstruct the notion of periphery and core of a Boolean network and
show results that shall be of quite some use later in Chapter

nology leaving out the dynamical aspect. I have not been aware of it until at a rather late
stage of my work on this thesis and I would like to thank Brian Rabern for the hint.

13These dependency graphs turn out to be the converse graphs of what is called a ‘graphe
de connexion’ in [43], where the concept is, however, only defined for finite graphs.
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The goal of Section [2.5|is to introduce notions of structure preserving trans-
formations between dynamical systems in general and Boolean networks and
constrained Boolean networks (cf. Definition and the following remark) in
particular. This has the purpose of preparing the conceptual ground for the
notion of a characteristic digraph (cf. Deﬁnition which shall play a crucial
role throughout Chapter Moreover, it allows us to formulate the concept
of dual paradox (Cf. [14] and [41]) within our abstract framework, as well as
criteria for the identity of paradoxes.

In in Subsection 2.5.2] we take a look at the concept of the dual paradoz
associated to a given paradox as formulated in [I4] and generalized in [41].

In Section [2.6] we will introduce three classes of digraphs, each of which is
associated to a different shade of the relation between paradox and reference
pattern and each of which gives rise to a different characterization problem:
dangerous (Subsection , of infinite character (Subsection and not
strongly kernel-perfect (Subsection . Showing that these characterization
problems are interrelated and can at least be partially solved is the main goal
of this thesis.

In Subsection transformations of dynamical systems have been dis-
cussed. Some of them, like weak systems embeddings, preserve a lot less infor-
mation about dynamical systems than system isomorphisms do. In Section 2.7]
we introduce two types of operations on digraphs that preserve some but not all
of the digraphs structure: subdivisions and inflations. Inflations in particular
will play an important role throughout the rest of this thesis. They come in
various flavors: finitary, regular and convergent. Moreover, the parity (the prop-
erty of being even or odd) of a digraph inflation will be defined, a concept that
is key in order to formulate the conjectured solutions for the characterization
problem for strongly kernel-perfect digraphs (Problem .

In Section [2.8] solutions for the characterization problems given in the last
section shall be conjectured in terms of finitary digraph inflations.

o Conjecture (A) (cf. Conjecture [2.8.1): If a directed graph contains neither
a cycle nor a finitary inflation of the Yablo-graph, then it is safe.

e Conjecture (C) (cf. Conjecture [2.8.13): If an acyclic digraph contains no
odd finitary inflation of the Yablo-graph, then is has a kernel.

e Conjecture (D) (cf. Conjecture [2.8.4): If a directed graph contains no
finitary inflation of the Yablo-graph, then it is of finite character.

1.5.2 Outline of Chapter 3

When passing from the language L (cf. Subsection to the broader lan-
guage L¢ (Subsec‘cion7 the price one has apparently to pay for the gain of
expressive power is the loss of the straightforward applicability of kernel theory
to the analysis of sentence systems: It is no longer the case that a sentence
system is potentially paradoxical if and only if its reference graph has no kernel.
This correspondence remains valid solely for the fragment of Lo that can be
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thought of as an embedding of L in the more general language and that we may
call the negative fragment L of Lc: the reference graph of any such negative
sentence system is characteristic for the sentence system in the sense that the
reference graph has no kernel if and only if the sentence system is paradoxical.

This raises the question of whether there exists a translation from Lo into
L such that a sentence system S is paradoxical if and only if its translation S’ is
paradoxical? A positive answer would extend the assignment of a characteristic
graph to every sentence system of the complete language L¢.

The existence of such a translation seems not implausible. E.g., take Exam-
ple the sentence system {Li, Lo}, where Ly claims that Lo is false and Lo
claims that L; is true. On could add a sentence L3 that claims that L, is false
and replace Ly with the sentence system {L}, L3}, while L; remains as it is.

Lo ot

Indeed, a procedure in this spirit has been suggested [8], at page 4, where
a directed graph G(T) is associated to an arbitrary theory T (formulated in a
propositional language similar to £) such T is satisfiable if and only if G(T") has
a kernel. This method is, however, not suitable for our purposes, which is to
show that the behavior of any Boolean network and the question of whether it
has a fixed point in particular can be analyzed in terms of an associated directed
graph, called a characteristic digraph of the Boolean network, containing more
information about it than a dependency graph.

So our list of desiderata is more comprehensive than those of [8]. We start (i)
not from a theory of propositional logic but from a Boolean ® network, which
(ii) has a dependency graph G to whose structure the characteristic graph G(®)
should bear some resemblance in addition to the fact that (iii) G has a kernel
if and only if G(®) has a fixed point.

The points (i) and (ii) are obstacles for a direct application of the method of
Bezem et al., in particular the second one. In light of the conjecture formulated
in Section the requirement that G(®) ‘bear some resemblance to’ G means
in particular that (a) G(®) should be acyclic if and only if G is and (b) G(®)
should contain a finitary inflation of the Yablo-graph if and only if G does.
In particular (a) is not satisfied by the procedure of Bezem et al., since cycles
would be inserted into acyclic graphs.

The first obstacle (i) can be dealt with by defining a representation of any
Boolean network as a Lo-sentence system, i.e., expressing the Boolean function
associated to each automaton of the network by a Lc-formula. This will be
done in Subsection [3.5.1} A welcome byproduct of this step is the result that a
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digraph is dangerous in the sense of Rabern et al. if and only if it is dangerous
in our senses. More generally, it even shows that the framework of Rabern et
al. can be embedded in ours and vice versa.

In a second step, in Subsection [B.5:2] the the representation of a Boolean
network is brought into a particular normal form to which then a directed graph
is associated that satisfies our requirements of a characteristic graph G(®). In
order to see it satisfies desideratum (ii), we introduce the concept of regular
inflation in Section [3.1] show in Section [3.3]that all regular inflations satisfy the
requirements (a) and (b). Furthermore, we show that G(®) is a regular inflation
of G.

Strictly speaking, even more is achieved. In Section [3.2] characteristic di-
graphs will be defined in terms of network inflations (Definition of con-
strained Boolean networks. A constrained Boolean network is an ordered pair
consisting of a Boolean network ® and a dependency graph G for ® (which is
thought of as a constraint on ® in the sense that it puts a limitation on the set
of all automata from which any automaton of the network can receive input.)

A network inflation of a constrained Boolean network consists of two com-
ponents, a regular digraph inflation acting on the digraph part G by inflating
it to a digraph Z[G] and a dense weak system embedding (cf. Section [2.5) which
transforms ® into a Boolean network on Z[G]. This allows to describe not only
the fixed points but the complete dynamical behavior of the Boolean network
® in terms of its characteristic graph.

This method of describing a Boolean network in terms of its characteristic
graph is epitomized by Theorem the first main result of this thesis. Two
applications of it are given in Chapter [3] One of them is a reconstruction of the
concept of signed reference graph from [5] in Section

The other and more important one is the exploitation of results from kernel
theory for our theory of Boolean networks in Section [3:4} In particular, it allows
us to use results from [47], already outlined in Section[L.4] in order to show that
Conjecture (A) (already mentioned in Section[L.5.1]) holds under the assumption
that the directed graph in question has only finitely many ends. Moreover, we
prove that Conjecture (A) follows from a conjecture by Walicki.

In Chapter |[5| Theorem will be used again in order to exploit another
result from [47] for the purpose of Boolean network theory.

1.5.3 Outline of Chapter 4

The main goal of Chapter [ is to prove the converse of each of the conjectures
(A), (C) and (D). This shall be achieved with the theorems and
respectively. An important tool for this end is the concept of convergent
inflation, introduced in Section

The major part of the work will be done Section [£.2} culminating in Theorem
[:2.T1) which states the a directed graph contains a finitary inflation of the Yablo-
graph if and only if it contains a finitary convergent inflation of the Yablo-
graph and that parity is respected by this equivalence. The point is that odd
convergent inflation of the Yablo-graph cannot have kernels. The proof of this
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claim (Theorem can be seen as a generalized form of the Yablo paradox.
Sufficient conditions for digraphs without kernels have been investigated in [51],
[14], [16] and [41]. (Cf. e.g. Lemma 31 in [41]). Theorem[4.3.1|provides a sharper
result than any these.

Another application of convergent inflations is Theorem in Section [4.4]
which states the equivalence of a directed graphs containing a finitary inflation
of the Yablo graph and the criterion Walicki uses in [47] for his conjecture about
kernels.

1.5.4 Outline of Chapter 5

One goal of this final chapter is to show that Conjecture (A) holds under weaker
assumptions than already established in Chapter |3} Theorem [5.4.6| states that
any directed graph G is safe if and only if G is acyclic and contains no finitary
inflation of the Yablo-graph, given that G contains only mormal ends and at
most countably many ends. (One direction of this equivalence has already been
established in Chapter . In order to do this, a method is developed in Sub-
section that seems to be more suitable for Conjecture (A) than Walicki’s
method from[47]. It takes into account the fact that for our purpose it suffices
to focus on acyclic digraphs, and not on the larger class of digraphs without
odd cycles.

A key method that is introduced in Section and then used throughout
this entire chapter is that of decomposing a Boolean network into subnetworks
(cf. , finding a fixed point for each of them and the integrating these fixed
points into a fixed point of the entire Boolean network. A precursor of this
method (which has some applications in this chapter) has been the decomposi-
tion into periphery and core (Definition . We will primarily be concerned
with Boolean networks — nevertheless, some results are formulated more gen-
erally for function networks. An important method of network decomposition
is that of an open ezhaustion (Subsection [5.1.1]), which uses the topology of its
dependency graph (defined in Subsection in order produce a layer-wise
decomposition of a Boolean network.

A particular useful type of an open exhaustion is discussed in Section
This procedure can be thought of as an inductive process, yielding a possibly
transfinite sequence of larger and larger subnetworks, all of which have a fixed
point. The bases case, the fact that the first subnetwork in this sequence has a
fixed point, is due to an application of Theorem (the characteristic graph
method) to another result from [47] about digraph kernels. This inductive pro-
cess can either exhaust the dependency graph completely, in which case it yields
a fixed point for the entire Boolean network, or, stopping short of that, leave
a non-empty subdigraph of the dependency graph as residuum. This residual
digraph turns out to have a particular structure that is called prolific. Our
strategy for proving Theorem [5.4.6]is to show that under certain circumstances
every prolific directed graph contains a finitary inflation of the Yablo-graph.

The simplest case in which these circumstances are given is when the depen-
dency graph is a normal end (Section . An end of a directed graph G is,
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roughly speaking, a subgraph H of G such that H contains a ray R (an infinite
path) and all rays contained in H are parallel to R. This concept, introduced in
this form by Walicki in [47], can be seen as an adaption of the usual concept of
end for undirected graphs (cf. [I7]), with the distinction that a certain anomaly
can occur in the directed case which doesn’t exist in the undirected case. An end
of a directed graph is normal if it is free of this anomaly and behaves analogous
to an end of an undirected graph.

In Section[5.4] this result is generalized to the case where a directed graph has
only countably many ends and all ends are normal. An example of a directed
graph that has wuncountable many ends is that of an infinite ever branching
binary tree (each branch of which is an end that is simply a ray). This example,
by the way, is crucial for the proof of Theorem [5.4.6

Chapter |5 and thus our investigation concludes with Section which is
a short reflection on the methods used in order to prove special cases of the
conjectures, and on the prospect of developing these methods further in order
to achieve sharper results in future work.
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Chapter 2

Boolean networks and
semantic paradoxes

The goal of Chapter [2] is to develop a language-independent graph-theoretic
account of the semantic paradoxes in terms of Boolean networks. In particular,
almost all of the important concepts and theorems of [B] shall be reformulated in
this more abstract setting. In Subsection it is shown (or at least indicated
how it can be shown) that the classical valuation scheme discussed in [5] can
be conceived of as a particular Boolean network and that their concepts and
results are indeed instances of our abstract reconstructions of them. For a more
detailed outline of Chapter [2| the reader is referred to Subsection [1.5.1

2.1 Basic terminology

In this section some rather basic (mostly graph-theoretic) notions are defined.

Notational conventions and general terminology

For all z,y we denote by (x,y) the ordered pair consisting of z and y. Given
a function f: A — Band X C A, let f[X] ={y € B| (Fz € A)(f(x) =y)}
be the image of X under f. Let f | X = {(z,y) | z € X A f(z) = y} be the
restriction of f to X. Thus f | X : X — B. For all sets A, B let AZ be the set
of all functions of type B — A.

For all sets X, we denote the identity map on X by idx, i.e., idx(y) = v,
for all y € X.

For functions f: X - Y and g:Y — Zlet fog: X — Z be defined by

(fog)(x) = f(g(x)), for all z € X.
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Digraphs, sub- and superdigraphs

A directed graph or digraph G is an ordered pair, consisting of a (possibly
infinite) set V(G), the vertices of G, and a set A(G) of ordered pairs of elements
of V(@), called the arcs of G. This means that the set A(G) is a binary relation
with field V(G). On the other hand, every binary relation can be conceived as
a digraph. Note that in particular (@, @) is a digraph.

We call the first vertex x of an arc (x,y) the tail of (z,y) (also denoted by
tail(z, y)) and the second vertex y the head of (z,y) (also denoted by head(z,y)).

A digraph H is a subdigraph of G iff V(H) C V(G) and A(H) C A(G). In
this case we also say that G' contains H and write H C G. A digraph H is said
to be a superdigraph of G iff G is a subdigraph of H. A subdigraph H C G is said
to be induced iff for all z,y € V(H), (x,y) € A(G) implies (x,y) € A(H). For
X C V(@) we denote by G[X] the unique induced subdigraph H C G such that
V(H) = X. A subdigraph H C G is said to be spanning iff V(H) = V(G), and
G is called a spanning superdigraph of H iff H is a spanning subdigraph of G.
For digraphs G and H let us define the following operations: GU H = (V(G) U
V(H),A(G)UA(H)),GNH = (V(G)NV(H),A(G)N A(H)). For X C V(G)
let G\ X =G[V(G)\ X] and for A C A(G) let G\ A= (V(G),A(G) \ A).

Neighbors and degrees

For any vertex z € V(G), we call y € V(G) an out-neighbor of x (in G) iff
(z,y) € A(G), and an in-neighbor of z (in G) iff (y,z) € A(G). Let outg(x) be
the set of all out-neighbors of z in G and ing(z) be the set of all in-neighbors of
z in G. We write dj,(z) (the out-degree of z in G) for the cardinality of outg(x)
and d(z) (the in-degree of  in G) for the cardinality of ing(x).

A digraph G is said to be finitely out-branching iff df,(x) is finite for all
x € V(G); it is said to be finitely in-branching iff d(x) is finite for all z € V/(G).
A vertex z € V(G) is said to be a sink of G iff outg(z) = @, and a source of G
iff ing(z) = . We denote the set of all sinks of G by snk(G) and the set of all
sources of G by src(G). A digraph G is said to be sink-less iff snk(G) = @ and
source-less iff src(G) = @.

Paths, rays, walks, cycles and well-founded digraphs

A non-empty digraph P (i.e., a digraph with at least one vertex) is called a (di-
rected) path (from z to y, of length n) iff there is an enumeration (vo, v1, ..., vy,)
of V(P) such that for all 0 < i,j < n, (v;,v;) € A(P) iff j =i+ 1 with = v
and y = v,,. Note that a digraph with one vertex and no arcs is a path of length
0. We call such a path trivial.

Let D be a digraph = # y € V(D). Then D is said to be a double path
(from z to y) iff there are non-trivial paths P, # P, from x to y such that
V(P )NV (Py) ={z,y} and V(D) = V(P,)UV(P,) and A(D) = A(P,)UA(P,).
Note that it is necessary to stipulate that P; # P in order to excluded an arc
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from being a double pathﬂ

For any digraph G, call an infinite sequence of vertices (v, v1,...) of V(G)
an infinite walk in G iff for all i € w, (v;,v;41) € A(G). Analogously, finite walk
is finite but non-empty sequence of vertices (vo, ..., v,) of V(G) such that for
all 0 < i < n, (v, vi41) € A(G). We say that a walk (finite or infinite) in G
visits a vertex x of G iff x = v;, for all some index i of w. We say that a walk
in G visits an arc (z,y) € A(G) iff z = v; and y = v;41 for some index i of w.
We say that a walk (finite or infinite) is straight iff it visits no vertex twice.

The difference between a path and a finite walk is that a path is a digraph
while a walk is a sequence of vertices in a digraph. Note that a digraph G is a
path iff there is a finite walk in G that visits every vertex of G and every arc of
G exactly once.

A digraph C is called a cycle (of length n) iff there is a finite walk (vg, ..., v,)
in C' that visits every arc of C exactly once and every vertex exactly exactly
once, except for one, namely the vertex vg = v,, which it visits twice. There
may be many such walks, but all have the same length. A cycle of length 1 is
called a loop. A cycle is said to be odd iff it has odd length and even iff it has
even length. A digraph is said to be acyclic iff it contains no cycle.

A digraph R is said to be a ray iff there is an infinite walk in R that visits
every vertex and every arc of R exactly once. Any subdigraph of a ray R that
is itself a ray is called a tail of R. Hence every ray has infinitely many tails.

A digraph G is said to be well-founded iff there is no infinite walk in G. A
digraph G is said to be conversely well-founded iff the converse digraph G€¢ of
G is well-founded, where G° is defined by V(G¢) = V(G) and (z,y) € A(G°) iff
(y,x) € A(G).

The notion of a tail of a ray can be generalized as follows. A tail of a
digraph G is a subdigraph of G that is induced by some X C V(G) such that
G[V(G) \ X] contains no rays. Since an arc can be conceived as a digraph,
danger of confusion between the notions tail of an arc and tail of a digraph
could arise in principle . However, the meaning will be always clear from the
context ]

Undirected graphs and connectivity

For any digraph G let G®™ be the digraph with V(G®™) = V(G) such that
(z,y) € A(G¥™) and (y,z) € A(G™™) iff (z,y) € A(G) or (y,z) € A(G). The
digraph G®Y™ is always symmetric. We may identify symmetric digraphs with
undirected graphs. (Cf. [3]).

A digraph G is said to be an orientation of an undirected graph H iff H =
G™ and for all z,y € V(G) = V(H), either (z,y) € A(G) or (y,z) € A(G)
but not both.

A digraph G is said to be an undirected path iff G¥™ has an orientation that
is a directed path.

IThis condition is erroneously omitted in [5].
2Both ways to use the term are customary in the literature on digraphs, so we refrain from
introducing new terminology.
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We call G weakly connected if G*™ is connected (as an undirected graph),
which is the case iff GY™ is strongly connected as a digraph, i.e., if for all
x,y € V(G™™) there is a path from z to y in G and a path from y to z in G.

A subdigraph H of G is said to be a weak component of G iff H is weakly
connected and no proper superdigraph of H that is a subdigraph of G is weakly
connected. Analogously a strong component can be defined. A digraph G is
said to be totally disconnected iff A(G) = @.

Reachability, apgs and trees

A vertex y € V(G) is said to be reachable (in G) from x € V(G) iff there is a
walk in G from z to y. For all digraphs G and all z € V(G) let G{z} be the
subdigraph of G that is induced by the set all vertices y of G such that y is
reachable from z in G.

An accessible pointed graph (apg) is an ordered pair (G,x) where G is a
digraph and = € V(G) such that every y € V(G) is reachable from z. We call
x the root of the apg (G, x). By abuses of terminology we may sometimes call
a digraph G an apg if there exists x € V(G) such that (G,x) is an apg. Notice
that G = G{z} whenever (G, z) is an apg.

For all digraphs G and all X C V(G), let Clg(X) be the set of all y € V(G)
such that there exists some x € X that is reachable in G from y. For H C G,
let Clg(H) = Clg(V(H)). A set X C V(G) is said to be closed in G iff
Clg(X) = X. In Subsection we will see that the closed subsets of V(G)
are indeed closed with respect to a certain topology.

An out-branching tree is a digraph T such that there exists r € V(T from
which every y € V(T) is reachable in a unique walk. This makes (T, r) an apg
and for no r # y € V(T), (T,y) is an apg, i.e, r is the unique root of T. A
digraph G is said to be an in-branching tree iff its converse digraph T°¢ is an
out-branching tree. Hence, a finite out-branching tree has a unique source (its
root) and at least one but typically many sinks (its leaves), while a finite in-
branching tree has a unique sink and at least one but typically many sources.
For any out-branching tree (T, 7) and any « € V(T), let htr(z), the height of x
in T, be the length of the unique path from r to x. For any in-branching tree
(T,r) and any x € V(T), let htr(z), the height of x in T, be the length of the
unique path from x to r.

Note that every tree (out-branching or in-branching) is acyclic and contains
no double-path.

A digraph G is said to be a(n) (in-branching, out-branching) forest iff every
weak component of G is a(n) (in-branching, out-branching) tree.

Kernels

A set K of vertices of a digraph G is called independent iff there is no arc of
G between any pair of (not necessarily distinct) elements of K; K is called
absorbent iff for all x ¢ K there exists y € K such that (z,y) is an arc of G. A
kernel of G is a subset of the set of all vertices of G that is both independent
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and absorbent. Note that @ is a kernel of the digraph (@, @). -A digraph is
said to be strongly kernel-perfect iff every of its subdigraphs has a kernel. It is
said to be kernel-perfect iff every of its induced subdigraphs has a kernel.

Ends

The following definition from [47] is a (not totally straightforward) adaption of
a concept well-known from the theory of infinite undirected graphs (cf. [I7]) to
infinite directed graphs. A digraph H C G is said to be an end in G iff there
exists some ray R C G such that V(H) = Clg(R). A digraph G is said to be
an end iff G' is an end in G.

The Yablo-graph

As usual we denote the set of all finite ordinals by w. Let Y be the digraph with
V(Y) =wand A(Y) = {(m,n) | m,n € wAm < n}. We call Y the Yablo-graph.
It is clearly isomorphic (but not identical) to the digraph from Example
Digraph isomorphisms will be defined in Subsection Of course the choice
of w as vertex set is arbitrary. At times we may identify Y with the graph from
Example (or any other isomorphic digraph) and call both, by abuse of
terminology, the Yablo-graph.

2.2 Discrete dynamical systems

2.2.1 Dynamical systems and iteration graphs

Maybe one of the most ubiquitous type of problems in all mathematics (theo-
retical physics, theoretical computer science etc.) is the question of whether a
given map f : U — U has a fized point, i.e. some x € U such that f(z) = x.
(Cf. e.g. [44]). A more general question is how any given point 2 € U behaves
with respect to iterations on f.

Definition 2.2.1. For all f : U — U we define f° = idy (the identity map on
U) and f*tl = fo f7, for all n € w. We call f the n-th iteration of f.

Definition 2.2.2. Let U # @ be a set.

1. Amap f:U — U is called a discrete dynamical system or short a dynam-
ical system.

2. For all z € U , the trajectory of x (under f) is the sequence 7(x) =
(f™"(%))new-

3. We say that a trajectory 7/(x) = (f™(x))new intersects another trajectory

7(y) = (/"(y))new (or some set X) iff {f"(z)) | ncw}n{f"(y)) |
necwt#d (or {f"(z))|ne€w}nX # & respectively).
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4. For all z,y € U, we say that « and y are f-equivalent (written z =y y) iff
their trajectories have a non-empty intersection.

5. We call the equivalence classes of the =-relation the components of the
dynamical system f: U — U. A system with exactly one component is
said to be connected.

The fact that = is transitive (and thus an equivalence relation indeed) is
implied by the following observation.

Proposition 2.2.3. Let f : U — U and x,y € U. If there are m,n € w such
that f™(z) = f*(y), then f+k(x) = f"*(y) for all k € w.

An interesting question about a given trajectory is whether or not it shows
periodic behavior.

Definition 2.2.4. We say that a sequence (a,)new of elements of a set A is

1. periodic iff there exists k € w such that for all n € w, a, = apy,

2. p-periodic iff it is periodic and p € w is the least £ > 1 such that a,, = a, 4+,
for all n € w,

3. finally periodic iff there exists m € w such that (a,)n>m is periodic,
4. finally p-periodic iff there exists m € w such that (a,)n>m is p-periodic,

5. aperiodic iff it is not finally periodic.

Dynamical systems can be visualized as iteration graphs. (Cf [43]).

Definition 2.2.5. The iteration (di)graph of the dynamical system f: U — U
consists of U as the set of its vertices; moreover, for all z,y € U, (x,y) is an arc
of the iteration graph of f iff y = f(x).

Notice that any trajectory 7¢(x) corresponds to a walk in the iteration graph
of f and vice versa.

Proposition 2.2.6. A digraph G is the iteration graph of some dynamical sys-
tem iff every vertex of G has exactly one out-neighbor.

Since this proposition establishes a canonical correspondence between dy-
namical systems and iteration digraphs of dynamical systems, we will call a
digraph in which every vertex has a unique out-neighbor an iteration digraph
(simpliciter). A weak component of an iteration digraph I is also called a basin
of I. (Cf. [43)).

Call a digraph G convergent iff for all x,y € V(G) there exists z € V(G)
and (maybe trivial) paths P,, P, C G such that P, leads from z to z and P,
leads from y to z.

Proposition 2.2.7. Let I be an iteration digraph and B a basin of I. Then
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1. B contains at most one cycle.

2. If C C B is a cycle, then B\ A(C) is either empty or consists a forest
of in-branching trees, each of which has a vertexr of C' as its unique sink,
1.e., its root.

3. If B contains no cycle, then B is a sink-less in-branching tree,

4. B is convergent.

The following proposition states a useful criterion for the periodic behavior
of a trajectory: if a trajectory repeats itself once, then it repeats itself forever.

Proposition 2.2.8. Let f: U — U be a dynamical system and I its iteration
graph. Let x € U.

1. Then I[{f*(z) | k € w}] is either a ray (if {f*(x) | k € w} is infinite)
or there exists some n € w such that I[{f*(x) | k > n}] is a cycle (if
{f*(z) | k € w} is finite). In the former case T¢(x) is aperiodic while in
the latter case T¢(x) is finally p-periodic, where p is the length of the cycle
T4 () | > ).

2. A trajectory Ts(x) is

(a) periodic iff there exists k > 1 such that f*(z) =z,
(b) finally periodic iff there exists n € w and k > 1 such that f"+*(z) =
fr(z).

3. If © =5 y, then both 1¢(x) and Tf(y) are either aperiodic or finally p-
periodic for some p > 1.

Definition 2.2.9. Let f : U — U be a dynamical system Let IIy : U —
(w+1)\ {0} be defined by

1, (x) p, if 7¢(z) is finally p-periodic,
€Tr) =
! w, if 74(x) is aperiodic.

Definition 2.2.10. f: U — U be a dynamical system and B C U a component
if f. We say that B is aperiodic II;(z) = w for some (and then all) z € B and
that B is p-periodic iff II¢(z) = p or some (and then all) z € B.

2.2.2 Invariant sets and attractors

This section is dedicated to a short discussion of the f-invariant subsets of the
set of all states U a dynamical system f : U — U can assume. This concept
will play a crucial role in Section where notions of sentence-paradoxicality
shall be considered.
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Definition 2.2.11. Let f : U — U be a dynamical system. A set X C U is
said to be

1. 4nvariant under f (or f-invariant) iff f[X] C X,
2. strictly invariant under f (or strictly f-invariant) iff f[X] = X.

Proposition 2.2.12. Forall f: U — U and X C U, if X is f-invariant, then
fIX] is f-invariant.

Proof. Let y € f[X]. Then y = f(x) for some x € X. Since X is f-invariant,
y € X and so is f(y). O

Definition 2.2.13. A set A C U is said to be an attractor of f : U — U iff A is
non-empty, strictly f-invariant and no proper subset of A is strictly f-invariant.

Definition 2.2.14. The basin of the an attractor A is the set of all z € U such
that there exists n € w with f™(z) € A.

Note that in the iteration graph attractors correspond to cycles and double-
rays. A double-ray is a digraph G such that for all z € V(G), G{z} and the
converse digraph (G{z})¢ are rays. This definition is in keeping with that of
[43] and [48], where attractors are defined (only for finite dynamical systems) as
a cycle of the iteration graph. Intuitively speaking, a dynamical system evolves
by moving toward its attractors.

2.2.3 Boolean networks and Boolean automata

A finite Boolean network is usually defined as an n-tupel (f1, ..., fn) of functions
fi + {0,1}™ — {0,1} (cf. [43], [48]). For our purpose, we are interested in
networks of arbitrary and in particular infinite cardinality.

Definition 2.2.15. For all x € X let 7, : {0,1}* — {0, 1}, the projection of
the function space {0,1}X to the x-th coordinate, be defined by 7.(f) = f(z).

Definition 2.2.16. For all non-empty sets X,

1. amap ®:{0,1}* — {0,1}X is called a Boolean network on X.

2. For any Boolean network ® on X and any x € X, the Boolean automaton
at x induced by ® is the map @, : {0,1}* — {0,1} given by 7, o ®.

Note that every Boolean network is a dynamical system.
Definition 2.2.17. Let X be a set.

1. Let @ : {0,1}* — {0,1}* be a Boolean network. Then we call {7, o ® |
x € X} the family of Boolean automata associated with ®.
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2. Let {®, | z € X} be a family of Boolean automata on X, i.e., a family of
functions of type {0,1}* — {0,1}. Then we call ® : {0,1}* — {0,1}¥
defined by ®(f) = {(z, ®,(f,x)) | z € X} the Boolean network associated
with {®, |z € X}.

Obviously, Boolean networks and families of Boolean automata are just dif-
ferent representations of the same concept. In particular, f is a fixed point of
a Boolean network @ iff m, o ®(f) = f(z) for all z € X. We shall also conceive
families of Boolean automata as functions of type {0,1}* x X — {0, 1}, with
the convention that ®(f,z) = m, o ®(f), for all z € X.

We also may make no terminological distinction between Boolean networks
and families of Boolean automata and may call a function ® : {0,1}% x X —
{0,1} a Boolean network (on X).

The additional structure that comes into play when considering Boolean net-
works instead of mere dynamical systems can, in a certain sense, be thought of
as a ‘ ‘coordinate system’. Note that the elements of the function space {0, 1}*
can be considered as vertices of a k-dimensional cube, where k = |X|. Focusing
on a single Boolean automaton at some =z € X is tantamount to projecting the
network to the ‘z-coordinate’. Shortly we shall analyze trajectories in terms of
their projections to single coordinates. It would indeed make sense to call | X|
the dimension of a Boolean network on X. (Cf. Example [2.4.24)).

Example 2.2.18. Let X be a set.

1. Forall f € {0,1}* and z € X let Idx (f,x) = f(z). Then Idy is a Boolean
network on X. Every f € {0,1}¥ is a fixed point of Idx. Hence the
iteration graph of Idy has 2/X! components each of which has cardinality
1 and consists entirely of its attractor, a loop.

2. Let 1x(f,z) = 1, for all f € {0,1}* and * € X. Then 1y is also a
Boolean network on X. A function f € {0,1}% is a fixed point of 1x iff
f(x) =1 for all x € X, i.e., 1x has a unique fixed point. On the other
hand, each f € {0,1}¥ is mapped by 1x to the function that maps every
z € X to 1. This means that 1x has a single component whose attractor
is a loop.

3. Likewise a Boolean network Ox can be defined.

2.3 Dependency graphs

2.3.1 Automata dependency and dependency graphs

The first item of the following definition is an adaption from [34] and the second
item is an adaption from [4] and [5].

Definition 2.3.1. Let X be a set and ® be a Boolean network on X.

1. We say that x € X depends on Y C X with respect to ® iff for all f,g €
{Oa 1}X7 if f TY =g TY7 then (I)(f,ﬂf) = (I)(g,ﬂf)
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2. Let G be a digraph with V(G) = X. Then ® is said to be a Boolean
network on G and G is said to be a dependency graph for ® iff every
z € V(G) depends on outg(x) with respect to ®.

3. An ordered pair (G, ®) of a digraph G and a Boolean network & is said
to be a constrained Boolean network iff ® is a Boolean network on G.

Formally, this definition establishes a dependency relation between elements
of the domain of the function space (in the above case the set X) and subsets
of it. We may identify any x € X with the Boolean automaton ®,, i.e., with
mr o @, or may think of x as a name for ®,.

In computational terms, the meaning of an automaton ®,, depending on a set
Y C X can be explained as follows: given an input f, the output ®,(f) depends
only on the restriction of f to Y. This means that Y can be thought of as the
input layer (cf. [I9]) of the automaton @, i.e., the space where the information
to be processed by ®, is being stored. The output layer of ®, consists of the
single cell x. In this picture, ‘x depends on Y’ means that ®, ignores everything
that happens in the network outside of Y, i.e., it observes only changes in the
cells y € Y, each of which happens to be the output layer of an automaton
®,. Thus ‘z depends on Y’ can be read as ‘the behavior of the automaton ®,
depends only on the behavior of the automata family {®, | y € Y}, i.e., the
family of those automata whose output cell happens to lie in the input layer of
D,

By abuse of terminology we may sometimes call a constrained Boolean net-
work (G,®) simply a Boolean network. But strictly speaking, the former be-
long to a different category than the latter. This difference becomes relevant
in Section where structure-preserving transformations (e.g. isomorphisms)
are discussed, between Boolean networks on the one hand and between con-
strained Boolean networks on the other hand. For example, two constrained
Boolean networks may not be isomorphic although their Boolean network parts

are. (Cf. Example [2.5.23)).

The following proposition is adopted from [34].
Proposition 2.3.2. Let X be a set and ® a Boolean network on X. Then

1. every x € X depends on X with respect to @,
2. if © depends on' Y C X with respect to ® and if Y C Z C X, then x
depends on Z with respect to ®,

3. if x depends on'Y C X with respect to ® and x depends on Z C X with
respect to ®, then x depends on' Y N Z,

4. x depends on & with respect to ® iff ® is constant at x, i.e., D(f,x) =
®(g,x) for all f,g € {0,1}X.

Consequently a Boolean network on G is also a Boolean network on every
spanning superdigraph of G. Proposition further implies that if X is fi-
nite, then there exists a digraph G with V(G) = X such that G is a dependency
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graph for ® and no proper spanning subdigraph of G is a dependency graph for
®. We say then that G is a minimal dependency graph for ® and that for all
x € V(G), x depends essentially on outg(x) with respect to ®. (Cf. [A]).

There are Boolean networks that have no minimal dependency graph.

Example 2.3.3. Define ® : {0,1}* x w — {0,1} by

1, if 3m >n)(Yk >m)(f(k) =0)
0, else.

.

Then Y is a dependency graph for ®. However, it is not a minimal. Every
digraph G with V(G) = w is a dependency graph for @, as long as for all n € w
there exists w > m > n such that for all k > m, (m, k) € A(G). (Cf. the example
in Section 2.3 of [5]).

However, it is not difficult to check that for any given digraph G (finite or
infinite), the Examples of Boolean networks discussed in Subsection below
all have G as their minimal dependency graph.

The following will be the guiding question for the remainder of this thesis.

Question 2.3.4. Given a dependency graph of a Boolean network, what can be
said about its behavior as a dynamical system and what about its fized points in
particular?

In other words our goal is to understand the dynamical properties of a
Boolean network in terms of its structural properties, an endeavor that could
be seen as an attempt to unify two strands of thought in Herzberger’s work
- epitomized by [24] and [25] respectively. (Cf. the remark at the beginning
of Subsection . Question will be investigated systematically from
Section [2.6] onward.

2.3.2 Reconstruction of FOL frameworks

Consider the first-order language of Peano arithmetic augmented with a primi-
tive unary predicate symbol T. We denote the set of its sentences by L. We fix
some coding of L into w; for technical simplicity, we assume it is a bijection.
The language of L7 contains a name for each sentence ¢—i.e., the numeral of
(the code of) p—that we shall denote by "p'. Let N be the standard model of
arithmetic and S the extension (interpretation) of the truth predicate T. We
write (N, S) F ¢ to indicate that ¢ is true in the model (N, .S).
For f € {0,1}*,let fT ={n€w| f(n) =1}. Let V : {0,1}* x w — {0,1}
be defined by
: — a0 +
Vif.m) = {1, ifn =g A (N fH) F
0, ifn="g'A(N,fH)Ep
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Then V is a Boolean network.

Then n € w depends on X C w with respect to V iff for all f,¢g € {0,1}*,
f 1 X =g X implies V(f,n) =V(g,n). Given that n = "¢, this is equivalent
to the following claim: for all Y C w, (N,Y) F ¢ iff (N,Y N X) E ¢. Hence "'
depends on X with respect to V iff ¢ depends on X in the sense of [34].

Let G be a dependency graph for V. Let ¢ be an Lp-sentence. Then G{ ¢}
is reference graph in the sense of [4] and [5].

In the course of this thesis, we will encounter the abstract counterparts
of various concepts and results that are discussed in [5], e.g. the theory of
Kripke fixed points, (cf. Subsection [2.4.7]) the notion of a standard extension of
a Boolean networkﬁ (cf. Subsection [2.4.8)) the concepts of periphery and core of a
Boolean network (cf. Subsection [2.4.11]) and the notion of a signed dependency
graph (cf. Section [3.6.3). All these concepts have their counterparts in [5].
More precisely, their counterparts in [5] are instances of them. In this way the
framework of [5] can be reconstructed from the more general Boolean network
approach.

2.3.3 Constructing Boolean networks on digraphs

Instead of starting from a given Boolean network and trying to determine its
dependency graph, we shall proceed the other way around in this subsection:
take a given digraph G and consider some basic types of Boolean networks on

G.
Definition 2.3.5. For A C {0,1} define

0, if A=o

max(A), else

o sup,(A) = {

1 fA=o

min(A), else.

)

e infy(A) = {

Definition 2.3.6. Let G be a digraph and X = V(G). Let z € X. We define
several functions of type {0,1}* — {0, 1} as follows:

L 25(f,a) = 1,

2. G (f,2) =0,

3. 9G(f,2) = sup{f(2) | 2 € outa(2)},
4. 9 (f.2) = info{ f(2) | € oute(a)},
5. 96 (f,a) = 1 - 9G(f.2),

3This corresponds to a standard valuation scheme in [5].
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6. ®F(f,2) =1- @f\(f,x)ﬂ

Proposition 2.3.7. Let G be a digraph. Then (I>$(-, ) (I)f(., 9, (I)S(.7 Y, @?\(.7 Y,
®F(-,-) and S (-,-) are Boolean networks on G.

Using Definition as a toolbox, we can design on any given digraph
G a Boolean network by assigning to each vertex a Boolean automaton of the
above variety. We can do this in a homogeneous way, e.g. by considering
o 0,13V x X — {0,1}, (f,2) — ®F(f,z). Or, by mixing automata
families up, e.g., by defining for a given partition {A, B} of V(G) a Boolean
network ®4 5 : {0,1}V(®) x X — {0,1} on G by

@?\(f,x), ifreAd

Pan(f,7) = {ég(f,x), if z € B.

The following can be seen as a reconstruction of Theorem 5.15 from [5] and
a generalization of Cook’s result (cf. [T4]) that has been discussed in Subsection
L.2.2)

Proposition 2.3.8. For all digraphs G, there exists a bijection between the set
of all kernels of G and the set of all fized points of @f. In particular G has a

kernel iff <I>f has a fized point.

Notice that in Proposition 2:3:8| no conditions are stipulated for the digraph
G, in particular not that G be sink-less - in contrast to [14], [16] and [41]. (Cf.
also Subsection [1.2.2])

Example 2.3.9. Let V(G) = Z and (z,y) € A(G) iff y=x+1ory =x—1. Let
O(f,x) = xor(f | oute(x)), where xor(by,be) = 1 iff either by =1 or bs = 1 but
not both. Then @ is a special case of a Boolean network, a cellular automaton
(of dimension 1) which is discussed in [7].

Example 2.3.10. Another case of a Boolean network that is cellular automa-
ton, this time in dimension 2, is Conway’s Game of Life. Instead of presenting
it here, we refer the reader again to [7]. Game of Life is a quite interesting
(family of) Boolean network(s), in in particular from a computational point of
view. It is discussed thoroughly in [6].

2.3.4 Trajectories of automata

For the following recall Definition [2.2.2

Definition 2.3.11. Let ® be a Boolean network on X, f € {0,1}* and z € X.
The trajectory of f (under ®) at x (or the projection of 74(f) to z) is the
sequence 7o (f, ) = (T2 © " (f))new-

4The use of ¢}’ alludes to its meaning as a logical connective and follows the convention
that ‘p | ¢’ stands for ‘=(p V ¢)’.The problem of representing Boolean networks in terms of
Boolean expressions is investigated in Section m
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Note that the proposition that a trajectory repeats itself forever if it re-
peats itself once (cf. Proposition [2.2.8)) doesn’t hold necessarily for any of its
projections. However, we have the following.

Proposition 2.3.12. Let ® be Boolean network on X, Then f € {0,1}X is a
fized point of @ iff 76 (f, ) is 1-periodic for all x € X.

The following observations illustrates that dependency graphs can be quite
helpful when it comes to determining trajectories. The first claims that any
trajectory can be reconstructed from the projections to its coordinates.

Proposition 2.3.13. Let ® be Boolean network on X and f € {0,1}*. Then
To(f) = { (2,7 0 @"(f, 7)) | 2 € X})new-

The second observation claims that, in order to determine the projection of
a trajectory of f to x, we can focus only on the restriction of f to a set that x
depends on.

Proposition 2.3.14. Let ® be Boolean network on X, x € X and Y C X.
Then the following claims are equivalent.

1. x depends on'Y with respect to @,
2. forall f,g €{0,1}%,if f 1Y =g Y, then 76(f, ) = Ta(g, 7).

Let us have a look how the examples from Section [I.1| can be modeled as
Boolean networks. Since the examples are given in an informal manner we
have to rely on our intuition. Later in Section [3.5.1] a formal language will be
provided, so that process of assigning Boolean networks to sentence systems can
be ‘automatized’.

Example 2.3.15. Recall our informal presentation of the liar sentence from
Example

L: (L) is false.

Consider the following digraph: let V(Gr) = {L} and A(Gr) = {(L,L)}. De-
fine a Boolean automaton ®; on Gp by setting ®r(f,L) = <I>f(f7 L), for all
f €{0,1}V(@), Then &, is a Boolean network consisting of a single automa-
ton. If we identify ‘0’ with ‘false’ and ‘1’ with ‘true’, then any f € {0, 1}V(GL)
can be looked at as a truth-value assignment for the sentence L. Moreover,
®,(f) corresponds to the intended classical evaluation of the liar sentence rela-
tive to the truth-value assignment f. As dynamical system the Boolean network
®;, is connected and its unique component is a 2-periodic attractor.

In order to do the same analysis for the truth-teller sentence

T: (T) is true
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we choose an isomorphic digraph Gr with V(Gr) = {T} and A(GL) =
{(T,T)}. This time we define 7 (f,T) = (f,T), for all f € {0,1}V(“+). The
resulting dynamical system has two components, each of which is a 1-periodic
attractor.

Example 2.3.16. Consider again Jourdain’s paradox from Example 1.1.2.

Li: (Tv) is false
Ty: (Lq) is true.

Let V(G) = {Ll,TQ} and A(G) = {(LQ,Tl), (Tl,Lz)}. Define

B <I>f(f,ac), if v =1,
(I)(ﬂx)_{(l)?\(f,x), if x =Tos.

The iteration-digraph of ® is a cycle of length 4, a walk through which can
be illustrated as follows, coding an assignment of 1 to a vertex by coloring it
blue and an assignment of 0 by coloring it red.

Hence ® has a single component which is a 4-periodic attractor, i.e, every
trajectory (and every f € {0,1}V(%) is 4-periodic and the projections of it to
Ly and Ty are both 2-periodic, but with a non-trivial phase-shift (by ‘180°,
figuratively speaking).

Example 2.3.17. Yablo’s paradox from Example [[.1.5}

Yi: (Y,,) is false for all n > 1
Ys: (Y,,) is false for all n > 2
Ys3: (Y;,) is false for all n > 3
Yy: (Yy,) is false for all n > 4

Let V(G) ={Y, | 1 <n € w} and (Y,Y,) € AG) iff n < m. Let ®(f,z) =
O (f, ), for all f € {0,1}V(2) and z € V(G). The following is an illustration
of the trajectory of f3 € {0,1}V(%) defined by
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1, ifz=Y,An<3,
f3(r) = .
0, ifx=Y,An>3.

Y1 Y,

)
G

Y1 Yo

Yi Y

D
©
ONNORING©

)
S

Yi Y

)
©

©

The trajectory 7o (f3) enters its attractor, which is a cycle of length 2 at step
®2(f3). It is not difficult to see that every trajectory enters this cycle (after
at most 2 or 3 steps). Hence ® is connected and has a 2-periodic attractor.
Every projection of every trajectory is also finally 2-periodic and they are all
synchronized i.e., there is no phase-shift.

Let us conclude this subsection with an observation that relates the period-
icity of trajectories to the periodicity of their projections.

Proposition 2.3.18. Let ® be Boolean network on X, f € {0,1}% and 1 <
p <w. If t¢(f) is finally p-periodic, then for all x € X there exists g, < p such
that 7o (f, x) is finally g, periodic.

The converse does not hold, as it will be illustrated by an Example in
the following section.
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2.4 Paradoxical sentences and automata

Having discussed the periodic behavior of individual automata, a natural ques-
tion is whether the fact that a Boolean network has a fixed point or not can be
understood in terms of the behavior of all its single automata. In this context,
an automaton whose behavior makes it impossible for a Boolean network to
have a fixed point could be called paradozical.

Since Boolean automata correspond to sentences (if a Boolean network is
interpreted as a sentence system), this raises the question how existing accounts
of sentence-paradoxicality can be reformulated for Boolean networks.

Well known formal accounts of sentence-paradoxicality are first and foremost
those of Kripke ([32]) on the one hand (the inductive account) and of Herzberger
([26] and [25]) and Gupta ([22]) and Gupta and Belnap ([23]) on the other hand
(the semi-inductive account).

In the existing graph-theoretic frameworks sentence-paradoxicality often does
not play a central role. Neither Cook ([14],[I6]) nor Rabern et al. ([4I], [40]) give
a definition of a paradoxical sentence, only of a paradoxical sentence system. In
[46], the phenomenon of sentence-paradoxicality is mentioned but given a rather
perfunctory treatment. Beringer and Schindler ([4], [5]) on the other hand put
much emphasis on treating paradoxical sentences within their graph-theoretic
framework and on investigating relations to Kripke’s fixed point theory.

In this section, we will reformulate the inductive (Kripke), the semi-inductive
(Herzberger) and the reference-based (Beringer and Schindler) accounts of sen-
tence paradoxicality for Boolean networks. It will be shown that all these ap-
proaches can be understood and reformulated in terms of invariant subsets of
the network’s function space. In order to formulate Kripke’s theory of fixed
points and accommodate a three-valued logic, the notion of a general function
network shall be introduced in Subsection [2.4.31

2.4.1 Notions of paradoxical automata

Given a Boolean network ® on a set X, what could a reasonable definition of
x being paradoxical look like? The following first attempt could be seen as a
conceptual precursor to Herzberger’s approach which will be discussed in the
next subsection.

Definition 2.4.1. Let ® be a Boolean network on a set X. Then x € X is said
to be

1. trajectory-paradozical w.r.t. @ iff there exists no f € {0,1}* such that
(@™(f)(x) = (2™(f))(x) for all n,m € w.

2. trajectory-hypodorical w.r.t. @ iff there exist fo, fi € {0,1}¥ such that
(@"(fo))(z) = (2™(fo))(x) = 0 for all n,m € w and (D"(f1))(x) =
(®™(f1))(z) =1 for all n,m € w.
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E.g., the liar is trajectory-paradoxical and the truth-teller is trajectory-
hypodoxical.

The next definition assigns to each Boolean network a family of potential
notions of paradoxicality on automata level. In the following it will be shown
that each notion of automata-paradoxicality of the inductive (Kripke) or semi-
inductive (Herzberger) family can be expressed by an appropriate subset of
G4, which, in turn, corresponds to the coarsest notion of paradoxicality, i.e.,
trajectory-paradoxicality.

Definition 2.4.2. Let ® be a Boolean network on a set X.
1. Let &g be the set of all @ # X C {0,1}X s.t. ¥ is invariant under ®.
2. Let X(z) = {v € {0,1} | 3f € B(f(x) =v)}, for all ¥ € Sg, x € X.

3. We say that ¥ determines a value for x iff ¥(z) = {v} (for v € {0,1}) and
also write X(z) = v in this case.

4. Let 3 # M C Gg and z € X. Then

(a) « is said to be M-paradozxical iff there exists no ¥ € M that deter-
mines a value for z,

(b) z is said to be M-hypodoxical iff there are 3, ¥; € MM such that
Yo(x) =0 and ¥y (x) =1,

(¢) z is said to be M-intrinsic iff = is neither M-paradoxical nor M-
hypodoxical.

The elements of &g could be interpreted as multi-decorations of X in the
sense of [5].

Proposition 2.4.3. Let ® be a Boolean network on X and M C N C Gp.
Then for all x € X,

1. if © is M-paradoxical, then x is M-paradoxical,
2. if © is M-hypodozical, then x is N-hypodozxical.

It could be an interesting investigation to take this definition as a basis for an
axiomatic account of sentence-paradoxicality by stipulating further requirements
on M C Gg. For now, let us just note that the following property of 9t should
be certainly among the necessary requirements.

Proposition 2.4.4. Let ® be a Boolean network on X. Then there is a bijection
between the set of all fized points of ® and the set {X € &g | |X] = 1}.

Definition 2.4.5. Let ® be a Boolean network and @ # 9 C Gg. Then

1. ¥ € M is said to be an atom of M iff there exists no X' € 9M such that
DI ED
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2. M is said to be atomic iff for all ¥ € 9 there exists an atom ¥’ of M
such that ¥/ C X.

Proposition 2.4.6. Let ® be a Boolean network on X. Then x € X is
trajectory-paradoxical w.r.t. ¢ iff x is Sg-paradoxical; and x € X is trajectory-
hypodoxical w.r.t. © iff x is Se-hypodozical.

Proof. Both claims follow from the fact that the set {®"(f) | n € w} is invariant
under @, for all f € {0,1}%. O

Proposition 2.4.7. Let ® be a Boolean network on X. Then ¥ C {0,1}% is
an atom of Gg iff ¥ is an attractor of ®.

2.4.2 Transfinite trajectories

The following is an example of a Boolean network ® such that G4 is not atomic.
It can be seen as a motivation for prolonging trajectories transfinitely as it is
done in [26].

Example 2.4.8. Consider the following version of Example

My: (M,,) is false

My: (M) is true

Ms: (M) and (M) are true

Ms: (My) and (M;) and (Ms) are true

M,,: (M,) is true for all n € w.

Let V(G) ={M, | @ € w+ 1} and (M, Mp,) € A(G) iff a > S orif a =0
and 8 = w. Let

o q)?(f,l’)7 ifrx = MO
(I)(fvx)_{q)?\(f’x)) lf.’E:Ma/\a>O

Let f1 € {0,1}V(%) be the function that assumes constantly the value 1. Let
us write functions in {0, l}V(G) as sequences of length w+ 1, e.g.,

fi=(1,1,..1).

The first position of such a sequence represents the value assigned to My and
the last position the value assigned to M,,. With this convention, the trajectory
of f1 can be written as follows.
1L1,...
0,1,...
0,0, ...
1,0

)

A~ N N
SO = =
T — —

g oo
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(1,1,...0)
(1,1,1...0)

This sequence is clearly aperiodic while its projection to any M, (for n € w)
is finally 1-periodic with the value 1 repeating itself. Its projection to M, is also
finally 1-periodic, assuming the value 0. Let ¥ be the set of all f € {0,1}"V(%)
that occur in the trajectory of fi;. Then ¥ is ®-invariant but contains no non-
empty subset that is strictly ®-invariant. Hence G¢ is not atomic.

It is not difficult to see that every trajectory intersects with the trajectory
of fi1. Hence ® has one component, which is aperiodic in the sense of Definition
2210

However, one might argue that this example shows a form of transfinite
periodicity, based on the intuition that the trajectory converges to the function
f. that assumes constantly the value 1 except at M, where it assumes the value
0. Moreover, ®(f,) = f1. This last step could be regarded as closing a cycle of
length w.

Let us conclude this discussion with the remark that the Boolean network &
constitutes some kind of anomaly for the Gg-account of sentence paradoxicality:
No z € V(G) is Gg-paradoxical (i.e., trajectory-paradoxical) but nevertheless
® has no fixed point. This particular class of anomalies (stemming from infinite
liar cycles) can be treated by further refinements of the notion of sentence
paradoxicality, i.e., the accounts of Herzberger and Kripke. However, none of
these accounts is free from anomalies. (Cf. Example below.)

Transfinite trajectories (or revision sequences) were first studied by Herzberger
in [25] and [26] and by Gupta in [22]. The crucial point is the definition of a limit
rule. In the following we shall adapt Herzberger’s framework to the context of
Boolean networks.

Definition 2.4.9. Let ® be a Boolean network on X. We define recursively for
all ordinals « the «-th iteration ®* of ® as follows.

o Let ®° = Idy (cf. Example [2.2.18).
e For all ordinals « let 211 = ® o 2.

e Let A be a limit-ordinal. For all f € {0,1}* and z € X define

L, ifJda<A:VBa<B <A (RP(f)(z) =1
(@M))(x) =10, ifFa <A:VA(a < B <A (D(f))(x) =0
0, else.

Note that ®* is a well-defined function of type {0,1}* — {0,1}*. For the
following definition also cf. [26].

Definition 2.4.10. Let ® be a Boolean network on X, z € X and f € {0,1}¥.
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e Say that x is stable at a € On relative to f w.r.t. @ iff for all 5 > o :

(@7 (f))(z) = (2%(f))(x)-

e Say that x finally assumes the value v € {0,1} relative to f w.r.t. @ iff z
is stable at some a € On relative to f w.r.t. ® and (®*(f))(z) = v.

e Call 2, somewhere stable w.r.t. ® iff there is some f € {0,1}* and a € On
such that x is stable at « relative to f w.r.t. ®.

e Call z nowhere stable iff y is not somewhere stable w.r.t. ®.

Definition 2.4.11. Let ® be a Boolean network on X. A Boolean automaton
z € X is said to be

1. Herzberger-paradozical w.r.t. ® iff x is nowhere stable w.r.t. @,

2. Herzberger-hypodozical w.r.t. ® iff there are fy, fi € {0,1}X such that z
finally assumes the value 0 relative to fo w.r.t. ® and x finally assumes
the value 1 relative to f; w.r.t. ®.

Definition 2.4.12. Let ® be a Boolean network on X. We say that F C {0,1}*
is

1. A-invariant under @ iff @*[F] C F, for all & € On.

2. strictly A-invariant under @ iff F is A-invariant under ® and for all f € F
there exist g € F and « € On such that ®*(g) = f,

3. a A-attractor of ® iff F # @, F is strictly A-invariant under ® and no
proper subset of F has these properties.

Note ®°[F] = F C F and that by Proposition [2.2.12{ ®[F] C F implies that
O"[F] C F for all n € w.

Clearly, the union of the elements of every revision sequence (P*(f))acon
(or transfinite trajectory) is A-invariant under ®.

Now we can reformulate an important result from [26].

Proposition 2.4.13. (Herzberger) Let ® be a Boolean network on X and F C
{0,1}X.

1. Then there exists some &(F) € On such that U 7y <ncon ®°[F] is strictly
A-invariant under ®. B

2. If F # @ and A-invariant under @, then F 2 (Ug(r)<acon 2*F]) # 2.

Corollary 2.4.14. Let ® be a Boolean network on X and @ # F C {0,1}% be
M-invariant under ®. Then there exists a unique @ # F' C F such that F' is

strictly A-invariant under ® and no F' C G C F is strictly A-invariant under
.
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This corollary has a counterpart in Kripke’s theory of fixed points that will
be discussed later: every sound set can be extended to a maximal fixed point.
(cf. Theorem [2.4.55)).

Definition 2.4.15. Let ® be a Boolean network on X. Let £4 be the set of
all F C {0,1}* such that F is A-invariant under ®.

Proposition 2.4.16. For all Boolean networks ®, £ C Gg.
Corollary 2.4.17. Let ® be a Boolean network on X and x € X. Then
1. x is Herzberger-paradozical w.r.t. ® iff x is Lo-paradoxical,
2. x is Herzberger-hypodozical w.r.t. ® iff x is L£¢-hypodozical.

Proposition 2.4.18. Let ® be a Boolean network on X. Then there is a bijec-
tion between the set of all fized points of ® and the set {¥ € L4 | |X| = 1}.

Corollary 2.4.19. For every Boolean network ® on any set X,

1. £¢ is atomic,
2. ¥ € {0,1}* is an atom of &4 iff ¥ is a M-attractor of ®.

This implies that anomalies of the type of Example are avoided by
Herzberger’s approach. The price for this, in comparison with the Gg-account,
is a certain arbitrariness in the choice of the limit rule.

2.4.3 General function networks

This and the next subsections introduce concepts and tools that all shall play
their role in later parts of this thesis, in particular in the formulation of Kripke’s
fixed point theory for Boolean networks in Subsection [2.4.

Definition 2.4.20. Let X be a set.

1. Let (S:)zex be a family of non-empty classes. We call ¥ = Xoex So a
type on X, where X__ . S; is the set of all functions f with dom (H=X
such that f(z) € S;. In other words, all f € ¥ are functions of type

H.’r:XSz-

2. A function network of type ¥ on X is a map ® : ¥ — X, where X is a
type on X.

3. To every type X = Xaoex Sz on X and every z € X we associate a map
Ty o 5 — S, defined by 7. (f) = f(z) which we call the projection of ¥
to x.

4. For all x € X define ®, : ¥ — S, by ®,(f) = 7, o B(f), the projection of
P to z.
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Clearly, every Boolean network is a function network.

Definition 2.4.21. Let X be a set and ¥ = X Sz a type on X.

zeX
1. A function network of type ¥ is said to be a Boolean (function) network
iff ¥ = {0,1}X.

2. A function network of type X is said to be a finitary iff S, is finite for all
rzeX.

Most of what has been said about Boolean networks so far also applies
to function networks in general. In analogy to the correspondence between
Boolean networks and families of Boolean automata in Subsection 2:2.3] func-
tion networks can be conceived as families of functions or as functions of type
((f2):xxx)5, i.e., as functions ® that assign to each (f,z) € ¥ x X some
O(f,x) €Sy

Definition 2.4.22. Let X be a set and ® a function network of type ¥ =
XmGX Sz

1. We say that x depends on Y C X with respect to @ iff for all f,g € X, if
f1Y =g Y, then ®(f,z) = ©(g, z).

2. Let G be a digraph with V(G) = X. Then ® is said to be a function
network on G and G is said to be a dependency graph for ® iff and every
x € V(G) depends on outg(x) with respect to ®.

Proposition 2.4.23. Let X be a set and ® be a function network of type ¥ =
Xeex Sy. Then

1. every x € X depends on X with respect to P,

2. if x depends on'Y with respect to ® and if Y C Z, then x depends on Z
with respect to P,

8. if x depends on Y with respect to ® and x depends on Z with respect to
®, then x depends on'Y N Z,

4. x depends on @ with respect to @ iff ® is constant at x.

Example 2.4.24. This is an example from calculus. Its main purpose is to
illustrate the claim that the additional structure that a function network (or
a Boolean network for that matter) has over mere dynamical systems can be
looked at as ‘coordinate system’ indeed. Another purpose is to hint at how con-
tinuous dynamical systems can be approximated by discrete dynamical systems.

Let B = {x1, 22} be a orthonormal basis of R? and 7, ms the projections of
R? to the subspaces of R? spanned by z; and z respectively. Let v : R? — R?
be a continuous vector field and v1,vs : R? — R defined by 7 o v and mg o v
respectively. For all k € w define ®,, 1, : RE x B — R by

s — S(xl) + %1}1(5(1:1)7 S(:CQ))v ify =,
Dok(s:3) {5(952) + %Uz(s(ﬂCl)aS(!Ez)), if y = xo.
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Clearly @, ) is a function network on B. Note that elements of RE can be
conceived as points in R? represented through the basis (or coordinate system)
B. An interpretation of ®, ; and the significance of k will be discussed below.

First let us consider the question of dependency. If v is constant, then z;
depends on @ and z2 depends on @ with respect @, ;. If v is the identity map
ie., v(z,y) = (x,y) then z; depends essentially on {z1,22} and xs depends
essentially on {x1,z2}, i.e., the complete digraph on {x1, x5} is the only depen-
dency graph for @, ;. Can every digraph with vertices {x1,z2} be realized by
some v as essential dependency graph of @, 17

Now to the interpretation. A function ¢ : RS’ — RR? is said to be a solution
of initial value problem

Z(t) = v(z,y) (la)
2(0) = (w0, 90) (1b)

(associated to the autonomous first order differential equation (1a)) if and
only if ¢'(t) = v(z,y) and ¢(0) = (x0, yo). Physically ¢ could be interpreted as
the trajectory of a particle that is at time ¢t = 0 at (zo, yo) an moves through the
plane with velocity v(x,y) whenever it is at (x,y). In the discrete dynamical
system @, ; the particle doesn’t move continuously but jumps from place to
place. The value % can be seen a the length of the time interval between two
such jumps: the shorter this interval, the smaller is the displacement, given a
fixed velocity field. The use of a coordinate system B helps to describe and
analyze the problem in the usual manner. Clearly, the fixed points of ®, j are
exactly the points of R? where v vanishes. (E.g. in the case where v is the
identity (0,0) is the unique fixed point). The trajectory 7, x(so) of so under
®, 1 can be seen as an infinite polygon chain PY(sq) that converges (in a sense
that can be made precise, at least under favorable circumstances - e.g., if v has
only finitely many zeros ) to a solution of (1) (at least locally), when k — co.

Example 2.4.25. Function networks can serve as models for neural networks.
For details the reader is referred to Chapter 12 of [43], where, among other
things, a discussion of the famous Hopfield-model can be found. English-
language sources on the Hopfield-model are e.g., [27] and [48)].

2.4.4 Subtypes
Definition 2.4.26. Let X be aset, ¥ = X__, S; and Y = Xoex S be types

on X. Then ¥ is said to be a subtype of ¥ (written ¥ C %) iff S” C S, for all
z e X.

Proposition 2.4.27. Let ® : ¥ — X be a function network on X and ¥’ C X.
If ¥ is ©-invariant i.e., ®[X'] C 3/, then ® | ¥/ is a function network on X of
type Y.

Definition 2.4.28. Let ® : ¥ — ¥ and ®' : ¥’ — ¥/ be function networks on
a set X and ¥’ C X. We say that ® is an extension of ® iff ¥’ is ® invariant
and @ = @ | ¥
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Definition 2.4.29. Let X be a set. A type ¥ =X__ S; is said to be

1. trivial iff |Sy|=1for all x € X,
2. finitary iff |S.| < w for all x € X,
3. sub-boolean iff S, C {0,1} for all z € X.

Definition 2.4.30. Let ® be a function network of type X. A subtype I' C X
is said to be ®-irreducible iff there is no proper subtype IV C I that is invariant
under ®.

2.4.5 A topology for the state space

The goal of this subsection is to define a topology on the state space (or function
space) of a finitary function network. For this aim, a recapitulation of some basic
topological concepts is needed. (The reader can find this material also in any
introductory text, e.g., in [31].)

Recall that for any set X a set 7 of subsets of X is said to be a topology
for X ift (i) for all finite Z C T, NZ € T, (ii) for all Z C T, YZ € T and
(iii), X,@ € T. If T is a topology for X, then the pair (X,7) is said to be a
topological space. A set Y C X is said to be open (w.r.t. T)iff Y € T; it is said
to be closed (w.r.t. T)ff X \Y € T. A set BC T is said to be a basis for T
iff for all Y € T there exists Z C B such that Y = |JZ.

Given any set B of subsets of X that is closed under finite intersections, we
say that the set {{JZ | Z C B} is the topology generated by B. In this case B is
a basis for the topology generated by B.

Example 2.4.31. Let X be a set.

e Then p(X) is a topology for X, the so called discrete topology. The set of
all singleton subsets of X is a basis for p(X).

e For S C X, theset {Y NS |Y € T} is a topology for S, the so called
subspace topology.

Definition 2.4.32. Given any family (S,, 7.).cx of topological spaces, let the
product topology for Xaex S be the topology generated by the set

{Noey ™ H(Us) | Uz € To AY S X AY| <w},
where 7, : XyeX Sy — Sy is given by m,(f) = f(x).
Now we define a topology on finitary types as follows.

Definition 2.4.33. For any finitary ¥ = X __ S, let 7(X) be the product
topology for X 5. given the family (Sz, ©(S2))zex-
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A topological space (X, T) is said to be compact iff forallZ C T, if X = JZ,
then there exists some finite 7 C Z such that X = |J F - in other words iff every
open cover has a finite subcover. The following is an immediate consequence
of Tychonov’s theorem (cf. [31]) which claims that a product space is compact
given that each of its factors is compact.

Proposition 2.4.34. Let ¥ =X__ Sz be finitary. Then
1. (X,7T(%)) is a compact topological space,

2. for all finite sets Y C X and all AC X S, {f€X|fIY € A} is
both open and closed in T (X).

Proof. The first claim follows from Tychonoff’s theorem, since every (S, p(s.))
is compact (since it is finite). The second claim follows from the definition of
the product topology (Definition [2.4.32)) and the fact that every S, is finite. O

For the following definition and proposition also cf. [31] p. 135.

Definition 2.4.35. A family (X;);cz of sets is said to have the finite intersec-
tion property iff @ # (), » X, for all finite 7 C T.

Proposition 2.4.36. A topological space is compact iff every family of closed
sets that has the finite intersection property has a non-empty intersection.

Proof. Cf. [31], Chapter 5, Theorem 1. O
This has the following consequence.

Proposition 2.4.37. Let (X,T) be a compact topological space. Let & be an
ordinal and (Aa)a<e be a sequence of nonempty closed subsets of X that is
C-descending. Then ﬂa<5 A, is nonempty and closed.

Proof. Let Agy 2 .... 2 A,, be a finite subsequence of (Ay)a<e. Then Ay, N
..NAy, = A,, # @ by premise. Hence (Ay)a<e has the finite intersection
property. Hence, by the previous proposition [, ¢ A, is nonempty. O

When it comes to finitary types we get the following application.

Proposition 2.4.38. Let ¥ = X__ Sy be finitary and (Ty)new a sequence of
subsets of 2 such that I, D I'), whenever m < n. Then

1. Nyew I'n is nonempty and closed, if every Iy, is closed.
2. If for allm <n, T, 3T, then (), ['n = Xzex(ﬂ%w 7Tz [Lk])-

In particular, the intersection of a descending sequence of types is a type.

Let us conclude this subsection with a brief summary of how the account
of Herzberger can be described in topological terminology. (Definitions of the
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topological notions used in the following can be found in any textbook, e.g. in
BI)).

For every finitary type X the topological space (2,7 (X)) is a compact
Hausdorff-space. (It is not necessarily sequence-compact). A sequence con-
verges iff it converges pointwise. If a trajectory converges in 7 (X), then it
converges to its Herzberger-limit (cf. Definition . A network contains no
trajectory-paradoxical automaton iff the limit of every trajectory coincides with
its Herzberger limit. If X is countable, then the Herzberger-limit of any trajec-
tory is an accumulation point of this trajectory. Every trajectory has at least
one accumulation point. It has more than one iff it does not converge.

2.4.6 Subnetworks and digraph topology

This subsection introduces a concept that shall be of crucial importance for the
remainder of this thesis, in particular for the Chapters[3land 5] While subsets of
the state space of a function network have been the topic of Subsection [2.4.4] in
the following we shall be concerned with subdigraphs of the dependency graph.
First let us see how a digraph can be considered as a topological space.

Definition 2.4.39. Let G be a digraph. A set X C V(G) is said to be open
in G iff there are no z € X and y € V(G) \ X such that (z,y) € A(G). A set
X CV(G) is said to be closed in G iff V(G) \ X is open in G.

Proposition 2.4.40. Let G be a digraph and X C V(G). Then X is open in
G iff for all x € X, G{z} C G[X].

The open sets of a digraph G form indeed a topology on V(G), a rather
special one, where even arbitrary intersections of open sets are open.

Proposition 2.4.41. Let G be a digraph. Let O be the set of all subsets of
V(G) that are open in G. Then

1. €0,

2. V(G) € 0,

3. if ACO, then | JA € O,
4. if AC O, then N A€ O.

Definition 2.4.42. Let G be a digraph and Y C V(G). Let Bdi(Y) =
U{outg(z) | € Y} \ 'Y be the outward boundary of Y in G.

Proposition 2.4.43. Let G be a digraph and Y C V(G). Then the following
are equivalent:

1. Y is open in G,
2. Bd(Y) = 2,
3. forallzeY, V(G{z}) CY.
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Subnetworks

Definition 2.4.44. Let G be a digraph, X = V(G), ¥ = X__ S, a type on
X and @ : ¥ — ¥ a function network on G. Let Y C V(G) and V(G) \Y D
Z D BAL(Y). For any h € X pez Sz define

OrY]: X S, = X

zeY IGY

by (P"[Y])(f) = @(gUhU f),

where g € X S, is arbitrary.

zeX\(YUZ)

Since G is a dependency graph for @, the above definition does not depend on
the choice of the function g.

Proposition 2.4.45. Let G be a digraph, X = V(G), ¥ = Xpex Sz a type on
X and ® : ¥ — ¥ a function network on G. Let Y C V(G) and V(G)\Y 2
Z 2 BAL(Y). Lethe X, , Sy Then

1. ®"[Y] is a function network on G[Y],
2. ®MY)(f 1 Y,y) = ®(f,y), for ally €Y and f € ¥ such that f | Z = h,

3. if f is a fived point of © and h = f | Z, then f [ Y is a fized point of
oY)

Following [T9] we may call for any X C V(G) and the set Bd5(X) the input
layer of the Boolean network ®()[X]. The idea is to imagine ®()[X] as a (pos-
sibly nondeterministic and infinite) automaton, which, after being fed with an
input i € {0, 1}B4&(X) then comes up with a fixed point f € {0,1}¥ (or not),
which, if it exists, must satisfy f [ Y = h. If G[X] is well-founded, then there
is always a unique fixed point, i.e., ®"[X] terminates for each input and is de-
terministic.

The following definition will play a crucial role in Subsection [5.1.1] e.g. in
Theorem [B.1.3]

Definition 2.4.46. Let G be a digraph, X = V(G), & Xw « Sz a type on
X and @ : ¥ — ¥ a function network on G. Let Y C V(G), V(G)\Y D Z D

Bdg(Y) and h € X, Sa

1. Call ®"[Y] the subnetwork of ® induced by X relative to h.

2. If Y is open in G, i.e., if BdS(Y) = @, then domh = @ and we also write
®[X] instead of ®"[X] and call it the subnetwork of ® induced by X.

3. We say that @ is

a) absolutely solvable relative to Y iff for all h € X S, ®"[Y] has a
reZ
fixed point,
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(b) perfectly solvable relative to Y iff for all @ # Z C Y, ® is absolutely
solvable relative to Z,

(c) relatively solvable relative to Y iff there exists h € X ez S= such that
®"[Y] has a fixed point,

(d) absolutely unsolvable relative to Y iff it is not relatively solvable rel-
ative to Y.

The following two results are a first and rather trivial version of what could
be called decomposition theorems. More sophisticated decomposition results
shall be treated in Chapter

Proposition 2.4.47. Let G be a digraph and P a partition of V(G) such that
for all X € P, X is open in G. Let ® be a function network on G. Then ® has
a fized point if for all X € P, ®[X] has a fized point.

Proof. The union of a set of fixed points of ®[X] (for X € P) is a fixed point of
D. O

Lemma 2.4.48. Let G be a digraph, X = V(G) and ® a function network on
G. LetY C X be open in G. If f is a fived point of ®[Y] and g is a fized point
of ®/[X \ Y], then f U g is a fized point of ®.

Proof. Straightforward by Proposition [2.4.45 O

2.4.7 Kripke fixed points

In the following we shall sketch how Kripke’s work [32] can be adapted to
the context of Boolean networks. The discussion of various standard valuation
schemes in [5] will find its reflection in Subsection2.4.8]

Definition 2.4.49. For any set X and all f,g € {0,%,1}¥

1. define f C g (and say that g is an extension of f) iff for allz € X, f(x) =0
implies g(x) = 0 and f(z) = 1 implies g(z) = 1.

2. For all @ # F C {0,4,1}" let NF : {0, 4,1} — {0, 3,1} be defined
by

(ﬂ]—')(m):{ , if ve{0,1}AVfeF: f(x)=wv

else.

i~ S

3. Forall @ # F C {0,4,1}* let UF : {0, 1,1} — {0, 5,1} be defined
by

it ve{0,1}AVfeF: f(x)=v

if ve{0,1}AVfeF: f(z)e{v,2INIfeF:flx)=n

else.

UF)(z) =

[SIE SRS

If F = {f,g} we also write fUg for JF.
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4. Aset @ # F C {0, 5,1} is said to be compatible iff there are no f,g € F
such that f(z) # g(x) and f(z),g(x) € {0,1} for some z € X.

5. Let sdm(f) = {z € X | f(z) € {0,1}} be the substantial domain of f.

Proposition 2.4.50. Let @ # F C {0, ,1}*. If F is compatible, then

1. sdm(UF) = U{sdm(f) | f € F} and
2. for all f € F and oll x € sdm(f), f(x) = (UF)(z).
Definition 2.4.51. Let ¥: {0, 1 1}* — {0, 1}*.

1. Then ¥ is said to be monotonic iff f C g implies ¥(f) C ¥(g), for all
fr9€{0, 3,1}

2. A function f € {0, 2
(),

3. and mazimally sound with respect to W iff f is sound with respect to ¥
and no proper extension of f is sound with respect to V.

Definition 2.4.52. Let ¥ : {0,1,1}* — {0, 3,1} be monotonic. A fixed
point f of ¥ is said to be intrinsic iff for all fixed points g of ¥, {f, g} is
compatible.

Proposition 2.4.53. Let ¥ : {0, 5 13X — {o,1 3
F C{0,3,1}% be a set of fixed points of V. Then

1. N\ F is a fized point of V. If F is the set of all fized points of VU, we call
(N F the least fixed point of .

2. If F is compatible, then |JF is a fized point of W. If F is the set of
all intrinsic fized points of ¥, then F is compatible and we call |JF the
largest intrinsic fixed point of V.

;5,135 = {0, 5,1}% be monotonic. Then for
, 2,1}X there exists some mazimally sound g 2 f.
Proof. Consider the set S(f) of all sound g € {0, 3,1}¥ extending f. Then

f € S(f) and since ¥ is monotonic, the union of every C- chain in S(f) is also
an element of S(f). Hence the claim follows by Zorn’s Lemma. O

’ 2 LRI

3 1}¥ is said to be sound with respect to W iff f C

1}X be monotonic and & #

Proposition 2.4.54. Let ¥ : {0
every sound f € {0

Together with the observations that very function that assumes everywhere
the value 3 is sound and that soundness of f implies soundness of ®(f), these
last two propositions imply the following.

Theorem 2.4.55. Let ¥ : {0, 2,1}¥ — {0, 2
1. ¥ has a fized point,

1}X be monotonic. Then

DRl 9

2. every sound f € {0,1,1}X can be extended to a mazimal fized point of U,

)2

8. there exists a unique fized point fo of VU that is the least fized point of W
in the senses that every fixed point of ¥ is an extension of fy.
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2.4.8 Kripke-extensions of Boolean networks

Next we will study various ways in which a given Boolean network on X can be

extended to a monotonic network of type {0, %, 1}* — {o, %, 13X,

Definition 2.4.56. Let ® be a Boolean network and G a digraph. Let X =

V(G). For all f €{0,%,1}* define f? € {0,1}* by

£ (y) = {f(y), it f(y) €{0,1}

0, else.

The operation f ~ f9 corresponds to closing off partial models.
2

Definition 2.4.57. Let ® be a Boolean network and a digraph G. Let X =
V(G). We associate a three-valued function network ®};, - [G] : {0, 5,1} x X —
{0, %, 1} to @ as follows.

o(f?,z), if outg(z) C sdm

@%K[G](f,x):{l('fl%? )a G( )_ (f)

5 else.

The index WK is intended to stand for ‘Weak Kleene’. The relation of
DYy [G] to the weak Kleene valuation-scheme (cf. [32] and also [3]) is a rather
loose one when the vertices of G are non-linguistic entities. However, when
the Boolean network ® is represented as a sentence system formulated in an
infinitary propositional language as in Subsection then the vertices of G
are sentence names and (a, §) € A(G) means that 3 is a syntactic constituent
of the sentence that is denoted by « in the sentence systems that represents the
Boolean network. In this context, the relation to the weak Kleene valuation-
scheme becomes apparent.

Analogously, it is possible to define a Strong-Kleene extension @, [G] of a
Boolean network @, given that each automaton of ® behaves like the evaluation
function of a sentence. E.g., if x computes the evaluation function of a conjunc-
tion, then @', [G] would be defined at z as follows.

O( g,:zc)7 if outg(z) C sdm(f)

, if outg(z) € sdm(f) A Jy € outg(x)(f(y) =0)
, else.

s [G)(f,2) =

o= O

Proposition 2.4.58. Let ® be a Boolean network and G a digraph. Then
1. DYy k[G] is a function network on G,
2. Oy, |G] is an extension of ® and monotonic.

Proposition 2.4.59. Let ® be a Boolean network and G a digraph. Then
z € V(G) is in the substantial domain of the least fized point of @y, ;|G| iff x
1s in the well-founded part of G.

Proof. By induction of G. O
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Definition 2.4.60. A function f € {0, 1,1}~ is said to be complete iff sdm(f) =
X.

Corollary 2.4.61. Let ® be a Boolean network on G. If G is well-founded,
then the least fized point of i [G] is complete and the unique fized point of
P.

Definition 2.4.62. Let ® be a Boolean network on X. We associate a three-

valued function network @} : {0, 3,1} x X — {0, 1,1} to @ as follows.

O(f9,x), if z depends on sdm r.t. @
@z(f,w:{l(% ). it dep () w

5 else.

@’ is the direct counterpart of what is called the Leitgeb valuation-scheme
Vi in [4] and [5]. Notice that the main difference between @} and @}, [G] is
that ®; ;- [G] requires a graph parameter.

Definition 2.4.63. For all U1, ¥, : {0, 3,1} — {0, 3,1}%, we say that

1. Uy is stronger than ¥y and write ¥y > Wy iff &1(f) C Po(f), for all
f S {07%71})(7

2. Wy is strictly stronger than ¥, and write o > Wy iff Uy > Uy and there
exists f € {0, 2,1}V(9) such that ®(f) C ®2(f),

3. WUy is equivalent to ¥, and write Wy = ¥y iff ¥y < Wy and ¥y > Vs
Proposition 2.4.64. Let (G, ®) be a Boolean network. Then

1. @) is a function network on G,

2. @' is an extension of ® and monotonic,

5. D > Py [G),

4. O = O, [G] iff G is a minimal dependency graph for ®.

The following notion of an r-paradozical Boolean automaton is analogous
to that of a referentially paradozical (or r-paradozical) sentence in [5]. Notice
that there is no arbitrary choice involved in this notion — neither a particular
Kripke-extension nor a particular limit rule.

Definition 2.4.65. Let ® be a Boolean network on X. A Boolean automaton
x € X is said to be r-paradozical relative to ® iff there is no dependency digraph
G for ® such that ®[V(G{z})] has a fixed point. (Recall Definition and
observe that V(G{x}) is open in G.)

The following theorem is an adaptation from [5]. The proof carries over
straightforwardly.
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Theorem 2.4.66. Let ® be a Boolean network on X. Then x € V(G) is
r-paradozical relative to @ iff it is Kripke-paradozical w.r.t. D' .

Definition 2.4.67. Let ® be a Boolean network on X. We associate a three-
valued function network ®%, : {0, 3,1}* x X — {0, 3,1} to ® as follows:

L (Vgef{o,1}¥) (g2 f= ®(g,2)=1)
Dy (fix) =10, (Vge{0,1}¥)(g2 f= @(g,2) =0)
1
2

else.

If the valuation scheme that is denoted in [5] by Vey (which was introduced
by Cantini in [I2]) were to be transferred to the present context, it would be
formulated as in the following proposition. However, for reasons of technical
convenience, we stick to the formulation of Definition 2.4.67]

Proposition 2.4.68. Let ® be a Boolean network on X. Then for all x € X
and all f € {0,%,1}%

)92

L (Vgef0,51}%) (g2 f=®(¢g),x)=1)
Py (fi2) = 40, (Vge{07%,1}X)(92f=>‘1>(927w)=0)
%, else.

Proposition 2.4.69. Let ® be a Boolean network on a digraph G. Then

1. %y, is a function network on G,

2. @7, is an extension of ® and monotonic,
/ /

3. Oy, > D

Definition 2.4.70. Let (G, ®) be a Boolean network and X = V(G). A func-

tion network W : {0, 3,1}% — {0,1,1}¥ is said to be a Kripke-extension of ®

iff W is a extension of ® and monotonic.

Notice that in difference to [5] we do not require ¥ > ®{;, ., since the latter
is only defined relative to a given graph.

Proposition 2.4.71. Let ® be a Boolean network on a digraph G. Then
1. every Kripke-extension of ® is a function network on G,

2. @7, is the greatest Kripke-extension of ®, i.e., ®'my, > U, for all Kripke-
extensions ¥ of @.

Proof. (1) is clear and (2) is analogous to the proof of Theorem 4.6 and Corollary
4.7. in [A. O

Proposition 2.4.72. Let ® be a Boolean network on X and ¥ a Kripke-
extension of ®. Then
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1. every fized point of ® is a complete fized point of ¥ and
2. every complete fived point of ¥ is a fized point of .

Definition 2.4.73. Let (G,®) be a Boolean network and ¥ be a Kripke-
extension of ®. We say that z € V(G) is

1. Kripke-paradozical w.r.t. W iff there is no fixed point f of ¥ such that
f(z) €{0,1},

2. Kripke-hypodozical w.r.t. U iff there are fixed points f,g of ¥ such that
f(x) =1 and g(x) = 0.

3. intrinsic w.r.t. ¥ iff there is some intrinsic fixed point f of ¥ such that

f(z) €{0,1}.

Proposition 2.4.74 (Kripke). Let (G, ®) be a Boolean network and ¥ a Kripke-
extension of ®. Then x € V(G) is in the largest intrinsic fized point of U iff it
s neither paradoxical nor hypodoxical w.r.t. V.

Example 2.4.75. The fact that a Boolean network ® contains no paradoxical
automata doesn’t necessarily imply that it has a fixed point. (Cf. [32]). Recall

Example

Ki: (K4) is false or (T) is true
Ks: (K») is false or (T) is false
T: (T) is true

: (
: (

The straightforward representation of these sentences as Boolean automata
along the lines of the previous examples yields a Boolean network ® on X =
{K;, K5, T} none of whose automata is Kripke paradoxical (or Herzberger-
paradoxical) but that nevertheless has no fixed point: For any given f € {0, 1}%,
T has period 1 while K7 has period 1 iff f(7') = 1 and period 2 iff f(T) = 0.
On the other hand, K> has period 1 iff f(T") = 0 and period 2 iff f(T") = 1.

Hence, ® is an anomaly for any notion of paradoxicality of the Kripke or
Herzberger family in the sense of the remark at the end of Example

2.4.9 Kripke-paradoxicality in terms of subspace invari-
ance

The goal of this subsection is to establish an interpretation of the fixed points of
®’5y, as strictly ®-invariant subtypes. In addition to Proposition [2.4.71| (cf. also
the discussion in [5]) this result might be seen as further support for the claim
that @/, is the most natural of all Kripke-extensions (valuation schemes).

Definition 2.4.76. Let X be a set. We denote p({0,1}*)\ {@} by ({0,1}%)*.
Let us define maps
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Lot:{0, 3,11 — ({0, 1}%)" by t(f') = {g € {0.1}* [ g 2 f'},
r: ({0,13)* = {0, 3,1}¥ by r(F) =N F (cf. Definition .

Lemma 2.4.77. Let ® be a Boolean network on X. Then for all f',g" €
{0,3,1}%, f,9 € {0,1}* and all F,G € ({0,1}*)* the following claims hold.

Lorot=idg s x,

2. tor(F) ={g € {0,1}* | (Vo € X)(3f € F)(g(z) = f(2))},

3. F=(tor)(F) iff F is a type,

4. feFiff f2r(F),

5. fetlf)iff f2r,

6. ' C g’ implies t(f') 2 t(g'),

7. F C G implies r(F) 2 r(G),

8. 92y (f) & (Vo e X)(3he{0,1}%)(h 2 f' Ag(x) = @(h,x)).

Proof. All claims are clear except (8).

Ad (8): First recall that by Definition we have
(a) (P (f)(@) =1 & (Vh € {0,1}* AR 2 f)(@(h,2) =1),
(b) (Pry (f))(x) =0« (Vh € {0,1}¥ AL 2 f)(@(h,2) = 0),

(©) (P (f)(@) = 5 & Gh1 € {0, 13X Ahy 2 f') (B(h1,2) = 1)
AGho € {0, 13X A hg 2 f/)(®(hy,z) = 0).

=: Let ¢ O ®%(f') and 2 € X. Suppose g(z) = 1. Then (®% (f'))(z)
{1, 1}. In any case (either by (a) or by (c)) we get (3h € {0,1}*)(h 2 f'Ag(x)
O (h,x)). If g(x) = 0 the argument goes analogously.

I m

<: Suppose that (Vx € X)(3h € {0,1}*)(h D f' A g(x) = ®(h,x)). We have
to show that for all z € X, g(z) = (@ (f/))(z) or (P (f))(2) = 3.
So let 2 € X and suppose that (@4, (f'))(z) # 5. Then (@4, () (z) =
or (®p(f))(z) = 0. Suppose the first case. Then (Vh € {0,1}* A h
f)(®(h,z) = 1). This implies together with the hypothesis that g(z) =
Hence g(z) = (P (f'))(z). In the second case we get g(z) = 0 and g(x)
(@ (/))(z) analogously.

Theorem 2.4.78. Let ® be a Boolean network on X. Then for all f' €
{07 2 1}X7

Lor(Q[E(f)]) = @y (),

=Y

o
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2. [ is ®py -sound iff t(f') is invariant under @,
3. f'is a @y -fived point iff t(f') is strictly invariant under @,
4. f is a mazimal fixed point of @'y, iff t(f) is D-irreducible.

Proof. Ad 1: Let f' € {0,1,1}* and g € {0,1}*. Then

92 ¥y (1) € (V2 € X) (3h € {0,1}%) (h 2 f and g(z) = B(h,x))
& (Vo € X) (Bh e t(f) (g(x) = B(h,2))

g e (torod)t(f)

g2 (ro@ot)(f),

—~
o

)

4

—

=

where the numbers indicate the items of Lemma [2.4.77. Hence we can conclude
by Lemma [2.4.77(1) that (ro ® o t)(f") = @y (f).

Ad 2 and 3: Both claims follow straightforwardly from (1) and Lemma [2.4.77
O

Hence maximal fixed points of @7, correspond to Boolean subtypes that
are strictly invariant under ® and such that they have no proper subtype that
is invariant under ®. This makes them analogous to attractors in some sense

(cf. Definition [2.2.13)). But observe that they may have still a proper strictly
invariant subset.

In Section [2.5{ we will interpret the relation between ® and ®%,, from a more
abstract point of view. (Cf. Theorem [2.5.13]).

Corollary 2.4.79. Let ® be a Boolean network on X and VU a Kripke-extension
of ®. Let f € {0,5,1}*. Then

1. t(U(f)) 2 t(Ppy (),

2. if f is a fized point of U then t(f) D t(g), for some g that is a fized point
of D'y

Hence fixed points of Kripke-extensions correspond to subtypes of the types
that correspond to fixed points of @y, .

Definition 2.4.80. Let ® be a Boolean network on X. Let ¢ be the set of
all X T {0,1}¥ (i.e., all subtypes of {0,1}%) that are invariant under ®.

Corollary 2.4.81. Let ® be a Boolean network on X and x € X. Then
1. z is To-paradozical iff x is Kripke-paradozical w.r.t. %y,
2. x is To-hypodozical iff x is Kripke-hypodoxical w.r.t. Oy,

3. x is Tep-intrinsic iff © is Kripke-intrinsic w.r.t. Oy, .
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This implies that @/, (in contrast to other Kripke-extensions of ®) is natu-
ral in the sense that it involves no arbitrary choice, except for focussing on the
rather natural concept of subtype.

For the following recall Definition [2.4.30]

Proposition 2.4.82. Let ® be a Boolean network on X and ¥ C {0,1}X. Then
the following are equivalent.

1. ¥ is an atom of Ty,
2. B C {0,1}% is ®-irreducible,
3. r(X) is a mazimal fized point of @y, .

This means that in the context of g, ®-irreducible subtypes play the role
that attractors play in &4 and A-attractors play in £g.

Proposition 2.4.83. For all Boolean networks ®, every ¥ € T is A-invariant

with respect to ® (cf. Definition .
Corollary 2.4.84. For all Boolean networks ®, T C L.

2.4.10 Fixed points by type reduction

Let us conclude this section with two applications of the Kripkean fixed point
theory, demonstrating how fixed points of @, (and thus of ®) can actually be
found.

Definition 2.4.85. Let ® be a Boolean network on X and ¥ C {0,1}*. Then

1. for z € X, v € 3(x) is said to be ®-realizable in 3 iff there exists f € £
with ®(f,z) = v,

2. ¥ is said to be pruned with respect to @ iff for all x € X and all v € ¥(x),
v is ®-realizable in 3.

Proposition 2.4.86. Let ® be a Boolean network on X and X T {0,1}X.
Then X is strictly ®-invariant iff ¥ is ®-invariant and pruned with respect to
.

The following results are related to Lemma 4.11. and Corollary 4.12. in [5].

Lemma 2.4.87. Let T be a tree and ® a Boolean network onT. Let X = V(T).
Let X C {0,1}* be ®-invariant. If ¥ is pruned with respect to ® and not trivial,
then there exists a proper subtype ¥/ of ¥ that is ®-invariant.

Proof. Since ¥ is not trivial there, exists » € X such that X(r) = {0,1}. Let
(Ya)a<e be an enumeration of V(T'{r}) such that o < 8 implies htr(yo) <
htr(yg), for all a, B < §. Then there is a sequence (Zo)ae(ens,) (Where Sy is
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the class of all non-limit ordinals) that is also an enumeration of V(T) (i.e., it
induces a bijection between £ N Sy an V(T{r})) and such that o < f implies
htr(zo) < htr(zg), for all a, f < €. In particular zo = 7.

We shall define recursively a sequence (34 )a<¢ such that

1.

- W

DIEEDIN

YgE Xy, foralla < 5 <&,

for all v € Xy (zs) and all f € Xy, v = ®(f, 24), for a € SoNE,
Y. is pruned for all a < &,

Ex = Naer Za, for all limits A <&,

3¢ is ®-invariant and a proper subtype of 3.

Let a = 0. Choose some vy € ¥(xg). Since ¥ is pruned, vy is P-realizable
in X, i.e., there exists fo € ¥ such that vy = ®(fy,z9). Let Xy = {g €
Y | g(zo) = vo A (g | outr(x0)) = (fo | outr(xo))}. Then (1) holds, i.e.,
Yo C X. Moreover, since g depends on outr(zg) w.r.t. ®, we have (3),
ie., for all f € Xg, vg = @(f,zo).

Finally, ¥ is pruned (4): Let z € V(T'). If z = z0, then (3) implies that v
is @-realizable in ¥¢. If x € V(T)\{x0}, then outr(x)N({zo}Uoutr(z0)) =
@. Since x depends on outy(z) w.r.t. @, the fact that ¥ is pruned implies
that for all v € ¥¢(z), v is ®-realizable in 3.

Let & = B+ 1, for some § < £ Choose some v, € X(z,). Since Xg
is pruned by induction hypothesis, there exists f, € ¥g such that v, =
(I)(favxa)- Let ¥y = {g € X ‘ g(Ia) = Vg N\ (g I OUtT(xa)) = (fot I
outr(zq4))}-

Then (2) ¥, C X,, for all ¥ < a. Moreover, since z, depends on outp(z4)
w.r.t. ® it follows from induction hypothesis (3) that for all f € X,
vy = ®(fy,xy), forally € SoNa+1.

Furthermore, 3, is pruned (4): If z = zg, for some 8 < a, then the claim

that x is ®-realizable in X, follows from (3).

Solet x € V(I)\{y € V(T) | (38 < a)(y = z)}. Then, since T is
a tree and by definition of the enumeration (z4)ae(ens,) We obtain that

outr(x)N({y € V(T) | (38 < ) (y = z)}ulU{outr(y) | y € V(T)A(ES <
a)(y = zg)}) = @. Then, since = depends on outy(z) w.r.t. ®, the fact
that 3z is pruned implies that for all v € X g(z), v is ®-realizable in 3g.

Let « be a limit. Let %, = ﬂ/ka Y, for all limits 8 < «. Then by
Proposition |2.4.38| %, = ﬂﬂ<a Y is a type. The rest of the claims follow
straightforwardly.
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It remains to be shown that ¢ is ®-invariant. (This, setting 3’ = X, yields
the claim of the lemma.) So let f € 3¢ and « € V(T'). We have to show that
O(f,x) € Le(z). If ¢ € V(T{r}) then there exists a < £ such that x = z,
and the claim follows from (3). Otherwise the claim follows from the hypothesis
that ¥ is ®-invariant. O

This leads to the following result which has already been proven in [41] (in
a very different manner) and in [5] (in a somewhat analogous manner).

Theorem 2.4.88. If G is a tree, then every Boolean network on G has a fixed
point.

Proof. Let ® be a Boolean network on X = V(G). Let f be a maximal fixed
point of ®(FV) and ¥ = ¢(f). Then ¥ C {0,1}¥ is ®-invariant and pruned
with respect to ®. Moreover, 3 is ®-irreducible. Hence it must be trivial by
the previous lemma. O

2.4.11 Core, periphery and kernel-perfect digraphs

Definition 2.4.89. Let ® be a Boolean network on X and f; the least fixed
point of ®’,. Then

1. the set sdm(f;) = {z € X | fi(z) € {0,1}} is said to be the periphery of
P,

2. the set X \ sdm(f;) is said to be the core of ®.

These concepts are analogous to those of Definition 4.1 in [5], although this
might not be obvious at a first glance.

Proposition 2.4.90. Let G a digraph, ® a Boolean network on G and C the
core of ®. Then G[C] is sink-less.

Proposition 2.4.91. Let (G,®) be a Boolean network. Then there exists a
spanning subdigraph G' C G such that G’ is a dependency graph for ® and the
periphery of ® is open in G'.

Proof. The proof is straightforward by induction on the ordinal number of steps
it takes @'y, to reach f;. O

Proposition 2.4.92. Let (G,®) be a Boolean network and P C V(G) the
periphery of ®. Suppose that P is open in G. Let f; be the least fized point of
@y, . Then

1. (fi | P) € {0,1}F is the unique fized point of ®[P],
2. for all f C {0,1}V(@) if f is a fized point of ®, then then set {f;, f} is

compatible.
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Lemma 2.4.93. Let G be a digraph and & = <I>f. Let X C V(G), XT =

Bd(X) and h € {0,1}%". Let C C X be the core of ®"[X], P = X\ C the
periphery of ®"[X] and f; € {0, 5,1} the least fived point of (2" [X])py,. Then
for all x € C and all y € outg(x) NP, fi(y) =0.

Proof. Let X* = X UX ™. Assume that there exists x € C and y € outg(z) NP
such that f;(y) = 1. Then for all g € {0,1}* such that g 2 f;, (®"[X])(g,2) =
1—@6[)( ](hUg,x) = 1—sup,{g(2) | z € outg(x)} = 0. Hence (®"[X])ry, (f1,2) =
0. But this contradicts the hypothesis that € C which, since f; is a fixed point
of (D" [X])py, implies that & = fi(z) = (O [X])y (f1)(z) = (O[X]iy (i) #
0. O

Recall that a digraph G is kernel-perfect iff every induced subdigraph of G
has a kernel. Also recall Definition 2.:4.46] The following theorem can be seen
as a more elaborate version of Proposition [2.3.8]

Lemma 2.4.94. Let G be a digraph and @ # X C V(G), X+ = Bd5(X) and
h e {0,1}X". Let C be the core of ®"[X], where ® = q)f[X]. Then ®"[X] has
a fized point, if C' has a kernel.

Proof. Let P = X \ C be the periphery of ®"[X] and f; € {0, %, 1}¥ be the
least fixed point of (®"[X])r,. If C = @, then f; € {0,1}¥ is a fixed point of
®"[X] and we are done. Let C' # @ and g be the characteristic function of a
kernel of G[C]. We will show that f = f,U g is a fixed point of ®"[X]. So let
rzeX.

Case 1: z € P. Then it follows by Definition that ®"[X|(f,z) =
SM(PY(J | ) = filx) = f(z).

Case 2: z € C. Then f(z) = g(x).

Case 2a: f(x) =0 = g(x). Since g is the characteristic function of a kernel
of G[C], there exits y € outg(x) NC such that f(y) = g(y) = 1. Observing that
(P X)) (f,x) =1 —supo{f(y) | y € outg(z)} and f | C = g, this implies that
O X](f,z) = 0.

Case 2b: f(x) = 1 = g(x). This implies that for all y € outg(z) N C,
g9(y) = 0. By Lemma we have that for all y € outg(z) N P, fi(y) = 0.
Hence ®"[X](f,z) = 1. O

Theorem 2.4.95. A digraph G has a kernel iff the subdigraph of G induced by
the core of ‘IDf has a kernel.

Proof. =: Let K be a kernel of G and C the core of @g. It follows from Lemma
2.4.93|that K N C' is a kernel of G[C].

<: Apply Lemma [2.4.94/to X = V(G) and & = @f. O

Theorem 2.4.96. A digraph G is kernel-perfect iff for all @ # X C V(QG), @f
18 perfectly solvable relative to X .
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Proof. =: Let ® = <I>f. Suppose that G is kernel-perfect. Let @ # X C V(G).

Let X* = Bd{(X) and h € {0, 1}*". We have to show that ®"[X] has a fixed
point. (Observe that the claim that for all & # X C V(G), @f is absolutely
solvable relative to X is equivalent to the claim that for all @ # X C V(G),
<I>f is perfectly solvable relative to X.) Let C' C X be the core of ®"[X] Then

G[C] has a kernel, since G is kernel-perfect. Then by Lemma ®"[X] has
a fixed point.

<:Let @ # X CV(G), XT =Bdg(X) and h € {0,1}*" be such that h(z) = 0,
for all z € X*. Let f be a fixed point of ®"[X], which exists by hypothesis. It
is straightforward to check that f is the characteristic function of a kernel. [J

An application of Theorem [2.4.96] will be Corollary

2.5 System- and network transformations

The goal of this section is to introduce notions of structure-preserving trans-
formations between dynamical systems in general and Boolean networks and
constrained Boolean networks (cf. Definition and the remark following it)
in particular. The purpose is to prepare the conceptual ground for the notion
of a characteristic digraph (Definition which shall play a crucial role in
Chapter [3| Moreover, we can formulate the concept of dual paradozes (cf. [14]
and [41]) within our abstract framework, as well as criteria for the identity of
paradoxes.

2.5.1 System transformations

The basic concepts of this section - retraction, section and system map are all
well-know in the literature on category theory, cf. e.g., [33].

Definition 2.5.1. Let X and Y besets, i: X — Y and j:Y — X. We say
that

1. j is a retraction for i iff j oi =idy,
2. jis a section fori iff ioj =idy.

Proposition 2.5.2. Let X andY be sets, i : X - Y and j:Y — X. Then j
s a retraction for i iff i is a section for j.

The following simple observation allows us to express the concept of set
isomorphism, i.e., that of a bijective map in terms of retraction and section.

Proposition 2.5.3. Let X and Y be sets. A mapi: X —Y is

1. injective iff there exists a retraction j:Y — X for i,

2. surjective iff there exists a section j:Y — X fori,
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3. bijective iff there exists a map j : Y — X that is a retraction and a section

fori. If such a map j exists, then it is unique and j = i~ ".

Further constraints lead to the following notions of dynamical system trans-
formations.

Definition 2.5.4. Let f: U — U and g : V — V be dynamical systems. Let
t:U —Vand 5:V — U. Then we say that

1. i is a system map iff io f =goi,
2. 1 is a system isomorphism iff ¢ is a system map and there exists a system
map k : V — U that is a retraction and a section for 4,
3. i is a system automorphism iff it is a system isomorphisms and f = g,
4. i is a strong system embedding (of f into g) iff
(a) 7 is a system map and
(b) there exists a system map r : V' — U that is a retraction for 4,
5. i is a system embedding (of f into g) iff
(a) i is a system map and
(b) there exists a map r : V' — U that is a retraction for ¢,
6. i is a weak system embedding (of f into g) iff there exists amapr: V — U
that is a retraction for ¢ that is such that
(a) f=rogoiand
(b) f(x) =z implies i(z) = (g oi)(x), for all z € U,
7. i is a dense (weak, strong) system embedding (of f into g) iff i is a (weak,
strong) system embedding and every fixed point of g is in [U].

8. a closed (weak, strong) system embedding (of f into g) iff ¢ is a (weak,
strong) system embedding and ¢[U] is invariant under g.

Proposition 2.5.5. FEvery system embedding of f into g is a weak system sys-
tem embedding of f into g.

The concept of a dense weak system embedding shall play an important role
in the definition of a characteristic digraph of a Boolean network (cf. Definition
and Chapter [3] Another application is Theorem below.

Let us illustrate the above definitions with some examples. Each of the fol-
lowing diagrams A, B, C and D represents the iteration graphs of two dynamical
systems f : U — U (in the lower part of the diagram) and g : V. — V (in the
upper part of the diagram). From each vertex of U, (i.e., from each state of the
dynamical system f : U — U) an arrow labeled ‘i’ leads to exactly one vertex
of U. Together, theses arrows represent a map i : U — V. From each vertex of
V', an arrow labeled ‘r’ leads to exactly one vertex of U. Together, these arrows
represent a map 7 : V — U. In all diagrams r is a retraction for . But with
respect to its status as system embedding the quality of 4 differs from example
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to example.

A: i is a strong system embedding of f into g with retraction r.

g aee
i
l e

B: i is a system embedding of f into g, but not strong.

C: i is a dense weak system embedding of f into g, but no system embedding.
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D: i is a weak system embedding of f into g, but not dense.

The following proposition ascertains that under a system embedding ¢ of f
into g trajectories of f are mapped to trajectories of g.

Proposition 2.5.6. Let f : U — U and g : V — V be dynamical systems and
i:U =V a system embedding of f into g. Then for alln € w, io f" = g" 0.

For the following corollary recall Definition It expresses the fact that
the period of trajectories remains unaltered under system embeddings.

Corollary 2.5.7. Let f : U — U and g : V — V be dynamical systems and
i:U — V a system embedding of f into g. Then Ils(z) = Iy (i(x)), for all
zeU.

Proposition 2.5.8. Let f : U — U and g : V — V be dynamical systems and
1: U —V a system embedding of f into g. Letr : V — U be a system map that
is a retraction fori. Let x € U and y € V.. Then

1. z is a fized point of f iff i(x) is a fized point of g,
2. y is a fized point of g iff r(y) is a fized point of f.
In general, Proposition 2.5.6] does not hold for weak system embeddings.

However, there is a weak counterpart of it that implies that every trajectory
under f can be expressed in terms of g, i and 7.

Proposition 2.5.9. Let f: U — U and g : V — V be dynamical systems and
1: U =V a weak system embedding of f into g with retraction r. Then for all
new, f*=(rogoi)".

Theorem 2.5.10. Let f : U — U and g : V — V be dynamical systems and
i1 : U — V a dense weak system embedding of f into g. Then there exists a
bijection between the fized points of f and the fized points of g.
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Power-systems and Kripke-extensions

Definition 2.5.11. Let f : U — U be a dynamical system. Define the power
system f*:U* — U* of f by

1 U = p(U)\ &,
2. f*(X) = fIX].

Proposition 2.5.12. Let f: U — U be a dynamical system. Then X C U 1s
1. a fized point of f* iff X is strictly invariant under f,

2. a minimal fixed point of f* with respect to set inclusion iff X is an attractor

of f.

Notice that f* is in general not monotonic with respect to set inclusion.

Recall that in Definition [2.4.76/ we defined maps ¢ : {0, 3,1} — ({0,1}%)*
by t(f') = {g € {0,1}* | g 2 f'} and r : ({0,1}*)* — {0, L1, 1}¥ by r(F) =
(| F. Clearly, r is a retraction for ¢. Moreover, Theorem [2.4.78| implies the
following.

Theorem 2.5.13. Let & be a Boolean network on some set X. Then t is a
weak system embedding of @'y, : {0, 3,1} — {0, 3,1}X into ®* : ({0,1}%)* —
({0, 1}%)* with retraction .

Transformations of iteration graphs

Just as iteration graphs (cf. Definition [2.2.5)) provided a way of visualizing dy-
namical systems, transformations of dynamical systems can be captured by
transformations of digraphs i.e., digraph morphisms.

Definition 2.5.14. Let G, H be directed graphs. A map h: V(G) — V(H) is
said to be

1. a digraph homomorphism (from G to H) iff for all z,y € V(Q), (z,y) €
A(G) implies (h(x), h(y)) € A(H),

2. a digraph isomorphism iff it is a digraph homomorphism and there is a
digraph homomorphism g : V(H) — V/(G) that is a retraction and a
section for h,

3. a strong digraph embedding iff it is a digraph homomorphism and has a
retraction that is a digraph homomorphism.

Proposition 2.5.15. Let G, H be digraphs. A map h : V(G) — V(H) is a
digraph isomorphism iff the following conditions are satisfied.

1. h is a digraph homomorphism,
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2. h is biyective and
3. h=1 is a digraph homomorphism.

Proposition 2.5.16. Let f : U — U and g:V — V be dynamical systems. Let
I and J be their iteration graphs respectively. Let k : U — V. Then

1. k is a system map from f to g iff k is a digraph homomorphism from I
and J,

2. k is a system isomorphism from f to g iff k is a digraph isomorphism from
I and J.

3. k is a strong system embedding from f to g iff k is a strong digraph em-
bedding from I and J.

2.5.2 Network isomorphisms

Recall that a constrained Boolean network (Definition [2.3.1]) has a digraph com-
ponent as well as a dynamical system component. After having formulated
transformations for each of these categories in the previous subsection, we shall
tackle in this subsection the compound category of constrained (Boolean) net-
works.

Definition 2.5.17. A Boolean network ® is said to be a representation of a
dynamical system f : U — U iff there exists a system isomorphism ¢ : U —
{0,1}V( from f to ®.

Of course the notion of representation could be defined analogously for ar-
bitrary function networks.

Question 2.5.18. Has every dynamical system a representation as a Boolean
network?

Given the following proposition a positive answer seems plausible.

Proposition 2.5.19. Let f : U — U be a dynamical system. If there exists
a cardinal k such that |U| = 2%, then there exists a Boolean network that is a
representation of f.

Proof. Leti: U — 2% be bijective. Define ® : {0,1}* — {0,1}" by ® = iofoi~ 1.
Then @ oi = (io foi~t)oi=1io f. Hence i is a system map and so is i~* by
analogous reasoning. Since i is bijective, i ! is both a retraction and a section
for q. U

Although its proof is almost trivial, Proposition may seem surprising
from a certain point of view. In light of examples like Example [2:4.24] it may
even seem intriguing. However, if a dynamical system has a representation, it
usually has many of them and the dependency graphs of these Boolean networks
may differ greatly.
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Definition 2.5.20. Two Boolean networks ® and V¥ are said to be isomorphic
iff there exists a system isomorphism between them.

So any two representation of a dynamical system are isomorphic Boolean
networks. If we want to preserve the dependency structure of a Boolean network,
we need to formulate a more fine grained notion of isomorphism for the category
of constrained Boolean networks. We call this kind of isomorphism network
isomorphism in order to emphasize the dependency component.

Definition 2.5.21. Let (G, ®) and (H, ¥) be constrained Boolean networks. A
network isomorphism from (G, ®) to (H,¥) is an ordered pair (¢, %) such that

1. ¢ is a digraph isomorphism from G to H,
2. i:{0,1}* — {0,1}Y is a system isomorphism.

We write (G, ®) ~ (H,¥) and say that (G,®) and (H,¥) are isomorphic iff
there exists a network isomorphism (¢, ) : (G, ®) — (H, 7).

Definition 2.5.22. A network isomorphism from (G, ®) to (H, ¥) is said to be a
network automorphism iff G = H and ® = ¥ and a network semi-automorphism
iff G =H.

Example 2.5.23. In order to illustrate the difference between network- and
system isomorphisms, let us construct a Boolean network ® that performs some
very simple computation. (For models of computation based on Boolean net-
works cf. [19]). The task of ® is to decide whether for a given number 0 < n <3
the claim that n < 2 is true or false. Our network ® consists of three au-
tomata, Iy, I; and U. The set {ly, I1} is thought of as the input layer of ®,
whereas the output layer consists of the single automaton U. Before we specify
the functions of the automata we need a to choose a coding of the numbers
0 < n < 3 in terms of of 0’s and 1’s. First let us stick to the standard coding
0+~ 00,1 — 01,2 — 10,3 — 11. If n < 2, then the output automaton is
expected to produce the value 1; if n > 2, the output value is expected to be 0.
Let us define the Boolean network @ as follows. ®(f,U) = f(ly), ®(f, lo) =
f(Ip) and ®(f, I,) = f(I), for all f € {0,1}*, where A = {Iy,I;,U}. Then
® performs the assigned task while leaving the input layer unchanged. The
following set of arcs constitutes the minimal dependency graph for ®:

A(G) = {(Io, Io), (I, I), (U, Io) }.

Now let us change the coding as follows: 0 — 10,1 — 01,2 — 00,3 — 11.
With respect to the new coding the network ® does not solve the problem cor-
rectly anymore. For an amendment, the functions of the automata of the input
layer can remain unchanged, but the function of the output-automaton has to
be modified as follows.

Loif (f(lo) = 1A f(L) = 0) V (f(I) =0A f(I) =1)

0, else.

fI”(f,U)={
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Notice that G is not a dependency graph for ®’. An arc must be added to
G in order to come up with the minimal dependency graph G’ for ®':

A(G/) = {(10710)? (Ilyll)a (U7 IO)a (Ua Il)}

It is straightforward to find a system automorphism ¢ from ® to ®’. Hence
each of the Boolean networks ® and ®’ can be expressed as a simulation of the
other via i, e.g. ® =io®oi~!. But since G and G’ are not isomorphic, there
is no network semi-automorphism between (G, ®) and (G’, ®').

In [T4] Cook defines for a certain class of sentence systems their dual sentence
system and then discusses dual versions of various paradoxes. Rabern et al. give
a generalized version of Cook’s definition (cf. [4I], Definition 6). The following
is an adaption of the latter for Boolean networks.

Definition 2.5.24. Let ® be a Boolean network on some set X.

1. Let ivy : {0,1}* — {0,1} be defined by ivx(f) = {(z,v) | (x,v) € f},
where s =1ifv=0and v =0if v =1, for v € {0,1}.

2. Define @ : {0,1}* — {0,1}* by ® = ivx o ®oivy. We call ® the Boolean
network dual to P.

Proposition 2.5.25. Let ® be a Boolean network on G and X =V (G). Then
1. ® is a Boolean network on G,

2. (idg,ivx) is a network semi-automorphism from (G,®) to (G,®) with
(idg,iVX)_l = (idg,iVX),

3. For all f € {0,1}%, f is a fized point of ® iff ivx (f) is a fived point of ®.
For the following proposition and examples recall Definition [2.3.6
Proposition 2.5.26. Let G be a digraph. Then

1. 8G(f,2) = 05 (f, ).

2 8 (f.2) = 95 (f.)

3. i)f(f, x) @?(f,x)
Definition 2.5.27. Call a Boolean network ® self-dual iff & = ®.

Example 2.5.28. The Boolean network from Example that models the
liar sentence is self-dual. Then same holds for the Boolean network from Ex-
ample that models the truth-teller sentence and for the Boolean network
of Example that models the sentence system of Jourdain’s paradox.

Duality is not the only kind of symmetry a constrained Boolean network
might show. (We would like to think of any non-trivial member of the semi-
automorphism group of a constrained Boolean network (G, ®) as a symmetry of

(G, D)).

72



Definition 2.5.29. Let (G, ¥) be a Boolean network and ¢ : V(G) — V(G) a
digraph automorphism.

L. Let i, : {0,1}V(@) — {0,1}V(©) be defined by i,(f) = {(z, f(¢(2))) |z €
V(G)},

2. and define ¥, : {0,1}V(9 — {0,1}V(D by ¥, = i,-1 0 ¥oi, We call
(G,¥,) the p-shift of (G, V).

Proposition 2.5.30. Let (G,V) be a constrained Boolean network and ¢ :

V(G) = V(G) a digraph automorphism. Then
1. (G,¥,) is a constrained Boolean network,

-
2. (,iy) is a network semi-automorphism from (G, V) to (G, U,) with (¢,i,) "' =

(w_lai¢*1)7
3. for all f € {0,1}V(S) | f is a fized point of Y iff i,(f) is a fived point of
U,.

Example 2.5.31. Let C be a directed cycle and z,y € V(C). Then there is
a unique digraph automorphism ¢, , such that ¢, ,(z) = y and every digraph
automorphism on C can be represented in this way. If C' is a cycle of liars, then
we might think of the resulting Boolean network as the same cycle of liars. More
precisely, (¢, i) is an automorphism on (C, ®{). (It is non-trivial iff x # y).

On the other hand, consider Jourdain’s paradox from Examples 1.1.2 and
Applying ¢, 7, to @ swaps the roles of the liar and the truth-teller and
yields a Boolean network that is different from (but isomorphic to) ®, which
happens to be ®, the dual network of ®.

2.5.3 Function network products

The purpose of this short subsection is to have a quick look at what might hap-
pen to dependency graphs if function networks are iterated.

The following notion is well-known under the name of ‘relation product’.

Definition 2.5.32. Let S be a set and G, G digraphs with V(G;) = V(Gs) =
S. Define V(G1 0 G3) = S and A(G1 0 Gso) = {(z,2) | Fy € S, (x,y) € A(G1) A
(y,2) € A(G2)}-

Theorem 2.5.33. Let G1, G2 be digraphs with V(G1) = V(G2) and ®1, P,
function networks on G1 and Gy respectively. Then ®10®4 is a function network
on G10Gs.

Definition 2.5.34. Let (G, ®) a function network of type X.
o Let % =Idy and & = o ™!, for all n > 0.
o Let G = {(z,7) | 2 € V(G)} and G™ = G o G"1, for all n > 0.
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Proposition 2.5.35. Let G be a digraph and z,y € V(G) and n € w. Then
there is a non-trivial walk from x to y in G of length n iff (z,y) € A(G™).

Proposition 2.5.36. Let G be an acyclic digraph such that there exists some
n € w such that every path in G has length < n. Then G™*! is totally discon-
nected.

Example 2.5.37. Let G and G’ be the digraphs from Example [2.5.23] Then
G" =G and (G)" =G, for all n € w.

2.5.4 What is a reference pattern?

Question 2.5.38. How many network semi-automorphisms does any given con-
strained Boolean network have?

This question is of interest in order to determine how many version of a given
paradox there are. The semi-automorphisms of a constrained Boolean network
form a group, each of whose members i gives rise to a constrained Boolean net-
work (G,i7! o ® o04) which can be thought of as some kind of mirror image of
(G, ®). The semi-automorphism group contains always the identity-map and
the involution ivx (cf. Deﬁnition, i.e., it is at least of order two for every
digraph whatsoever. A more specific version of the above question is under what
circumstances the set of all ¢-shifts together with the involution forms already
a set of generators of the semi-automorphism group of (G, ®)?

Question [2.5.38| leads to a deeper one.

Question 2.5.39. Should two constrained Boolean networks be considered iden-
tical if they are isomorphic? Given that they have nmo fized points and can be
interpreted as sentence systems, is the paradox that arises from one of them
identical to that arising from the other?

There are well-known arguments that suggest a negative answer to the sec-
ond part of Question e.g.[15]. They imply that the concept of reference
cannot be reduced to the concept dependency (in the sense of Definition [2.3.1)
but that the way a reference is established is rather essential.

In any case, the framework suggested in this thesis is meant to capture only
extensional aspects of semantic paradoxes and cannot help provide answers to
questions like 2.5:39] On the other hand, it seems reasonable to assert that a
reference-pattern is extensional, can be characterized in terms of dependency
and is invariant under network isomorphisms.

But what exactly is a reference pattern? Supposing that a Boolean ® de-
scribes some sentence systems (and in Section we will show that every
Boolean network can be thought of doing so) it would make sense say that a
reference pattern of ® is the isomorphism type (w.r.t. digraph isomorphisms, cf.
Definition ) of some dependency graph G of ®. (The isomorphism type
of a digraph G can be conceived as the class of all digraphs isomorphic to G).
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This definition is too coarse in the sense that it cannot distinguish e.g.,
the liar sentence from the truth-teller. In [5] this problem is addressed by the
introduction of so called signed reference graphs, i.e., labels are assigned to the
arcs of a digraph in order to capture the mode of reference.

In Chapter [3] a more encompassing approach is chosen in order to model
these more fine-grained reference patterns: that of a characteristic digraph of a
constrained Boolean network. Indeed, it is shown in Section [3.6]that the concept
of signed dependency graph can be reconstructed from that of a characteristic
digraph.

2.6 Three related characterization problems

In this section we shall introduce three classes of digraphs, each of which is
associated with a different aspect of the relation between paradoxes and ref-
erence patterns, and each of which gives rise to a different characterization
problem: dangerous digraphs, digraphs of infinite character and not strongly
kernel-perfect digraphs. To show that the corresponding characterization prob-
lems are interrelated and can, at least partially, be solved, is one of the main
goals of this thesis.

2.6.1 Dangerous and safe digraphs

The notion of a dangerous digraph was originally introduced in [41] in a some-
what different setting. We will prove in Section[3.5.1]that a digraph is dangerous
in our sense if and only if it is dangerous in the sense of Rabern et al. [41]. (Also
cf. [40]). Observe that the empty digraph (&, @) is trivially safe. All results in
this subsections are already known from [41].

Definition 2.6.1. A digraph G is said to be safeﬂ iff every Boolean network
on G has a fixed point; it is said to be dangerous iff it is not safe.

Definition 2.6.2. G and H are equi-dangerous iff both G and H are dangerous
or both are safe.

Proposition 2.6.3. Every cycle is dangerous.
Proposition 2.6.4. A digraph is safe iff every subdigraph of it is safe.

Proof. The proof follows that in [41]. Let H be a digraph and G C H. Suppose
G is dangerous. Let ® be a Boolean network on G such that ® has no fixed
point. Let X = V(H) \ V(G). Let @y be defined on X such that ®q(f,z) =0

for all f € {0,1}* and z € X. Let ¥ : {0,1}V") x V(H) — {0,1} be defined

5Rabern et al. have no name for the digraphs that are not dangerous. Our choice seems
to be the most suitable English word. However, notice that in [47] the term safe is used quite
differently, in order to denote the class of digraphs that have a certain pattern that gives rise
to Yablo-like paradoxes. This could be a particular awkward source of confusion, since we
shall later state a conjecture that implies that an acyclic digraph is safe in Walicki’s sense if
and only if it is safe in our sense.
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by U(f,z) = @(f | V(G),z) if z € V(G) and U(f,z) = o(f | X,2) if z € X.
Then ¥ is a Boolean network on G U (X, @). Hence it is a Boolean network on
H. Moreover, the restriction of every fixed point of ¥ to V(G) is a fixed point
of ®. Hence H is dangerous. The other direction is trivial. O

Corollary 2.6.5. Every digraph that contains a cycle is dangerous.

Proposition 2.6.6. Fvery well-founded digraph is safe.

Proof. By Proposition 2.4.61} O
Proposition 2.6.7. Every tree is safe.
Proof. By theorem [2.4.88 O

Proposition 2.6.8. A finite digraph is safe iff it is acyclic.
Proof. Every finite and acyclic digraph is well-founded. O

Problem 2.6.9 (Rabern et al.). Characterize the dangerous digraphs!

2.6.2 Compactness and digraphs of finite character

Corollary implies that the concept of danger cannot distinguish between
finitary (liar-like) and infinitary (Yablo-like or McGee-like) paradoxes: An infi-
nite digraph may contain a cycle (and thus be dangerous) but nevertheless be
not the reference pattern of any truly infinitary paradox. In order to fill this
lacuna, we shall introduce the dichotomy of digraphs of finite character and di-
graphs of infinite character, which is based on the concept of a compact Boolean
network.

Compact Boolean networks

The definitions and claims in this subsection can be formulated and proven for
arbitrary finitary function networks, but for reasons of simplicity we present
them only for Boolean networks.

The following definition and the next lemma are, mutatis mutandis, well-
known from the literature. (Cf. e.g.,[I7].) Recall the definitions in Subsection
2.4.0

Definition 2.6.10. Let ® be a Boolean network on a set X.

e For all Y C X, let S(Y) be the set of all f € {0,1}YUBd&(Y) guch that
f 1Y is a fixed point of ®fBIGM)[y].

o Call F C p(X) compatible w.r.t. ® iff for all Y € F, there exists f €
{0,1}% such that for all Y € F, f [ (Y UBd5(Y)) € S(Y).

Lemma 2.6.11 (Compactness principle). Let ® be a Boolean network on a set
X and F a set of finite subsets of X. Then F is compatible w.r.t. ® if every
finite G C F is compatible w.r.t. P.
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Proof. Let ¥ = {0,1}* and T(X) the product topology for ¥ as in Definition
Then (X, 7(X)) is compact by Proposition and for every finite
Y C X, theset S*(Y)={fe€X|f](YUBdAL(Y)) € S(Y)}is closed in T(X).

Notice that for all F C (X)) the claim that F is compatible w.r.t. ® is equiv-
alent to the claims that the family (S*(Y))yer has a non-empty intersection.
Hence it follows from the hypothesis that for all finite G C F, (S*(Y))yeg has a
non-empty intersection. Since X is compact, this implies by Proposition
that (S*(Y))yer has a non-empty intersection and thus that F is compatible
w.r.t. . O

Definition 2.6.12. A Boolean network ® on a set X is said to be

1. compact iff ® has a fixed point, given that for all finite @ # Y C V(G), @
is absolutely solvable relative to Y.

2. strongly compact iff ® has a fixed point, given that for all finite @ £ Y C
V(G), ® is relatively solvable relative to Y.

Clearly, every strongly compact Boolean network is compact.

Digraphs of finite- and infinite character

Definition 2.6.13. Let ® be a Boolean network (on a set X) that has no fixed
point. Then @ is said to be

1. paradozical of finite character iff there exits some finite @ # Y C X such
that ® is absolutely unsolvable relative to Y,

2. paradozxical of quasi finite character iff there exits some finite @ #Y C X
such that ® is relatively unsolvable relative to Y, but there exists no finite
@ #Y C X such that ¢ is absolutely unsolvable relative to Y,

3. paradozxical of infinite character iff every finite @ # Y C X is absolutely
solvable relative to Y.

The idea of this trichotomy is that in the first two cases there exists some
finite ‘paradoxical’ Boolean subnetwork (in a stronger sense in the first cases
and in a weaker sense in the second) that is ‘liable for’ ® not having a fixed
point, whereas in the third case no finite paradoxical subnetwork is present.
Paradozes of infinite character are paradozes of non-compactness in the sense
that they are due to the non-applicability of the Compactness Principle [2.6.11]
i.e., arguments as in the proof of Proposition do not hold, because the
digraph cannot be decomposed into suitable finite subdigraphs.

Proposition 2.6.14. Let ® be a Boolean network on a set X that has no fixed
point. Then ® is

1. paradoxical of finite character iff ® is strongly compact,

2. paradozxical of quasi finite character iff is not strongly compact but compact,
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8. paradoxical of infinite character iff not ® compact.

Definition 2.6.15. A digraph G is said to be of finite character iff every
Boolean network on G is compact; it is said to be of infinite character iff it
is not of finite character.

Example 2.6.16. Let us classify some previously discussed paradoxes.

1. Every liar cycle gives rise to a paradox of finite character. But there
are also infinite Boolean networks that are paradoxical of finite character.
By Proposition ( and Corollary respectively), every Boolean
network that has a finitely out-branching dependency graph but no fixed
point is such a case. By Proposition [2.6.19] every dependency graph of
such a network must contain a cycle.

2. McGee’s paradox (cf. Example is a paradox of quasi finite charac-
ter. The subnetwork induced by { My, M,,} is relatively unsolvable to the
function h that assigns to each 0 < n < w the value 1: ®"[{ My, M,,}] has
no fixed point, it’s iteration digraph is isomorphic to that of Jourdain’s
paradox (cf. Example . Hence ® is compact. It is not strongly
compact, however: let g be the function that assigns to each 0 < n < w
the value 0. Then ®9[{My, M, }] has the fixed point f, with f(My) =1
and f(M,) = 0. (Observe G[X] is acyclic if X does not contain both My
and M,,).

Moreover, it can be show that the minimal dependency graph for & is of
finite character.

3. Yablo’s paradox is a paradox of infinite character. @}{ is not compact.
Hence Y is of infinite character.

This analysis seems to suggest that McGee’s paradox is indeed closer to the
paradoxes of finite character than to Yablo’s paradox. In consideration of its
dependency graph, this shouldn’t come as a surpriseﬁ

Proposition 2.6.17. FEvery finite digraph is of finite character.
Digraphs of finite character are closely related to safe digraphs.
Proposition 2.6.18. FEvery safe digraph is of finite character.
Proposition 2.6.19. FEvery acyclic digraph of finite character is safe.
Proof. By Proposition [2.6.8 O

SHowever, it may be surprising with regard to the fact that in frameworks that work with
first order logic such as [5] [4] and [28] Yablo’s paradox and McGee’s paradox are similar in
the sense that they both give rise to consistent first-order theories that are w-inconsistent.
This commonality can be explained be the fact that both Boolean networks are not strongly
compact.
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This leads to following theorem which, simple as it is, epitomizes the fact
that there are two kinds of semantic paradoxes: finite paradoxes whose reference
pattern is cyclic, and infinite paradoxes, the underlying mechanism of which is
the phenomenon of non-compactness.

Theorem 2.6.20. A digraph is dangerous iff it contains a cycle or if it is of
infinite character.

A consequence of this is a generalization of Proposition to digraphs of
finite character.

Corollary 2.6.21. A digraph of finite character is safe iff it is acyclic.

The question of how the reference patterns of infinitary paradoxes can be
characterized is in the focus of this investigation.

Problem 2.6.22. Characterize the digraphs that are of infinite character!

The following proposition is essentially a well-known result - at least its
version for safe digraphs (cf. [41] and [40]). Our proof employs the compactness
principle and intends to exemplify how constraints on a given dependency graph
can be used to obtain information about the dynamical behavior of a Boolean
network.

Proposition 2.6.23. Every finitely out-branching apg is of finite character.

Proof. Let ® be a Boolean network on G. Let r be the root of G. Let X = {r}
and define X,,41 = X, U Bdg(Xn) for all n € w. Then every X, is finite.
Let F = {X,, | n € w}. Then V(G) = |JF. Since unions of finite subsets
of F are finite, it follows from the hypothesis that ® is absolutely solvable
relative to every non-empty finite subset of V(G), that every finite subset of
F is compatible w.r.t. ®. Hence F is is compatible w.r.t. ® by Lemma [2.6.11]
Let f € {0,1}V(%) be a witness to this claim. Then f is a fixed point of
®. In order to see this, let € V(G). Then z € X, for some n € w. Let
fn=f1XnU BdE‘(Xn) Then f, € S<Xn) Hence (I)(fn,$> = fn(x) = f(l’)
On the other hand, ®(f,,z) = ®(f, =), since x depends on X,, U Bd(X,,).
Hence ®(f,z) = f(x). O

The previous proposition shall later be generalized for finitely out-branching
digraphs simpliciter (cf. Corollary [5.1.6). As a consequence, every acyclic and
finitely out-branching digraph is safe.

Proposition 2.6.24. A digraph is of finite character iff all of its subdigraphs
are.

Proof. If G C H is not of finite character, then there exists a Boolean network
® on G that is not compact, i.e., ® has no fixed point but for all finite & #
Y C V(G), ® is absolutely solvable relative to Y. Now we extend ® to a
Boolean network ¥ on H analogously to the proof of Proposition The
other direction is trivial. O
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Skeletons

Let us conclude this subsection on digraphs of infinite character by having a
quick look at a concept whose purpose it is to shed some more light on the
distinction between cyclic and acyclic paradoxes.

Definition 2.6.25. Let GG be a digraph. A skeleton of G is an acyclic spanning
subdigraph of GG that has no proper superdigraph that is an acyclic spanning
subdigraph of G.

Clearly, every acyclic digraph is its own unique skeleton.
Proposition 2.6.26. Every digraph has a skeleton.

Proof. Let G be a digraph. Then G has an acyclic spanning subdigraph - the
digraph (V(G),@). Moreover, the union of every chain of acyclic spanning
subdigraphs of G is an acyclic spanning subdigraph of G. Hence by Zorn’s
lemma there exists a maximal acyclic spanning subdigraph of G. This is a
skeleton of G. O

Question 2.6.27. Is there a digraph of infinite character that has a skeleton of
finite character?

A positive answer would imply the existence of some interesting kind of
paradox. It would mean that, on the one hand, there is a Boolean network &
on a digraph G (of infinite character) such that ® has no fixed point, but for
every non-empty finite Y C V(G), ® is absolutely solvable relative to Y. Hence
the paradoxicality of ® cannot be localized in any finite part of @, just as it is
the case with Yablo’s paradox. In particular, there is no specific finite struc-
ture of cycles that is responsible for ® being paradoxical. On the other hand,
there exists a skeleton H of G that is of finite character. Hence H is safe. This
means that the cyclic structure of G is essential for ® being paradoxical, but
on a global rather than on a local scale. ® would be a paradox that couldn’t
be explained in terms of danger. G would be dangerous because it contains a
cycle, but that misses the point. ® would be a cyclic paradox of truly infinite
character and not just of quasi finite character as McGee’s paradox is.

In Section [2.8 we shall briefly discuss which answer to Question seems
to be the plausible one and whether any result or conjecture could help to
establish it.

2.6.3 Strongly kernel-perfect digraphs

The third class of digraphs to be considered is in some sense a more fine grained
counterpart to dangerous digraphs. Proposition |2.6.28] can be seen as a first
hint at this fact, Proposition [2.6.29| as another.

Recall that a digraph is said to strongly kernel-perfect iff every of its subdi-
graphs has a kernel.
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Proposition 2.6.28 (Richardson). A finite digraph is strongly kernel-perfect
iff it contains no odd cycle.

Proof. Proofs can be found in [I], [3] or [42]. O
Proposition 2.6.29. FEvery safe digraph is strongly kernel-perfect.
Proof. By Propositions [2.6.4] and Proposition 2:3.8] O

A version of this proposition has already been formulated in [41]. |Z|

In analogy to Corollary [2.6.21] Richardson’s theorem can be generalized to
digraphs of finite character.

Theorem 2.6.30. A digraph of finite character is strongly kernel-perfect iff it
contains no odd cycle.

Proof. Let G be a digraph of finite character. For the non-trivial direction
suppose that G contains no odd cycle. Let H C G. Then H is also of finite
character. Hence <I>f is compact. But then <I>f must have a fixed point (which
then corresponds to a kernel of H): Assuming otherwise implies by hypothesis
the existence of a finite and non-empty set Y C V(H) and h € {0,1}Bdz(")
such that U"[Y] has no fixed point, where ¥ = <I>f. Let C be the core of
Uh[Y] (cf. Definition . Then by Lemma G]C] has no kernel, which

contradicts Richardson’s theorem. O

Problem 2.6.31. Characterize the strongly kernel-perfect digraphs!

Bipartite digraphs

The goal of this subsection is to prove Theorem which also has a coun-
terpart in [5].

Definition 2.6.32. A digraph G is said to be bipartite iff there exists a partition
of V(@) into two components X and Y such that A(G[X]) = A(G]Y]) = @.

For the following proposition cf. also Theorem 2.2.1 in [I].
Proposition 2.6.33. Every bipartite digraph is strongly kernel-perfect.

Proof. Let G be a bipartite digraph and H C G. Let X C V(H) be the core
(cf. Definition [2.4.89) of ®{'. By Theorem it suffices to show that H|[X]
has a kernel. By roposition H[X] is sink-less. Moreover, it is bipartite,
since it is a subdigraph of a bipartite digraph. Let {Xo, X;} be a bipartition
of H[X]. Then X, (as well as X;) is a kernel of H[X]: X is independent in
H and for all z € X, there must be some y € X; such that (x,y) € A(H[X])
(otherwise x would be a sink of H[X]). O

"Let me remark that in Appendix D of [41] the authors seem to be unaware of the fact that

every safe digraph has a kernel: Corollary 32 and Corollary 33 are unnecessarily relativized
to digraphs that have no sinks. Cf. also the remark in a footnote of Subsection m
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Lemma 2.6.34. Let G be a digraph and w a walk from x to y in G, for any
x,y € V(Q). Then there exists a straight walk from x to y in G.

Proof. By avoiding every cycle of H, we find a straight walk w’ from x to ¥ in
H. Notice that in the case of x = y, the trivial walk can be chosen. O

Let us restate the definition of a double-path from Section [2.1

Definition 2.6.35. Let D be a digraph and z # y € V(D). Then D is said
to be a double path (from x to y) iff there are non-trivial paths P; # P, from
x to x such that V(P) N V(P) = {z,y} and V(D) = V(P,) U V(P2) and
A(D) = A(P1) U A(P,).

Definition 2.6.36. Let G be a finite digraph. The parity of G is the parity of
the set A(G). In particular, we say that G is even iff A(G) has even cardinality
and that G is odd iff A(G) has odd cardinality.

Proposition 2.6.37. Every apg that contains neither an odd cycle nor an odd
double path is bipartite.

Proof. Let G be an apg with root r. Let Xy be the set of all z € V(G) such
that x is reachable from r in a straight walk of even length in G and X; the set
of all x € V(G) such that x is reachable from r in a straight walk of odd length
in G. Then, by Lemma [2.6.34] V(G) = X, U X.

Next we show that. XoNX; = &. Assume that there exists some y € XqNX;.
Since G contains no odd cycle, y # r.

Let wg be an even straight walk from r to x in G and w; an odd straight
walk from r to = in G. Since y # r, each w; constitutes (in the obvious manner)
a non-trivial path P;. Then there exists some y; € (V(FPy) NV (Py) \ {r,y}).
(Otherwise PyU P; would be an odd double path). Then there are paths Qg and
Q@1 (both from y; to y) and Ry and Ry (both from r to y1) such that Py = Qgo Ry
and P, = @1 o R;. We may assume that we have chosen y; in such a way that
Qo U Q) is a double path. Hence V(Qo U Q1) is even, i.e., Qp and (7 have the
same parity. Then Ry and R; must have different parities, otherwise Py and
P, couldn’t have different parities. Now we can apply the same argument as
above and come up with some ys € (V(Rg) NV (R1) \ {r,y1}). This procedure
leads to the contradictory conclusion that the set V(Py N Pp) is infinite. Hence
XoNX; =2.

Now let us show that {Xo, X1} is bipartition of G. Assume that there exists
i € {0,1} and z,y € X; such that (z,y) € A(G). Since G contains no odd cycle,

x # y. There exists a straight walk w, = (r,...,z) of parity ¢ from r to z and
a straight walk w, = (r,...,y) of parity  from r to y.

Case 1: y does not occur in w,. Then (r,...,x,y) is a straight walk from r
to y of different parity than ¢, which is a contradiction.

Case 2: y does occur in w,, ie, w, = (r,...y,...,x). Then the walk
(r,...,y) is straight and thus of parity ¢ (since Xo N X; = &). Hence the
walk (y,...,z) (which is also straight) is even. Since x # y, we obtain the
contradiction that G contains an odd cycle. O
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For the following definition cf. [36].

Definition 2.6.38. Let GG be a digraph. A set X C G is said to be a semi-kernel
iff the following conditions are satisfied.

1. X is independent in G,

2. for all (v,w) € A(G), if v € X and w € V(G) \ X, then there exists some
v" € X such that (w,v") € A(G).

Note that every kernel of a digraph G is a semi-kernel of G. Moreover, &
is always a semi-kernel of any digraph whatsoever, whereas @ is a kernel of a
digraph G iff G = (2, ©).

Proposition 2.6.39. Let G be a digraph and x € V(G). Then every kernel of
G{z} is a semi-kernel of G.

Proof. The claim follows from the fact that G{x} is open in G. O
The following is taken from [36].

Lemma 2.6.40. Let G be a digraph such that every non-empty induced subdi-
graph of G possess a non-empty semi-kernel. Then G possess a kernel.

Proof. Cf. Theorem 2 in [30]. O

Now we can prove a result from which Corollary 5.12. of [5] follows straight-
forwardly.

Theorem 2.6.41. FEvery digraph that contains neither an odd cycle nor an odd
double path is strongly kernel-perfect.

Proof. Let G be a digraph that contains neither an odd cycle nor an odd double
path. Let H C G. Assume H has no kernel. Then by Lemma there
exists some & # X C V(H) such that H[X] has no non-empty semi-kernel.
Let z € X. Then H{z} has no kernel by Proposition But H{z} C G,
hence H{z} contains neither an odd cycle nor an odd double path. Hence
H{z} is bipartite by Proposition and thus is strongly kernel-perfect by
Proposition By Proposition this leads to the contradiction that
H[X] has a non-empty semi-kernel. O

2.7 Digraph transformations

In Subsection transformations of dynamical systems have been discussed.
Some of them, like weak systems embeddings, preserve considerably less infor-
mation than system isomorphisms do. In this section we introduce two types of
operations on digraphs that preserve some but not all of the digraph’s structure:
subdivisions and inflations. Inflations in particular will play an important role
throughout the remainder of this thesis. They come in various flavors: finitary,
regular and convergent. In Chapter [3] regular inflations are used in order to
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formulate the notion of a network inflation which has a digraph component (a
regular digraph inflation) and a dynamical systems component (a weak system
embedding).

In Section [2.8] solutions for the characterization problems presented in the
last section shall be conjectured in terms of finitary digraph inflations. The
parity (the property of being even or odd) of a digraph inflation will be defined,
a concept that is key in order to formulate the conjectured solution for the
characterization problem for strongly kernel-perfect digraphs (Problem .

2.7.1 Subdivisions

Subdivisions and their relevance for the analysis of dangerous digraphs have
been discussed in [41].

Definition 2.7.1 (Rabern et al.). A subdivision of a digraph G is a digraph
that is formed by replacing each arc (z,y) € A(G) by a path of length > 1 from
T to y.

Note that replacing an arc by a path of length = 1 means leaving the arc as
it is. In particular, every digraph is a subdivision of itself.

Definition 2.7.2 (Rabern et al.). A digraph G is said to be homeomorphic to
a digraph H iff G has a subdivision that is isomorphic to some subdivision of
H.

Proposition 2.7.3 (Rabern et al.). A digraph is dangerous iff every subdivision
of it is dangerous.

Corollary 2.7.4. Homeomorphic digraphs are equi-dangerous.

Let us note the following trivial observation for cycles, whose non-trivial
counterpart for finitary inflations of Y we will shown below (Theorem [4.3.2)).

Proposition 2.7.5. If C is a cycle, then some subdivision of C' has no kernel.

The following definition introduces a rather specific operation on digraphs
that in general cannot be conceived as a subdivision.

Definition 2.7.6. Let G be a digraph. Define G as follows: for each z € V(G)
let 2’ = {z}. Let V(G7) =V (G)U{z' | z € V(G)}. For all u,v € V(G7) let
(u,v) € A(G™) iff u =2’ and v = z for some z € V(G) or if for z,y € V(G):
v=z and u =1y and (z,y) € A(G).

Is every acyclic digraph that contains no subdivision of Y safe? The an-
swer is negative as Rabern et al. show in Appendix B of [41]. They give a
counterexample which can be formulated in terms of of Definition [2.7.6]

Example 2.7.7. There is a dangerous digraph G that is acyclic and contains
no subdivision of Y, namely G = Y.
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Then no subdigraph of G is a subdivision of Y, i.e., G is not homeomorphic
to Y. In order to see this, first observe that d(n) = 1 (since n’ is the unique
in-neighbor of n) for all n € w. On the other hand, for every n € w, dy (n) = n.
Since subdividing arcs does not alter the degree of any vertex of the original
digraph, no subdivision of Y is contained in G.

Since G is clearly bipartite, G is strongly kernel-perfect by Proposition

[2:6.33] However, it is dangerous. One can either apply Corollary .34 or find a
Boolean network on G that has no fixed point - which is left to the reader.

2.7.2 Inflations and minors

There is a more general concept underlying the operation formulated in Defini-
tion [2.7.6] which shall be outlined in this subsection.

Definition 2.7.8. Let XY be sets. A partition of Y with index set X is a
function P : X — p(Y) such that for all z,y € X,

1. P(z) # @,
2. P(x)NP(y) =2,
3. Y =U{P(x)|ze X}
P is said to be finitary iff P(x) is finite for all z € X.

Notice that, as a function, every partition P is injective. As usually, we
denote the inverse of P by P~!. We may conceive a partition P of Y with
index-set X as a set of indexed subsets of Y and write P = {P(x) | z € X}.

In the literature (e.g., in [I7]), the inflation of an undirected graph H onto an
undirected graph G is usually defined as a partition P = {P(z) | z € V(H)} of
V(G) such that (1) for all x # y € V(H), {z,y} € E(H) iff there is some
{vz,vy} € E(G) such that v, € P(z) and v, € P(y) and (2) and for all
z € V(H), G[P(x)] is connected. (E(H)) denotes the set of all edges od H.)
An undirected graph H is said to be a minor of a graph G iff there exists an
inflation of H onto some subgraph of G.

Now, let us generalize these notions for directed graphs. In order to do so,
first consider the following notion of a boundary.
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Definition 2.7.9. Let G, H be digraphs and Z a partition of V(G) with index
set V(H). For all z € V(H) let

1. the inward-boundary 05Z(x) of Z(x) be

(a) the set of all sources of G[Z(z)], if x € src(H),

(b) the set of all z € Z(z) such that there exists y € V(G) \ Z(z) with
(y,2) € A(GQ), if x ¢ src(H),

2. the outward-boundary 85I (x) of Z(x) be

(a) the set of all sinks of G[Z(z)], if « € snk(H),

(b) the set of all z € Z(z) such that there exists y € V(G) \ Z(z) with
(z,y) € A(GQ), if x ¢ suk(H).

3. The boundary OgZ(x) of Z(z) be defined as dgZ(z) = O5Z(x) UILI().

The following definition of an inflation is a modified version of the definition
of finitary inflation given in the appendix of [5]. The differences are that we
drop the requirement that Z(z) is finite (we will treat this special case still
under the name of finitary inflation); that we are more liberal when it comes
to loops (here in clause (1) we just ignore them, whereas in [5] we didn’t allow
a digraph with loops to be inflated at all). Moreover, the notions of inward-
and outward-boundary 9 (Z) and and 9% (Z) have been modified in order to
accommodate sinks and sources. Finally, we added the last clause, that G[Z(x)]
is always weakly connected, because we want to exclude some degenerate cases
and make sure that the notion of inflation for directed graphs coincides with
that for undirected graphs, if a directed graph is symmetric.

Definition 2.7.10. Let G and H be digraphs and Z : V(H) — p(V(G)) a
partition of V(G). We call T an inflation of H onto G iff the following conditions
hold.

1. For all ¢ # y € V(H), (z,y) € A(H) iff there is some (vg,vy) € A(G)
with v, € Z(z) and v, € Z(y).

2. For all x € V(H) and all y,z € Z(2), if y € 95(Z(x)) and 2 € 0 (Z(x)),
then there is a path in G[Z(z)] from y to z.

3. For all x € V(H), G[Z(z)] is weakly connected.

Example 2.7.11. Recall Definition Let G be any non-empty digraph.
Then Z = {{z,2'} | x € V(G)} is an inflation of G onto G—.

Definition 2.7.12. Let G and H be digraphs.
1. A surjective function f : V(G) — V(H) is said to be a contraction of

G onto H iff the partition P : V(H) — p(V(G)) given by z — P(z) =
f~1(x) is an inflation of H onto G.
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2. By abuse of notation, we denote for any partition P : V(H) — p(V(G))
of V(G) by P! the unique function f : V(G) — V(H) such that P(z) =
fi(x), for all z € V(H).

Definition 2.7.13. Let G, H be digraphs.

1. Then G is said to be a(n) (finitary) inflation of H iff there exists a (fini-
tary) inflation of H onto G.

2. Likewise, we say that H is a (finitary) contraction of G iff there exists a
finitary contraction of G onto H.

3. If G is an inflation of H we also say that G is an Z[H]; G is also called an
an Zy[H] if G is a finitary inflation of H.

So, for a digraph H, the term ‘an inflation of H’ is ambiguous in the sense
that it might denote a function (referring to Definition as well as a di-
graph (referring to Definition . As long as we distinguish digraphs nota-
tionally from functions, the danger of conflation shouldn’t be too high. Anyway,
when talking about a digraph G, we will usually write ‘G is an Z[H|’ instead of
‘G is an inflation of H’. This convention will be particularly convenient when
in the next subsection the notion of parity is introduce for inflations as func-
tions (Definition on the one hand, and inflations as digraphs (Definition
2.7.19) on the other hand.

Let us illustrate Definition [2.7.10] with another example. Let H be a path
of length 2.

O—O—O

Consider the following digraphs G, G2, G3 and G4

and their partitions 7y, Zo, Z3 and Z, whose respective non-trivial parts
are indicated by the shaded areas, each of which corresponds to the vertex xo
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of H. All of them actually are inflations. Vertices belonging to the inward-
boundary Jg Zi(w2) of Z;(x2) are labeled with ‘-, while those belonging to the
outward-boundary agiL—(xg) are labeled with ‘+’.

Observe that 5‘&1}(@) does not necessarily coincide with snk(G;[Z(z)]).
Whenever some sink y of G;[Z(z)] is not in the outward-boundary (as it is the
case for i = 1), then it is the end of a blind-alley. The purpose of Condition
of Definition which states that every vertex of the outward-boundary is
reachable from every vertex of the inward-boundary, is to ensure that no walk
entering a subdigraph G[Z(z)] C G from the outside is ever forced to run into
such a blind alley. Notice that loops of H are just ignored by Definition [2.7.10]
which will be illustrated in the next examples.

Example 2.7.14. 1. Let G be a digraph and 1¢ = {{z} | x € V(G)} be the
trivial partition of V(G). Then 1¢ is an inflation of G onto G.

2. Let G = ({0},2) and H = ({0}, (0,0)). Consider again the trivial par-
tition 1 of V(G) = V(H), i.e., the map 0 — {0}. With respect to the
digraphs G and H, 1 can be interpreted in different ways: as an inflation
of G onto G, an inflation of H onto H, an inflation of G onto H, and as
an inflation of H onto G.

3. Let G and H be as in the previous example and let F = ({1,2},{(1,2)}).
Then the partition Z(0) = {1,2} is an inflation of H onto F, as well as
an inflation of G onto F. Note that Condition (I)) of Definition is
vacuously satisfied.

The previous examples show that an inflated digraph can be acyclic, even
if the original digraph is not, given that the original digraph contains a loop.
This is not the case if the original digraph is loop-free (cf. Lemma [3.3.1)).

Definition 2.7.15. A digraph H is said to be a (finitary) minor of G iff there
is some (finitary) inflation of H onto some subdigraph of G. We write H < G
(H =5 G), if H is a (finitary) minor of G, and H A G (H £y G), if H is not a
(finitary) minor of G.

Proposition 2.7.16. Let G, H and D be digraphs. Then the following claims
hold.

1. If H C G then H <5 G.

2. G2+ G.

3. If D=y G and G 2y H then D =<y H.

4. If G and H are symmetric then H <X G iff H is a graph minor of G.

Let us conclude this subsection with a notational convention that will be
used throughout this investigation.

Definition 2.7.17. Let G, H be digraphs and P be a partition of G with index
set V(H).
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1. For X CV(H), let P[X] ={P(z) |z € X}.

2. For any subdigraph H' C V(H), let P[H'| = G[P[V(H")]].
3. For Y C V(G), let P~[Y] = {P~'(y) |y € Y}.

4. For any subdigraph G’ C G, let P~1[G'] = H[P~'[V(G")).

2.7.3 The parity of an inflated Yablo-graph

In Definition [2.6.36] we have defined the parity of a finite digraph. Is there such
a thing as the parity of an infinite digraph? Such a notion seems to make no
sense. The goal of this subsection is to show that in certain cases it does.

Definition 2.7.18. Let Z be an inflation of H onto G. Then 7 is said to be

1. even iff for all z € V(H), y € 05Z(z) and z € dZ(z), every path in
G[Z(z)] from y to z is even,

2. odd iff for all x € V(H), y € 9;Z(z) and z € 94Z(z), every path in
G[Z(z)] from y to z is odd,

3. determined iff it is even or odd; and undetermined iff it is not determined.

Recall Definition [2.7.13] and Definition [2.6.36
Definition 2.7.19. Let G and H be digraphs. Then G is said to be

1. an even Zy[H| iff there exists an odd finitary inflation of H onto G,
2. an odd Z;[H] iff there exists an even finitary inflation of H onto G,
3. a determined Ty[H) iff it is an even Z¢[H| or an odd Zy[H].

In order to appreciate the unexpected inversion of ‘even’ and ‘odd’ in the
above definition, consider a cycle C and its inflation C~ (cf. Definition .
As an operation, the inflation Z that maps C onto C™ is best conceived being
odd, since each C[Z(x)] is just an arc, i.e., a path of length = 1. But the result
C™ is an even cycle, regardless of the parity of C. On the other hand, if one
were to define C2~ analogously to C~ (i.e., inflating each vertex to a path of
length = 2 instead of 1) this would be an even inflation (as an operation) but
the result would be odd cycle C?7 iff C' is odd and an even cycle iff C' is even.
More generally, every even cycle can be constructed as and odd finitary inflation
of the loop ({z}, {(x,z)}) and every odd cycle as an even finitary inflation of it.

The following example shows that being an even Z;[G] doesn’t prevent a
digraph from being also and odd Z;[G] when it comes to infinite digraphs.

Example 2.7.20. Let Q and R be rays. Then @ is an even Z¢[R] and an odd
7/[R).
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The goal of the remainder of this section is to show that if a digraph G is
a determined Z;[Y], then it is not both, an even Z;¢[Y] and an odd Z;[Y]. In
contrast to the class of all cycles, not all members of the class of all digraphs
that are finitary inflations of the Yablo-graph have a determined parity, but
those member that do, have, in analogy to the class of all cycles, a unique one.
This seems to be the most basic requirement for any meaningful theory of parity.
Another reasonable requirement (stopping short of stipulating that every Z;[Y]
be determined) is that every Z;[Y] contain a subdigraph that is a determined
Z;[Y]. This will be ascertained by Theorem

Definition 2.7.21. Let G be a digraph and P a partition of V(G). Then G is
said to be convez iff for all X € P, all y,z € X and all paths P C G: if P leads
from x to y, then P C G[X].

Proposition 2.7.22. Let T be an inflation from H onto G. If H is acyclic,
then I is conver.

For the following recall Definition
Definition 2.7.23. Let G, H be digraphs and Z an inflation of H onto G.

1. Let Z1(G) be the set of all x € V(G) such that there exists no y €
OLZ(ZT71(z)) such that there exists a path from z to y in G.

2. Let Z7 (G) be the set of all z € V(G) such that there exists no z €
OgZ(Z~'(x)) such that there exists a path P from z to z in G.

3. Let 7, (G) = IH(G) UZL (G).
4. Let 7,(G) = V(G) \ Z.(G).

Definition 2.7.24. Let G, H be digraphs and Z an inflation of H onto G. Let
Z,:V(H)—= p(V(QG)) be defined by Z_,(y) = Z(y) N Z(G) .

Proposition 2.7.25. Let G, H be digraphs and T a(n) (even, odd) finitary
inflation of H onto G. Then I_, is a(n) (even, odd) finitary inflation of H onto
G[Z-(G)].

Proposition 2.7.26. Let G, H be digraphs and I a finitary inflation of H onto
G. Then

1. {Z.(G), I (G),I{(G)} is a partition of V(G).
2. IT(Q) is open in G and each weak component of GIZT(Q)] is finite,
3. I (G) is closed in G, and each weak component of G[I| (G)] is finite.

Lemma 2.7.27. Let G, H be digraphs and I an odd and convex inflation of H
onto G, such that for all x € V(G), there exists y* € OLZ(Z (z)) such that
there is a path from x to y in G and there exists y~ € OZZ(Z*(z)) such that
there is a path from y~ to x in G. Then every double-path in G is even.
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Proof. Let D be a double-path in G, P; and P, be the two branches of D, x be
the starting point of both P, and P5 and y be their endpoint. Let S = {Z(z) |
x € V(H)NIZ(x) N V(D) # @}. We call (u,v) € A(D) an inner arc if there
exists X € S such that u,v € X; otherwise we call (u,v) an outer arc.

Suppose that |S| = 1. Assume that D is odd. Let X be the single component
of S. Since there exists y* € 9LZ(X) and 2~ € IJ5Z(X), there must be
two paths of different parity from 9;Z(X) to 05Z(X), which contradicts the
hypothesis that Z is odd. Hence D is even.

Now suppose that |S| > 1. Since Z is convex X = Z(z) # Z(y) = Y. Let
&1 be the set of all U € S\ {X,Y} such that G[U] contains only inner arcs of
either P, or P», but not of both.

Clearly, |S1| = N, mod 2. (The argument is basically that the number of
arcs of any double path equals the number of its vertices. So the parities of
both are the same and that is not changed by subtracting two vertices.)

Now we show that D is even. First note that the number of inner arcs
contained in G[X] is even. Otherwise we could find two paths of different parity
from 9;Z(X) to OLZ(X), just as above, contradicting that Z is odd. By the
same argument, the the number of inner arcs contained in G[Y] is also even.

Case 1: N, is odd. Then total number of inner arcs contained in some G[U],
where U € §\ (81 U{X,Y}) is even, because each such component contains an
odd number of arcs of each path P; and Ps.

This leaves us with the outer arcs (an odd number by hypothesis) plus the
inner arcs contained in S;. Since |S;| is odd and Z is an odd inflation, this last
number is even. (Here we actually need the hypothesis that Z is convex - so for
all U € §;, G[U] contains an odd number of arcs of D, since neither P; nor P,
can enter G[U] multiple times.) Summing all arcs up, we conclude that D is
even.

Case 2: N, is even. The proof is analogous to the first case. The difference
is that now we have an even number of the inner arcs contained in Sy, because
|S1| even. Together with N, being even, this yields an even number of arcs of
D.

O

Theorem 2.7.28. Let G be an even Z;[Y] that contains no odd cycle. Then G
possess as kernel.

Proof. Let Z be odd finitary inflation of Y onto G. Let J =Z_,. Then J is an
odd inflation of Y onto G[Z_,(G)]. By Proposition J is convex. Notice
that G[Z](G)] has a partition into finite components, each of which is open
in G[ZT(G)]. Hence, by Proposition and Proposition the digraph
G[ZT(@)] is strongly kernel-perfect. So let f; be a fixed point of @f[II(G)]]

Next we show that G’ = G[Z_,(G)] is strongly kernel-perfect. By Theorem
2.6.41] it suffices to show that G’ contains no odd double-path. Let D C G’
be a double-path. Since J satisfies the requirements of Lemma we can
conclude that D is even. Hence G’ is strongly kernel-perfect.
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Observe that the Boolean network (@f)f +[Z-,(G)] is well-defined since the
set Z_,(G) UZ](G) is open in G by Proposition Let C be the core of
(@§)/+[Z_,(G)]. Since C has a kernel, (@f)f+[ _(G)] has a fixed point f_, by
Lemma Since Z1(G) is open in GZI(G)UIT(Q)], f=f5Ufrisa
fixed point ®7'[V(G) \ Z| (G)] by Lemma

Analogous to G[ZT(G)], also G[Z](G)] has a partition into finite, open

components. Thus by Proposition [2.6.28 and Proposition [2.4.47| the digraph
G[Z[(G)] is strongly kernel-perfect. Hence by Lemma [2.4.94] it follows that

(@) [Z7 (G)] has a fixed point f_. Since Z_,(G) UI{(G) is open in G, fU f_
is a fixed point @f V(G)] = <I>f by Lemma [2.4.48] and thus the characteristic
function of a kernel of G. O

Proposition 2.7.29. Let X C w. Then Y[X] is isomorphic to Y iff X is
infinite.

Corollary 2.7.30. Let G be a determined Z¢[Y] that contains no odd cycles.
Then G is strongly kernel-perfect iff G is an even L¢[Y].

Proof. If G is not an even Z;[Y], then it is an odd Z¢[Y], since it is determined.
Then by Theorem G is not strongly kernel-perfect.

Now suppose that G is an even Z;[Y]. Let H C G. Let X = Z7}[V(H)]. If X
is finite, then H is finite and then strongly kernel-perfect by Proposition2.6.28]
Hence we can assume that X is infinite. Then Y[X] is isomorphic to Y via some
isomorphism . Hence J defined by J(z) = Z(¢(x))NV (H)) a finitary inflation
of Y onto H. Moreover it is odd, since Z is odd. Hence H is an even Z;[Y] and
has a kernel by Theorem [2.7.28] Hence G is strongly kernel-perfect. O

Corollary 2.7.31. Let G be a determined Z¢[Y]. Then G is either an even
Zs[Y] or and odd Z;[Y] but not both.

Proof. By Proposition [£.3.9] there exists some acyclic H C G such that H is an
even Z;[Y] if G is and an odd Z;[Y] if G is. Assuming that G is both an even and
an odd Z;[Y] implies that H is both. Since H is acyclic it follows by Corollary
27330 that H is both strongly kernel-perfect and not strongly kernel-perfect. [

2.8 Conjectured solutions for the characteriza-
tion problems

In this final section of Chapter [2| we will conjecture a solution for each of the
three characterization problems formulated in Section [2.6)

2.8.1 The characterization problem for safe digraphs

The following is a reformulation of one direction of Conjecture 4.24 from [5] (cf.
Conjecture below), which, in turn, had already been formulated earlier in
[4] as Conjecture 1.
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Conjecture 2.8.1 (Conjecture A). If a digraph contains neither a cycle nor
an Zy[Y], then it is safe.

In Chapter 4| we shall prove the converse of Conjecture (A)(Theorem |4.3.4)),
which implies one direction of the following.

Conjecture 2.8.2 (Beringer and Schindler 2015). A reference graph is danger-
ous iff it contains a subdivision of the liar-graph as a subgraph or the Yablo-graph
as a finitary minor.

There are two differences between Conjecture (A) and Conjecture[2.8.2} The
first is that in [5] the definition of a digraph inflation is formulated differently.
This difference, however, is of no significance, since it is not difficult to show
that a digraph contains a finitary inflation of Y in one sense if and only if it
contains a finitary inflation of Y in the other. The second and major difference
is that Conjecture 2:8:2]is not formulated in terms of digraphs simpliciter but in
terms of reference graphs (of sentences). Apparently, this restriction is simply
due to the context in which the framework of [5] is formulated (first order logic
and arithmetic) and not to any skepticism with respect to a broader validity of
the conjecture. Thus Conjecture (A) can be regarded as a simple reformulation
of one direction of Conjecture[2.8.2] Clearly, Conjecture (A) implies Conjecture
In Chapter |5 a special case of Conjecture (A) (Theorem will be
shown.

A natural question is why in Conjecture (A) an Z¢[Y] is required and not just
an Z[Y]? The answer is that otherwise the converse of Conjecture (A) would
not hold. Consider the following example of a digraph that is an Z[Y] but safe
nevertheless.

Example 2.8.3. For all n € w let S;, be the set of all sequences s such that
s=nors=notoQors=mnotol, wheret is a sequence of arbitrary length
each of whose members is the number 1.

Let V(G) = U,c, Sn and let for all 2,y € V(G), (z,y) € A(G) if one of
the following conditions holds: (1) The sequences x and y have the same first
member and the length of y is the length of x plus 1, or (2) if the last member
of the sequence x is 0, the length of z is greater than 1 and y = m > n, where
n is the first member of x.

Then G is safe by Proposition [2.6.23| and Corollary [2.6.21] However, {S,, |

n € w} is clearly an inflation on Y onto G.

2.8.2 The characterization problem for digraphs of finite
character

Conjecture 2.8.4 (Conjecture D). If a digraph contains no Z[Y], then it is
of finite character.

In Chapter [4]we shall prove the converse of Conjecture (D) (Theorem[4.3.10).

Proposition 2.8.5. Conjecture (D) implies Conjecture (A).
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Proof. By Theorem [2.6.20 O
Now let us return to Question Conjecture (D) takes a step towards

an answer.

Proposition 2.8.6. Conjecture (D) implies that every digraph of infinite char-
acter has a skeleton of infinite character.

Proof. Let G be a digraph of infinite character, By Conjecture D, G contains
some Z;[Y]. Then G contains some acyclic Z;[Y] by Corollary let us call
it 1. We can extend I to a skeleton H of G. By Theorem I is of infinite
character. Hence H is of infinite character. O

Can a digraph of infinite character have a skeleton of finite character and a
skeleton of infinite character? This seems implausible, but how can it be ruled
out?

Theorem 2.8.7. If every digraph of infinite character has a skeleton of infinite
character, then Congecture (A) implies Conjecture (D).

Proof. Assume Conjecture (D) fails. Then there exists a digraph of infinite
character G that contains no Z;[Y]. Let H be a skeleton of G that is of infinite
character. Then H is dangerous. But H contains no I¢[Y], since G does not.
And H is acyclic since H is a skeleton. This contradicts Conjecture (A). O

2.8.3 The characterization problem for strongly kernel-
perfect digraphs

The following conjecture describes how safety digraph safety can be expressed
in terms of strong kernel-perfectness.

Conjecture 2.8.8 (Conjecture B). If every subdivision of a digraph G is strongly
kernel-perfect, then G is safe.

It is easy to see that the converse of Conjecture (B) holds.

Proposition 2.8.9. If some subdivision of a digraph G has no kernel, then G
is dangerous.

In Chapter[4] we shall prove that Conjecture (A) implies Conjecture (B)(Proposition
4.3.6)).

Theorem 2.8.10. Suppose that Conjecture (A) holds. Then for all digraphs G
the following claims are equivalent.

1. G is safe,
2. every subdivision of G is strongly kernel-perfect,

3. G contains neither a cycle nor an I;[Y].
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The following is a reformulation of a conjecture by Walicki (cf. [47]) which
shall be discussed in Chapter [3| (Conjecture [3.4.1)).

Conjecture 2.8.11 (Conjecture W). If a digraph contains no odd cycle and
no Zy[Y], then is has a kernel.

The equivalence of Conjecture (W) and Conjecture follows from The-
orem

Proposition 2.8.12. Conjecture (D) implies Conjecture (W).

Proof. Suppose G contains no Z¢[Y]. Then it is of finite character by Conjecture
(D). If it also contains no odd cycle, then it has a kernel by Theorem [2.6.30f O

A special case of Conjecture (W) was proved in [47].

In Chapter [3| we shall prove that Conjecture (W) implies Conjecture (A)
(Theorem [3.4.2)). The following seems to be a reasonable strengthening of Con-
jecture (W).

Conjecture 2.8.13 (Conjecture C). If a digraph contains no odd cycle and no
odd Z;[Y], then is has a kernel.

The converse of Conjecture (C) does not hold. However, in Chapter [4] we
shall prove Theorem [4.3.7]

Since Conjecture (C) implies Conjecture (W), we also get the following,.
Proposition 2.8.14. Conjecture (C) implies Conjecture (A).

Theorem 2.8.15. Conjecture (C) implies that a digraph G is strongly kernel-
perfect iff G contains no odd cycle and no odd Z,[Y].

Proof. Suppose that G contains no odd cycle and no odd Z;[Y]. Let H C G.
Then H contains no odd cycle and and no odd Z;[Y]. Hence H has a kernel
by Conjecture (C). For the other direction suppose that G is strongly kernel-
perfect. Clearly, G cannot contain an odd cycle. By Theorem G cannot
contain an odd Z[Y]. O

Hence, Conjecture (C) can be seen as a generalization of Richardson’s the-
orem that is mazimally strong in the following sense: Just as the Richardson’s
theorem (Theorem provides a necessary and sufficient condition for fi-
nite digraphs to be strongly kernel-perfect, Conjecture (C) does so for digraphs
simpliciter.

Clearly, the converse of Conjecture (C) does not hold. However, in Chapter

[ we shall prove Theorem
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Chapter 3

Characteristic digraphs of
constrained Boolean
networks

The goal of Chapter [3|is to show that any Boolean network (and the question
of whether it has a fixed point in particular) can be analyzed in terms of an
associated directed graph. Such a graph is called a characteristic digraph of
the Boolean network and contains more information about it than a reference
graph. This reduces the question of whether a sentence system is paradoxical
to a purely graph theoretic one. For a more detailed outline of Chapter [3]| the
reader is referred to Subsection [[.5.21

3.1 Regular inflations

Definition 3.1.1. An inflation Z of H onto G is said to be regular iff for all
r e V(H),

1. G[Z(x)] is well-founded,

2. there exists 1, € Z(x), called the root of Z(x), such that
(a) every y € Z(z) is reachable from r,, in G[Z(z)],
(b) 9gZ(x) = {rz}.

Note that the 7, is unique, since G[Z(z)] is acyclic.

Example 3.1.2. Recall Definition [2.7.6] For all digraphs G, there exists a
regular inflation of G onto G

Definition 3.1.3. Let G and H be digraphs. If there is a regular inflation of
H onto G, we say that G is an Z.[H].
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Regular inflations behave in many respects like finitary inflations. E.g., there
is a counterpart to Theorem for regular inflations.

Theorem 3.1.4. Let G be an even I.[Y] that contains no odd cycle. Then G
possess as kernel.

Proof. By Proposition [2.6.18| every well-founded digraph is of finite character.
So the proof can proceed in analogy to that Theorem [2:7.28] invoking Theorem
2.6.30] instead of Richardson’s original theorem. O

Analogous to Corollary [2.7.30] we obtain the following.

Corollary 3.1.5. Let G be a determined I.[Y] that contains no odd cycles.
Then G is strongly kernel-perfect iff it is an even T.[Y].

3.2 Characteristic digraphs

We have previously discussed the ambiguous status of loops with respect to
inflations. Now a method shall be introduced how loops can be replaced by
cycles of length 3 (an odd number in order to preserve the parity) without
altering the dynamical behavior of the system in a significant way. The technical
reason for eliminating loops is to ensure that a digraph can always be inflated

regularly (cf. Definition [3.2.4)).

Definition 3.2.1. Let (G, ®) be a constrained Boolean network. Define the
loop-cleansed form (G',®’) of (G, ®) as follows.

e Let G’ be the result of subdividing each loop of G twice.
e For all z in V(G'), let

— z* =g, if x € V(G) and such that (z,z) ¢ A(G),

— 2 be the unique out-neighbor of z in V(G’')\ V(G), if € V(G) and
(z,x) € A(GQ),

— z* be the unique out-neighbor of z, if x € V(G') \ V(G).
e For all f' € {0,1}V() define r(f') € {0,1}V() by r(f) = f 1 V(G).
e Define ® : {0,1}V(E) x V(G') — {0,1} by

O (f 2) = O(r(f),z), ifxeV(G)
’ ("), ifx e V(G)\V(G).

Notice that (G, ®') = (G, ®), if G is loop-free.

For the following recall Definition
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Proposition 3.2.2. Let (G, ®) be a constrained Boolean network and (G, ®")
its loop-cleansed form. Then there exists a dense weak system-embedding of ®
into ®.

Proof. Define i : {0,1}V(@) — {0,1}V() as follows:
f(z), ifzeV(G)
(@) = fla*), ifag V(G)Aa" € V(G)
flz*), ifz ¢ V(G) Az € V(G).
Then i is a dense weak system embedding of ® into ®’ with retraction r. [

Example 3.2.3. The dependency graph of the liar sentence

8.

and its loop-cleansed form.

J

A further example for a loop-cleansed form of a digraph is discussed in

Example below.

Definition 3.2.4. Let (G, ®) and (H, ¥) be constrained Boolean networks. A
network inflation of (H, ¥) onto (G, ®) is an ordered pair (Z,4) such that

1. 7 is a regular inflation of H onto G,

2.0 :{0,1}VU) — 10,1}V is a dense weak system embedding of ¥ into
D.

Definition 3.2.5. Let ¥ be a Boolean network on H. Then a digraph G is
said to be a characteristic digraph of the constrained Boolean network (H, ¥)
iff there exists a network inflation of (H’, ¥’) into (G, @f), where (H', ¥’) is the
loop-cleansed form of (H, V).

The following theorem is the main result of this Chapter. We shall prove it
at the end of Subsection 3.5.2]

Theorem 3.2.6. FEvery constrained Boolean network has a characteristic di-
graph.
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Proposition 3.2.7. Let (H,¥) be a constrained Boolean network and G a
characteristic digraph of (H,¥). Then there exists a bijection between the fized
points of (H, W) and the kernels of G.

Proof. By Theorem O

Definition 3.2.8. A class C of digraphs is said to closed under regular inflation
and under twofold subdivision of loops iff for all G € C, G’ € C, given that G’ is
a regular inflations of G or arises from G by subdividing each loop of G twice.

Corollary 3.2.9. Let C be a class of digraphs that is closed under regular infla-
tion and under twofold subdivision of loops. If every element of C has a kernel,
then every element of C is safe.

Proof. Let H € C, ¥ a Boolean network on H and G a characteristic digraph
of (H,¥). Then G € C, since C is closed under regular inflation and under
twofold subdivision of loops. Hence G has a kernel. Hence ¥ has a fixed point
by Proposition [3:2.7] Hence H is safe. O

Proposition 3.2.10. Let € be the class of digraphs that contain no odd cycles
and O the class of all digraphs that contain no even cycles. Then both & and O
are closed under regular inflation and under twofold subdivision of loops.

3.3 Danger preserving digraph transformations

This section deals with subdigraphs and minors that are preserved by contrac-
tions and provides tools for the following sections. The main result is Theorem
[3:3.10 which states that finitary Y-minors are preserved when loop-free digraphs
undergo a finitary or a regular contraction.

For the following Lemma and the rest of this section recall Definition [2.7.17

Lemma 3.3.1. Let G and H be digraphs and let T an inflation of H onto G.
Then the following claims hold.

1. If H is loop-free and G 1is acyclic, then H is acyclic.

2. Let P C H be a path from x toy. Then there exists a path P’ CZ[P] C G
from some z' € I(x) to some y' € Z(y). If v #y and OLI(z) # @ then
we can assume that y' € OI(y). Moreover, if 05Z(x) # @, then we can
assume that x' € 05I(x).

3. Let R C H be a ray and x = src(R). Then there exists a ray R’ CZ[R] C
G such that R =T~ '[R']. Moreover, if 05Z(x) # @, then we can assume
that src(R') € 05Z(x).

4. Let P C G be a path from x toy. Then Z=1[P] is such that there exists a
walk from T=Y(z) to Z=(y) in Z71[P).
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Proof. Ad 1: Suppose that H is loop-free and assume that C is a cycle in H.
Then C must have length > 2. Let x, ..., x, be an enumeration of the vertices
of C such that (x;,z;41) € A(C), for all 0 < i < n.

Let X; = Z(x;), for all 0 < i < n. By Definition there exist
ag,...,an € A(G) such that tail(a;) € X; and head(a;) € X;+1. Hence by
Definition there are paths P; from head(a;) to tail(a;+1). Thus a
cycle ago Py, ...,a, o P41 can be constructed in G, which is a contradiction.

Ad 2: Let xzg,...,x, be the order-preserving enumeration of V(P), where
xo = z and z, = y. Then for all 0 < k < n, there exists a € A(G) from some
), € I(xx) to some x} € I(wk41), by Definition [2.7.10|(T). Then for all 0 < k <
n, ¥ € 95 (I(wr+1)) and z}, | € 0L (Z(wk+1)). Hence, by Definition
there exists a path Pyi1 € G[(Z(wg41)] from z} to x,, (which is trivial iff
wy =), ). Let P/ = ao oPjo--+0P,_j0a,_1. Then P C Z[P] is a path with
sre(P) = tail(ao) = x{, € I(xo) and snk(P’) = head(an—1) = x}_1 € T(xy).
By settmg ' =z and y' = x4, this proves the first part of the claim.

If 2 € O;(Z(x)), then there is by Definition a path @, from z’ to
xfy (z( defined as above). So @, o P’ is as desired. Likewise we obtain a path
P’ o @, with an appropriate sink.

Ad 3: Analogous to ( )

Ad 4: By By [2.7.10([1) O

Lemma 3.3.2. Let G and H be digraphs and T an inflation of H onto G. Let
R C G be a ray.

1. If Z(2") N V(R) is infinite for some x’ € V(H), then one of the following
is the case.
(a) For some x' € V(H), I[z'] contains a tail of R,
(b) for some ' € V(H), O5Z(x') is infinite and T~ [R] contains a cycle.
2. If Z(z') NV (R) is finite for all x’ € V(H), then Z~1[R] contains a ray.

Proof. Let (z,,)new be the order-preserving enumeration of the vertices of R.

Ad 1: Suppose that for no 2’ € V(H), Z[z'] contains a tail of R. Let
R =TI71R].

Then clearly for some 2’ € V(H), 05Z(') is infinite. Moreover, there exist
' € V(R')and i < j < k such that z;,z, € Z(2)NV(R) and z; ¢ Z(2")NV(R).
Since z; ¢ Z(2') N V(R), then z; € V(R) \ Z(2) and thus z; € Z(y’) for some
2/ #y' € V(R'). Hence, by Lemma [3.3.1] there is a walk from Z(z') to Z(y’') in
R’ and a walk from Z(y') to Z(z') in R’. Hence R’ contains a cycle.

Ad 2: Let X,, = Z(Z '(x,)), for all n € w. Since all X,, are finite, it is
straightforward to construct a sequence (n;);e,, such that (X,,)ic. is an order-
preserving enumeration of the vertices of a ray in H. O

The following definition is due to [47].

Definition 3.3.3. Let G be a digraph, z € V(G) and R C G a ray. We say
that « dominates R in G iff there are infinitely many paths from = to R in G
that are pairwise disjoint except at z.
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Definition 3.3.4. Call a contraction Z~! from G onto H

1. ray-preserving iff for all rays R C G, Z~![R] contains a ray,
2. cycle-preserving iff for all cycles C C G, Z~1[C] contains a cycle,

3. dominance-preserving iff it is ray-preserving and for all rays R C G and
all x € V(G): if x dominates R in G, then Z~'(z) dominates every ray
R' CI7Y[R]in H.

Lemma 3.3.5. Let G and H be digraphs and T an inflation of H onto G such
that O5Z(x) is finite for all x € V(H). Let R C G be a ray and v € V(G) be
such that v dominates R in G. If R C T7'[R] is a ray, then Z=*(v) dominates
R in H.

Proof. Let (Pp,)new be a family of paths in G, joining v to R, being pairwise
disjoint except at v.

First, assume that for all x € V/(H) there are only finitely many n € w such
that P, N (Z(x) \ {v}) # @. Then there exists an infinite subfamily (P,,)icw
of (Py)new such that Z7![P,,] and Z~'[P,,] are disjoint for i # j, except at
Z7'(v). Let P, = ZI7'[P,,]if T7'[P,,] is a path and otherwise let it be a
maximal subdigraph of Z~![P, ] that is a path and starts at Z~*(v). Hence the
collection of all P}, witnesses to Z~'(v) dominating R’ in H.

Now, assume that there exists € V(H) such that P,, N (Z(x) \ {v}) # @
for infinitely many 4. Then for each i € w there exists p; € V(P,,) such that
pi € 0gZ(x) or p; =v. Since 05 Z(x) is finite, this means that v € Z(z). On the
other hand, 9Z(z) must contain infinitely many ¢; with ¢; € V(P,,) such that
all ¢; are pairwise disjoint. Let @); be the maximal subpath of P,, with initial
vertex ¢;. Then for all x £ y € V(H): Q; NZ(y) # @ for only finitely many
i € w (otherwise we would have v € Z(y) by the above argument). Hence there
exists a subfamily (Q;, )kew Of (Qi)icw such that Z[Q;, ] and Z[Q;,] are disjoint
for all k # | € w (with the possible exception of Z71(v)). As above, we may
choose a path Q' C Z[Q;, ] if necessary. Thus we obtain that Z=!(v) dominates
R. O

Proposition 3.3.6. Let T~ be a dominance-preserving contraction of G onto

H, where H is acyclic. Then Y <y H, if Y <y G.

Proof. Suppose Y =<¢ G. Then by Theorem @ G contains a ray R such that
there are infinitely many vertices in V(R) dominating R in G. Then there exists
aray R' C T71[R], because Z~! being dominance-preserving implies that Z~1 is
ray-preserving. Let (z,)ne. be the order-preserving enumeration of V(R) and
let (2))new the order-preserving enumeration of V(R').

Then Z(x),)NV (R) is finite for all n € w.( The assumption that Z(z!,) NV (R)
is infinite would imply that every infinite walk in Z—*[R] visits Z(z/,) infinitely
many times. Hence Z7![R] cannot contain a ray.) This implies that there are
infinitely many n € w such that Z(z},) contains some z € V(R) such that x
dominates R in G. Since Z' is dominance-preserving, R’ contains infinitely
many vertices dominating R’ in H. Since H is acyclic, Theorem implies
that Y =r H. ]
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Proposition 3.3.7. Let G be acyclic and Z an inflation of H onto G. Then
Y =<¢G,if Y = H.

Proof. Suppose Y =<y H. Then, by Theorem there is a ray R C H
such that there are infinitely many vertices in V(R) dominating R in H. Let
r = src(R). We can assume w.l.o.g. that O;Z(r) # @. Let v’ € 0;Z(r) and let
R' C I|R] be a ray with src(R’) =1’ by Lemma [3.3.1|(3).

If a vertex z € V(R) dominates R in H, then there exists 2’ € Z(x) NV (R/)
such that ' dominates R’ in G.

In order to see this, let 2’ € d;Z(x) N V(R'). (Such an 2’ exists, because
0gZL(z) # @, for all z € V(R)). Let P be an infinite set of paths from z to R
that are pairwise disjoint except at . For each P € P (leading from x to some
y € V(R)) let P’ C Z[P] be a path from 2’ to some 3’ € 9;Z(y), according
to Lemma . Since there is some 2’ € V(R') N 9% (Z(y)) — note that
y € V(R) and that R’ must leave Z(y)— we can, by Definition 2.7.10|[2), choose
a path from gy’ to 2z’ and thus obtain a path P*, leading from ' to 2’ € V(R').
Then the set P* of all path constructed in this way (they are disjoint except
at 2/, since those of P are disjoint except at z) witnesses the claim that z’
dominates R’ in G.

Hence, there are infinitely many vertices in V(R') dominating R’ in G. Since
G is acyclic we can apply Theorem [£.4.2] and obtain Y < G. O

Proposition 3.3.8. Let T be an inflation of H onto G. If I is reqular, then
I~ is cycle-preserving.

Proof. Let C C G be a cycle and and let xg,...,x, be an order-preserving
enumeration of its vertices. Let ¢’ = Z~1[C]. Since Z is regular, there exists no
x' € V(H) such that V(C’) C Z(2'). Hence Z~1(V(C)) contains at least two
elements.

If there exist ' € V(C’) and i < j < k such that z;,z, € Z(2') N V(C)
and z; ¢ Z(z') N V(C), then we obtain a cycle C” C C’ by the same ar-
gument as in Lemma [3.3:2] So assume that this is not the case. Then we

have an order-preserving enumeration zJ, ..., x,, of the vertices of C’ such that
{@igs .- xjo } CZ(xp), .. {zi,., ... x5, } CZ(z),), where 0 =ig < jo < --- <
im < Jjm = n. Hence C" is a cycle. O

Proposition 3.3.9. Let H be acyclic and Z=' a contraction of G onto H that
is finitary or reqular. Then T~ is dominance preserving. In particular, T~' is
TQY-preserving.

Proof. In any case, we have that 0,Z(x) is finite for all x € V(H). First we
show that Z~! is ray-preserving. Let R C G be a ray. Then for all z € V(H),
Z(x) NV (R) must be finite by Lemma 1). We conclude by Lemma 2)
that Z[R] contains a ray.

In order to show that Z~! is dominance-preserving, let = € V(G) such that
z dominates R C G. We apply Lemma [3.3.5 and obtain that Z~![z] dominates
R O
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Theorem 3.3.10. Let H be loop-free, G acyclic and T an inflation of H onto
G that is finitary or reqular. Then Y <y H iff Y <y G.

Proof. =: Since G is acyclic Proposition [3.3.7] yields the claim.
<: By Lemma we conclude that H is acyclic. Then we apply
Proposition [3.3.9| and Proposition [3.3.6 O

3.4 Walicki’s conjecture

In this section we shall use Corollary [3:2.9]in order to transfer some results from
[47], concerning sufficient conditions for a digraph having a kernel, to results on
sufficient conditions for a digraph being safe. In particular, we show that Con-
jecture (W) (2.8.11)) implies Conjecture (A) (2.8.1])

Recall Definition [3.3.3] The following was conjectured in [47].

Conjecture 3.4.1 (Walicki’s Conjecture). A digraph G has a kernel if it con-
tains neither an odd cycle nor a ray that is dominated by infinitely many of its
vertices.

We will later show (Theorem [4.4.2) that Y <; G iff G contains a ray R such
that there are infinitely many vertices in V(R) dominating R in G. Hence the
above conjecture is indeed equivalent to our reformulation as Conjecture (W)

@=11).
Theorem 3.4.2. Conjecture (W) implies Congecture (A).

Proof. Let C be the class of all acyclic digraphs G such that Y Z; G. By
Theorem C is closed under regular inflation. Since every element of C is
acyclic, C is also closed under twofold subdivision of loops. Then Conjecture
(W) implies that that every element of C is has a kernel. It follows by Theorem
that every element of C is safe. O

Let us restate the following definition of an end. A subdigraph H C G is
called an end of G iff there is a ray R C G such that for all z € V/(H) there ex-
ists a path from z to some vertex of R in G. Ends of digraphs will be discussed
in Section (.3

The following was proved in [47].

Theorem 3.4.3 (Walicki). A digraph G has a kernel if it has only finitely
many ends and contains neither an odd a cycle nor a ray that s dominated by
infinitely many of its vertices.

It is not difficult to prove the following proposition, employing various results
from Section 3.3

Proposition 3.4.4. If a digraph has only finitely many ends, then every reqular
inflation of it has only finitely many ends.
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Corollary 3.4.5. Let G be an acyclic digraph that has only finitely many ends
and such that Y Z¢ G. Then G is safe.

Proof. Let C be the class of all acyclic digraphs G such that Y A; G and G has
only finitely many ends. Then by Theorem and Proposition 3.4.4] C is
closed under regular inflation. It is trivially closed under twofold subdivision of
loops. By Theorem [3.4.3] every element of C has a kernel. Hence every element
of C is safe by Corollary [3.2.9 O

3.5 Existence of characteristic digraphs

Now that we have discussed some of its applications, we shall proceed to the
proof of Theorem [3.2.6] A first step towards this aim is a description of Boolean
networks in terms of an infinitary propositional logic.

3.5.1 Representation of Boolean networks as sentence sys-
tems

The goal of this subsection, aside from an exposition of the framework of Rabern

et al., is to show that every Boolean network can be represented as a sentence

system. Many of the definitions and results of this subsection are from [4I]. Cf.
also [40].

Given a set (of arbitrary cardinality) S, the elements of which are called
sentence names, the language Lgs consists of the elements of S, the nullary op-
erators T and L, the unary operator —, the binary operator A and the infinitary
operator A.

Definition 3.5.1. Let S be a set of sentence names. Define the set of sentences
ST over S recursively as follows.

a€eST foralla €S,

T,1lesSt,

if p € ST then —p € ST,

if o€ ST and ¢ € ST, then p Ay € ST,

if {¢; | i € I} is a non-empty set of cardinality less than or equal the
cardinality of S[[[and if {¢; | i € I} € S, then A\, i € S*.

A I

We call sentences that are formed according to rule (1) primitive Ls-sentences
and sentences that are formed according to the rules (2) - (5) complex Ls-
sentences (even thought T and L might not be considered complex in the or-
dinary sense). In the following we always assume that the set of all primitive

LWithout this cardinality restriction we would obtain a proper class of sentences. Note
that the cardinality of the set of all L£s-sentences is strictly greater than that of S.
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Ls-sentences and the set of all complex Lg-sentences are disjoint, i.e., we ex-
clude degenerate sets of sentences names like e.g., S = {«, ~a}, where —a would
be both, primitive and complex. If S is a non-degenerate sets of sentences, then
the set of all complex Lgs-sentences is ST\ S.

Definition 3.5.2. We say that a sentence name « occurs in ¢p € ST iff a is a
syntactic constituent of ).

Definition 3.5.3. Let v be a truth-value assignment, i.e., a function from S
to {0,1}. Given v, we recursively define the evaluation function on S, || - [|(*) :
St x {0,1}5 — {0,1} as follows.

- TlCv)
S ERIC)
- edi(v) = ( );

=@l (v) =1 = llell(v),

I A ll(v) = min{[|gl|(v), [¢[l(v)},
M Aier @ill(v) = mindlgi[(v) [ @ € T}

A sentence system is an ordered pair (S, d), where S is a set and d is a func-
tion from S to ST. A truth-value assignment v : S — {0, 1} is an interpretation
of (S,d) iff for all a € S, ||af|(v) = ||d(e)]|(v); and v is an interpretation of
a set of Lg-sentences T iff for all ¢ € T: ||¢|(v) = 1. Furthermore, we say
that T is satisfiable iff there exists an interpretation of 7. For any sentence
system (S,d) we call the set 7(S,d) = {a + d(a) | « € S} C ST the set of
T-schemes associated with (S,d). A paradozical sentence system is one that has
no interpretation. Clearly, v : & — {0,1} is an interpretation of (S,d) iff it is
an interpretation of 7(S, d).

I N N

Definition 3.5.4. The reference graph Gs q of a sentence system (S,d) is the
digraph G with V(G) = S and such that A(G) is the set of all («, 8) such that
B occurs in d(«).

Note that, in contrast to a dependency graph of a Boolean network, there is
only one reference graph of a sentence system.

For example, if Sy = {ap} and dp(ap) = L, then (Sp, dp) is a sentence system
whose reference graph consists of a single vertex ag with no arcs. For Sy = {\}
and dyx(A) = =\, the corresponding reference graph consists of a single vertex
A and an arc (a loop) from A to A. The reference graph of ({7}, d,(7) = 7) is
isomorphic to that of (S, dy), even though (Sy, d) is paradoxical while (S, d;)
is satisfiable. Finally, for n € w, let dy(n) = A,,-,, =m. Then (w, dy) is a para-
doxical sentence system whose reference graph is Y.

The following construction up to Corollary [3.5.12]is, in some coarser form,
already indicated in Appendix A of [41].
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Definition 3.5.5. Let (S,d) be a sentence system. For all z € V(Gsq) = S
and all f:V(Gsq) — {0,1} define Vy(f,x) = ||d(z)|(f)-

Proposition 3.5.6. Let G be the reference graph of a sentence system (S,d).
Then Vg : {0, I}V(G) x V(G) — {0,1} is a Boolean network on G.

Proof. Let X = V(G). Let f,g € {O,l}X. Let z € X and suppose f |
outg(z) = g | outg(z). Then Vy(f,z) = ||d(z)|(f), where d(z) € ST is
such that outg(x) is the set of all sentence names occurring in d(z). By in-
duction on the complexity of 2 one shows that ||d(z)||(f) = ||d(z)||(g). Hence

Vd(f,l‘) :Vd(g’w)' O

Definition 3.5.7. Let (G, ®) be a constrained Boolean network. A sentence
system (S, d) is said to be a representation of (G, ®) iff G = Gs 4 and ® = V.

Observe that in particular V(G) = S, if (S,d) is a representation of (G, ®).
The vertices of G are simply used as sentence names.

Proposition 3.5.8. Let ® be a Boolean network and (S,d) a representation of
®. Then f:S — {0,1} is a fized point of @ iff f is an interpretation of (S,d).

Every Boolean network on G has a representation. In order to show this, we
need the following lemma from [41].

Lemma 3.5.9. For all sets S of sentence names and all f : {0,1}° — {0,1},
there exists a sentence (5 € ST such that ||(f|| = f.

Proof. Then sentence (; will be the representation of f in disjunctive normal
form (DNF), generalized to infinitary propositional logic. In the following, read
Vicr @i as an abbreviation of = A;; —¢;.

If f(v) =0 for all v € {0, 1}5, then let (y = L. Otherwise let

Cf = \/UGC /\aGS h(U, Ot),

a, ifv(a)=1

O
-, ifv(a)=0.

where C' = {v € {0,1}° | f(v) = 1} and h(v,a) = {

Theorem 3.5.10. For all digraphs G, there is a map ® — dg from the set of
all Boolean networks on G into the set of all sentence systems over S = V(QG)
such that Gs 4, = G and Vg, = P.

Proof. Let ® be a Boolean networks on G. For every z € S let S, = SNoutg(x).
Forz € S and f : S — {0,1} let ®,(f) = ®(f,z). Thus ®, : {0,1}° — {0,1}.
By Lemma there exists a sentence (g, € S, such that [|(e, | = ®,. Since
S, CS, (o, €ST. Let do(x) = (p,. Then (S,ds) is a sentence system and
G = Gs.4y- Moreover, for all f: V(X) — {0,1} and = € V(G): V4, (f,2) =
llde (2)]|(f) = ®(f,z) by definition of de. O

Corollary 3.5.11. FEvery constrained Boolean network has a representation.
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Corollary 3.5.12. A digraph G is dangerous iff there exists a paradozical sen-
tence system (S, d) such that G = Gs 4.

In other words, a digraph is dangerous in the sense of [41] iff it is dangerous
in the sense of Definition 2.6.1]

Observe that representations are only defined for constrained Boolean net-
works and not for Boolean networks simpliciter. The reason for this can be
found in the crucial role the dependency graph plays in defining the denotation
function of the sentence system in the proof of Theorem [3.5.10 This point
becomes particularly apparent when Boolean networks with no minimal depen-
dency graphs as in Example[2.3.3|are considered. Such Boolean networks cannot
be fully captured by any sentence system without prior interpretation of their
dependency structure.

Definition 3.5.13. Let (G, V) be a constrained Boolean network. We call the
sentence system assigned to (G, ¥) in the proof of Theorem [3.5.10] the standard
representation of (G, ¥) in DNF.

3.5.2 Construction of a characteristic digraph

The goal of this subsection is to prove Theorem [3.2.6]

Definition 3.5.14. Let S be a set of sentence names. An S-sentence ¢ is said
to be in F-normal form (FNF) iff one of the following holds.

1. o=T,

2. ¢ = —ay, for some o € S,

3. ¢ =11 Ay, where v; = T or v; = —ay, for i € {0,1} and o; € S,
4

- ¢ = Nier Vi, where v; = T or v; = ~ay, for i € [ and oy € S.

A sentence system (S, d) is said to be in F-normal form iff for all o € S,
d(e) is in F-normal form.

The ‘F’ in ‘F-normal form’ stands for ‘false’. Also cf. ‘F-system’ in [41].

Proposition 3.5.15. Let (S,d) be a sentence system in F-normal form. Then
ld(z)||(v) = @fs’d(v,x), for allz € S, v € {0,1}5. In particular, Gs 4 has a
kernel iff (S,d) is satisfiable.

In a certain sense, the goal of the remainder of this section is to establish a
more elaborate version of a result from [8]. In the following, we shall define for
every sentence system (S,d) an equi-satisfiable sentence system (Sg, F/(d)) in
F-normal form. One advantage that this procedure has over that suggested in
[8] is that no artificial loops are created when passing from the original reference
graph to the new one, which, given that the original one is loop-free, will be a
regular inflation of it.
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For this purpose, let S be a non-degenerate set of sentence names that shall
be fixed in the following. For every sentence ¢ (of every language whatsoever,
i.e., for every object in the set-theoretic universe) and every 8 € S, let

'—ga—'ﬁ— «, if o = a, for some a € S
(p.8), ifpgS.

Definition 3.5.16. We define by simultaneous recursion a set of sentence names
Sr and a set of sentences S;E over Sr as follows.

1. If a € S, then a € Sp,
2. if p € (Sp)*, then ¢ € S,
3. ifpe S;f and 8 € S, then "g"? € Sp.

Then Sr is a non-degenerate set of sentence names, S C Sp, and ST C
S = (SF)*. Note that "p'¥ € Sf, for all p € S and B € S.

The basic idea behind the following translation of Lgs-sentences into Ls,.-
sentences is to replace unnegated sentences by doubly negated sentences and,
if necessary, substituting sentences names from S; for sub-sentences in order
to obtain sentences in F-normal form. The role of the set Sg is to ensure that
occurrences of identical sub-sentences in different contexts (i.e., in d(a) and
d(B), where d is some denotation function for S and a # ) are replaced by
different sentence names. This is necessary if we want the reference graph of
the resulting sentence system to be a regular inflation of the reference graph of
the original one.

Definition 3.5.17. Define a maps F,F' : S x St — S} simultaneously by
recursion on the syntactic complexity of Lg-sentences as follows.

1. Fy(T)

1) = Fﬁl( ) =14,

5(
F(
s(a) = ==, where a € S,
B(—a) = (—u) = -, where a € S,
Fa(~p) = Fi(~¢) = < Fa(p)"?, where ¢ € S*\ S,
. for all p,1) € ST let
(a) Falp ) = Fj(e) AF3(¥),
(b) Fi(p A ) = =(Fj(0) A F5(0))7,
7. for all p; € ST let
(@) Fa(Nier i) = Nier Fé(%‘)a
(b) Fé(/\ieI vi) = ""(Nier Fé (pa))?

2
3. F
4. F,
)
6
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The reason for this nested recursion is to distinguish between occurrences
within conjunctions and outside of conjunctions.

It will be shown below (cf. Lemma3.5.20) that these functions are indeed
well-defined and behave as intended. For an illustration cf. Example

In order to associate a truth-value assignment vp on Sg to any given truth-
value assignment v on S, let us first extend the evaluation function || - ||(v) :
S+ — {0,1} to the extended language Sj-.

Definition 3.5.18. For v : S — {0,1} define || - |*(v) : S — {0, 1} recursively
as follows.
T ) =1
L) =0,
e (v) = v(e), if a € S,

() = Nl (v), if € SE\ S and B € S,
A=l (v) = 1= lell*(v),

-l AlI* (v) = minlel* (v), [[9]*(0)},

M Aier @ill* (v) = min{{jes][* (v) | i € I}

The crucial clause of Definition [3.5.18|is, of course, (4).

N O Ot s W NN -

Definition 3.5.19. Let v : S — {0,1}. Define vp : Sp — {0,1} by vp(v) =
lv||*(v), for all v € Sp.

Lemma 3.5.20. Let (S,d) be a sentence system, ¢ € ST, € S and v €
{0,1}°. Then

1. v= vp [S,

2. Fs(yp) is an Sp-sentence in FNF,

3. | Fs(@)ll(vr) = [Fs(@)I*(v) = [IF5 (o) I* () = [l (v)-

4. Let a € S. If a occurs in Fg(p), then o occurs in .

5. If ¢ is in F-normal form, then Fg(p) = ¢.

Proof. Ad 1: vp(a) = ||a]|*(v) = v(«) by Definitions [3.5.19| and [3.5.18]
Ad 2 and 3: We prove the claims simultaneous by induction on the syntactic
complexity of .

e Supposep € {T, L, a,—a}, (o € S). Then Fg(p) € {T, R —at.
This proves (2). Claim (3) is straightforward by computation, e.g., || =™a"||(vp)
= =" (v) = 1= (1 = v(@)) = [l (v).
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e Now let ¢ = =), for p € ST\S. Then Fp(p) = ﬁng(zb)jB, where Fz(¢) €
Si by induction hypothesis (2). Hence '—Fg(w)—'ﬁ € Sp by Definition
3.5.16 which proves claim (2).

Ad 3: <) ll(wr) = 1 [TF@) () = 1~ [|Fa()[*(v) =
1= l9l[(v) = [l (v).

e Now let 11,15 € ST and @ = 11 Ay. Then Fﬁ(go) = Fﬁl(ifjl)/\Fé(wQ) Ad
(2): We have to show that Fj(y1) € {T,-w1} and Fg(¢2) € {T,-wa}, for
v1, 9 € Sp. This is done by side induction on the syntactic complexities of
11 and 2. We only show the computation for v, that for v, is completely
analogous.

— Suppose ¢y € {T, L, a,—a}, (« € S). Then Fj(¢1) € {T, =T, ——a —al,
whicb proves the claim.

— Now let 91 = —, for x € ST\ S. Then Fﬁl(wl) = ﬂ’_Fg(X)—'ﬂ, where
Fs(x) € Si by induction hypothesis (2). Hence v1 = "Fj )"’ € Sp.

— Now let ¢y = x A&, for x,§& € ST. Then Fz(y1) = Fz(x N §) =
—=(Fi(x) A F5(6)), where Fj(x), F3(§) € Sf by side induction
hypothesis (2). Hence 11 = (Fj(x) A F§(£))" € Sk.

— Suppose Y1 = \;c; Xi- The argument is completely analogous to the
previous case.

Ad 3: By induction hypothesis (3) we have [|[Fs(¢)|[(vr) = [|Fz(¢1) A

F} (42)] (v) = min{|[F3 (¢2)[* (o), |F3 (92 (0)} = [ E3 (1) AF} ()" (v) =
[1Es()[I" (v)-

Moreover, ||F5(¢1)]*(v) = [|[Fs(¥1)[|*(v) = [[¢1ll(v) and [[F5(¥2)[[*(v) =

|| Fig(12)]|*(v) = ||#2]/(v) by induction hypothesis (3).

— Suppose ¢y = T. Then Fj(y1) = T. Hence |[Fp(o)ll(vr)
15 (2)[1* (v) = [[F(¥2)[I* (v) = [[v2[l(v) = o1 Adall(v) = [0l (v).

— Suppose ¢ = L. Then Fj(¢1) = =17, Hence [|[Fs(o)[l(vr) =
min{ || F5 (1) [1* (v), 15 (2)[*(v)} = 0 = [[¢1 Azl (v) = [l (v).

— Suppose 91 = a, for a € S. Then Fj(¢) = ——a¥. Hence
1F5(0) I (vr) = min{|| F (o)[|* (v), | F5 ()] *(v)} =min{v(a), [ F5(2)]* (v)}
= min{v(a), [[2)[[(v)} = [[1 Agall(v) = [lell(v).

— Suppose 91 = —x. Then Fj(y1) = =Fs(x)". Hence ||Fs()||(vr) =
min{||F5 (1) [ (v), [|F5 (2)[|* (v)} =min{|[="Fs ()7 | (v), [|F5 (2)[* (v)}
= min{1 — [[F()[[(v), [¥2)[[(0)} = [[¥1 A ¢all(v) = llell(v).

— Suppose ¢1 = x A& Then Fj(¢1) = Fi(x A €&) = ==(Fz(x) A
F3())?. Hence [|[Fs(p)||(vr) =
min{ || == (F5 ()AF; (&))" (v), 175 (¥2)[*(v) } = min{by, [[42)[(v) }

= [[1A%2ll(v) = [l¢ll(v), where by = 1—(1—min{]|x[|*(v), [|][*(v)}).
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— Suppose ¥1 = ,;c; Xi- The argument is completely analogous to the
previous case.

e The A-case is analogous to the A-case.

Ad 4 and 5: Straightforward by induction on the syntactic complexity of p. O
Definition 3.5.21. For all ¢ € Sit define

1. the set D*(¢p) of all direct proper transparent subsentences of o as follows.
(a) f op=_Lore=T or ¢ =aq, for some a € S, then D*(p) = &,

(b) if p = ®, where ¢ € SH\ S and 8 € S, then D*(p) = {3},
(observe that the case that ¢ € S cannot occur),

(c) if ¢ = =, then D*(¢) = {},

(d) if Y= wl A ’(/}27 then D*(QD) = {1/117,(/)2}7

(e) if ¢ = A\;c; ¥, for some non-empty set I, then D*(¢) = {¢; | i € I},

2. the set P*(p) of all proper transparent subsentences of ¢ recursively by
P*(p) = D" (@) WULP*(¢) [ ¢ € D*()}-
3. We say that ¢ € Sit occurs transparently in ¢ iff ¢ € P*(p) or ¢ = .
Definition 3.5.22. Let (S, d) be a sentence system.
1. Define F(d) : Sp — S; by
(F(d)(v) = {

F,(d(o)), ifv=a, forsomeaeS
©, if v="rph, forpeSH\Sand B€S.

2. Let Fg(a) (for a € S) be the union of {a} and the set of all v € Sp \ S
such that v occurs transparently in (F(d))(«).

3. Let &5 = UaES Fy() and dy = (F(d)) ' Sy.
4. For all v: S — {0,1} define vy = vp | Sy. (Cf. Definition [3.5.19).

Lemma 3.5.23. Let (S, d) be a sentence system and o € S. Then the following
hold.

1. (Sf,dy) is a sentence system in F-normal form.
2. Fa={Fa(e) | « € S} is a partition of Sy.

3. « is the root of Fy(a), i.e., every v € Fy(a) is reachable from « in
G3f7df []:d(oz)]

If Gs.a is loop-free, then Gs, a,[Fa()] is a well-founded digraph.
05, Filo) = {0},
If v is an interpretation of (S,d), then vy is an interpretation of (Sy,dy).

AN

For every interpretation u of (Sy,dy), there exists an interpretation v of
(S,d) such that v = vy.
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8. Faq is a regular inflation of Gs 4 onto Gs, a,, if Gs,a is loop-free.

Proof. For better readability, let G = Gs 4 and G’ = Gs;.d,; throughout the
proof.

Ad 1: This is a consequence of Lemma [3.5.20](2).

Ad 2: Tt suffices to show that Fy(a) N Fa(B) = @, for a # € S. But this
is a consequence of the definitions of "' and Fy(a), since for all v € S, every
v € Fy(v) is of the form "™ for some ¢ € Sf.

Ad 3: Observe that for all a # v € Fy(a), either v is a direct proper
subsentence of dy(«) or there exists a unique v’ € F4(a) such that v is a proper
direct subsentence of v/. Hence there is a sequence v, - ,v, in Fy(a) with
vy = a and v, = v such that v;41 occurs in ds(v;).

Ad 4: Assuming otherwise implies the contradiction that the realtion {(¢, 1)
¥ € D*(p)} is not well-founded.

Ad 5: Let v € 05/ Fa(a). If v € S, then v = . Hence we can assume that
v = Tp' for some ¢ € S;E \ S. Clearly "¢ does not occur transparently in
any (F(d))(B), for B # a. This leads to the contradiction that v ¢ 0z, Fy(«).

Ad 6 and 7: By induction on the syntactic complexity.

Ad 8: By (2) - (5). O

Proof of Theorem Let (H,¥) be a constrained Boolean network.
We have to show that (H, ¥) has a characteristic digraph, i.e., a digraph G such
that there exists a network inflation (cf. Definition (Z,4) of (H',¥’) onto
(G, @f), where (H', 0’) is the loop-cleansed form of (H, ¥) (cf. Deﬁnition.
Let us assume for simplicity of notation that (H,¥) = (H',¥’). (Because of
Proposition we can assume this without loss of generality). So, we must
find a digraph G and a regular inflation Z of H onto G and a dense weak
system-embedding ¢ of ¥ into @f.

o Let (S, d) be the standard representation of (H, ¥) in DNF. (cf. Definition
55.13).

Let Sf be as in Definition

Let G = Gs; ;-

Let Z = F4 be the partition of Sy from Definition

Let i : {0,1}5 — {0,1}57 be defined by i(v) = vy as in Deﬁnition
Let r:{0,1}5/ — {0,1}° be defined by 7(v) =v | S.

Then

1. V(H) =S (by definition),

2. V(G) = S§ (by definition),

3. 8§ 2 8 (by Definition 3.5.22),
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(S¢,dy) is in FNF (by Lemma [3.5.23)),
V4 =¥ (by Theorem [3.5.10)),
Vi, = <I>f (by Proposition |3.5.15)),

Faq is a regular inflation of Gs4 = H onto Gs, 4, = G (by Lemma
3.5.23(8)).

Hence 7 is a regular inflation of H onto G by (7). It remains to be shown
that ¢ is a dense weak system embedding of ¥ into <I>f with retraction r. By
Defnition 2.5.4] this means that we have to show that

i. \I/:roq)foz

N o e

ii. W(v) = v implies i(v) = ® oi(v), for all v € {0,1}%,

iii. v=r(i(v)), for all v € {0,1}5,

iv. if <I>G(v) = v, then v = i(r(v)), for all v € {0,1}57.
In order to prove (i), recall that

F,(d(a)), ifv=q, for some a €S
(F)(v) = | ol Tv=c f -
o, ifv="p”, for p e Sp\Sand g €S.

Moreover, dy = (F(d)) | S.

We have (cf. Definition [3.5.5) for all &« € S, ¥(v,a) =
On the other hand, ®§'(i(v), a) = Va, (i(v), @) = ||df(a)||(z(v))

[(F(d)()[l(vr) = [|[Fald(a)ll(vr) = [[Fald())]]"(v) (
(The last three identifies follow by Lemma 3)) Hence \If = (@foi(v

andthus\I/:ToCI)foi.

Moreover, (ii) follows from Lemma [3.5.20| (3), (iii) from Lemma [3.5.20| (1), and
(iv) from Lemma [3.5.23(7)). This proves Theore

Let us conclude this chapter with an example.

Example 3.5.24. Let (S,d) be the sentence system such that S = {} U {«; |

icwh, d(f) =@ = N, @, dlag) = na;.
Note that (S, d) is not in FNF. The reference graphs Gs 4 of (S, d) looks as
follows.

......
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The loop-cleansed form G- S of Gs g4 (cf. Definition 3 ) looks as follows.

The corresponding Boolean network can be described by the following sen-
tence system (&', d’) This sentence system arises from (S,d) by adding new
sentences names oY and «}, for all i € w and changing d to d’ as follows. For
all i € w let

For all all other sentence names v, let d'(v) = d(v).

Finally, we transform (S’, d’) into FNF, i.e., into the sentence system (S}, d})
This is done on the basis of the following computations.

o Fs(d'(8) = F5(9) = Niew F3(0i) = Nig, =i,
o Fo(d(a:)) = —al,

Foi(d(a})) = =—af™
o Foa(d(a?) = = a1

The reference graph QS}’d/f of (S}, d’f) looks as follows.
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3.6 Signed dependency graphs
Definition 3.6.1. Let S be a set of sentence names. We call an Lg-sentence ¢

1. positive iff it is logical equivalent to an Lg-sentence 1 such that the only
operator symbols that occur in ¢ are T, A, V, A and /.

2. negative iff it is logical equivalent to an Lg-sentence 1 such that the only
operator symbols that occur in ¢ are L, A, vV, A and \/ and - and,
;moreover, = occurs only in front of sentence names and in front of every
sentence name.

Definition 3.6.2. A sentence system (S,d) is said to be positive iff d(a) is
positive for all a € §; it is said to be negative iff d(«) is negative for all o € S.
A Boolean network is said to be positive iff its standard representation in DNF
is positive; it is said to be negative iff its standard representation in DNF is
negative.

The following is a (more general) reconstruction of Definition 5.1 of [B].

Definition 3.6.3. Let (H,¥) be a constrained Boolean network and (S,d)
the standard representation of (H,¥) in DNF. For all (z,y) € A(H) define
Sy (x,y) € {+,—, L} as follows.

1. Sy(z,y) =+ iff d(x) is positive,
2. Sy(x,y) = — iff d(z) is negative,

3. Sy(x,y) = L iff d(x) is neither positive nor negative.
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We call (V(H),{((a,Sw(a))) | a € A(H))}) the signed dependency graph of
the constrained Boolean network (H, ).

Let us illustrate this definition with two examples.

Example 3.6.4. The following digraphs are signed dependency graphs of the
liar sentence, its loop-cleansed form and its F-normal form.

@/\
T e
& S

Example 3.6.5. The following digraphs are signed dependency graphs of the
truth-teller sentence, its loop- cleansed form and its F-normal form.

o

g \@j AV

There is, of course, a deeper reason behind the fact that the characteristic
digraph of the liar is an odd cycle while that of the truth-teller is an even cycle
- and it can be understood in terms of arc-signatures. Recall Definition [2.7.18§

Theorem 3.6.6. Let (H, V) be a constrained Boolean network and (S,d) the
standard representation of (H,¥) in DNF. Let T = F4 (cf. Definition
be the reqular inflation of H onto the characteristic digraph G of (H,¥) as in

in the proof of Theorem . Then or all (z,y) € A(H) the following claims
hold.

1. Sy(x,y) = + iff every path P C G that leads from x to y and is such that
(V(P)\{y}) € Z(x) is even,

2. Sy(z,y) = — iff every path P C G that leads from x to y and is such that
(V(P)\{y}) € Z(x) is odd,
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3. Sy(x,y) = L iff there exists an even Py C G that leads from x to y and is
such that (V(Po) \ {y}) € Z(z) and there exists an odd Py C G that leads
from x to y and is such that (V(Py)\ {y}) C Z(z).

Notice that for (z,y) € A(H), y ¢ Z(x). For this reason the path P from
Definition [3.6.3| is always one arc longer than the respective path figuring in

Definition [2.7.18 that lies completely inside of Z(x). In particular, for all
(z,y) € A(H), Sgy(z,y) = —, if T is the trivial inflation. More generally, the
following holds.

Corollary 3.6.7. Let (H, V) be a constrained Boolean network and Z the reqular
inflation of H onto the characteristic digraph G of (H,¥) as in the proof of
Theorem[3.2.6. Then

1. T is odd iff for all (z,y) € A(H), Seu(z,y) =+,
2. T is even for all (x,y) € A(H), Sy(x,y) = —.
Now we can derive Corollary 5.11 of [5].
Corollary 3.6.8. Every positive Boolean network has a fized point.
Proof. By Theorem [3.1.5] O

Example 3.6.9. Let us conclude this chapter by revisiting Example
The given Boolean network is neither positive nor negative: d(8) is a positive
formula while all d(a;) are negative. Consequently, the inflation of the loop-
cleansed form onto the characteristic digraph is neither even nor odd. Every
positive arc is expanded to a path of length 2 (corresponding to an odd inflation
of a vertex), while the negative arcs (leading from «; to a}) are not expanded
at all ((corresponding to the trivial and thus even inflation of a vertex).
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Chapter 4

The parity of an inflation
and strong
kernel-perfectness

The main goal of Chapter [4]is to prove the converse of each of the conjectures
(A), (C) and (D). This is done by proving Theorems [4.3.4] [4.3.7] and [4.3.10] re-
spectively. An important tool for this end is the concept of convergent inflation,
introduced in Section For a more detailed outline of Chapter [4] the reader
is referred to Subsection [L5.3

4.1 Convergent inflations

Recall the definition of an in-branching tree from Section [2.1

Definition 4.1.1. An inflation Z of H onto G is said to be convergent iff for
all z € V(H),

1. G[Z(x)] is an in-branching tree,
2. OLZ(z) C snk(G[Z(x))).

Convention. Let Z be an inflation of H onto G and x € V(H). For better
readability we write also Z[x] for G[Z(z)].

Notice that this convention is, if not entirely in the spirit of, then at least
not in conflict with Definition R.7.17

Proposition 4.1.2. Let T be a convergent inflation of H onto G. Then T is

1. even iff for all x € V(H) and all y € 05Z(x), htz(,)(y) is even,
2. odd iff for all x € V(H) and all y € O5Z(x), htzy(y) is odd,
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where htzy)(y) is the height of the vertex y in the in-branching tree Z]x] =
G[Z(z)].

The following definition is in full analogy to Definition [2.7.19

Definition 4.1.3. For any digraph H, a digraph G is said to be

1. an even Zy.[H] iff there exists an odd finitary convergent inflation of H
onto G,

2. an odd Ts.[H] iff there exists an even finitary convergent inflation of H
onto G.

Lemma 4.1.4. Let G be an Zy.[H]. Then there exists a subdivision G' of G
that is an even (odd) Zy.[H].

Lemma 4.1.5. Let Z be an even convergent inflation of H onto G and let K
be a kernel of G. Then for all x € V(H), all y € 0LZ(x) and all z € O5L(x),
ye Kiffze K.

Proof. Let x € V(H) and T = Z[z]. Then for all v € V(T) \ suk(T), outg(v) C
outr(v) and there exists a unique v’ € V(T'), such that v € outyp(v). Hence

(x)ve Kiff o' ¢ K, for all v € V(T) \ snk(T).

Let y € 0LZ(x) and z € 5Z(x). Then y is the unique sink of T’ and htr(z)
is even by Proposition [£.1.2 Hence the unique path P in T from z to y has
even length. We can assume that y # z, i.e., z is not the sink of T". Then the
claim follows from (x), by which the vertices of P are alternately in K and not
in K or vice versa. O

4.2 Construction of convergent inflations of the
Yablo-graph

Definition 4.2.1. Let Gy, G; and G2 be digraphs, Z an inflation of Gy onto G
and J an inflation of Gy onto Ga. Let J oZ : V(Gp) — o(V(G2)) be defined

by (7 oI)(x) = H{IT (W) |y € Z(x)}.

Proposition 4.2.2. Let T be an inflation of Gy onto Gy and J an inflation of
G onto Go. Then

1. J oZ is an inflation of Go onto G,
2. if T and J are finitary, then J oZL is finitary,
3. if both T and J are determined, then J o T is determined,

Proposition 4.2.3. Let T be a determined inflation of Gy onto Gy and J a
determined inflation of G1 onto Go. Then
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1. if JoZ is even, iff T and J have the same parity,
2. JoZisoddiff T and J have different parities.

We write H <y, G (H <5 G) iff there exists some G’ C G such that G’ is
a finitary and convergent inflation of H.

Proposition 4.2.4. If D <¢. G and G <y, H, then D <. H.

Proof. Let Zy be a finitary and convergent inflation of D onto G’ C G and 7
be a finitary and convergent inflation of G onto H' C H. For all z € V(D) let
T be defined by Z(z) = U{Z1(y) | v € Zo(x)}. By Proposition {Z(z) |
z € V(D)} is inflation of D onto H' C H. However, H, = H'[Z(x)] might
not be an in-branching tree, for some z € V(D). On the other hand, clearly
07, Z(z) C suk(H), for all x € V(D). The problem can be fixed by choosing
for each x € V(D) an in-branching spanning tree T, of H. and considering
the digraph H* with V(H*) = V(H’) such that (u,v) € A(H*) iff there exists
x € V(D) such that (u,v) € A(T}) or there exists y # z € V(D) such that
u € Z(y) and v € Z(z) and (u,v) € A(H). Then H* C H’ is spanning, and Z
is an inflation of D onto H*, with Z[z] = T},. Since 0};,Z(z) = 0};.Z(x) and
Ot (H.) = snk(T,), it follows that Z is a finitary convergent inflation of D onto
H*CH. O

Proposition 4.2.5. For all X C w, Y[X] is isomorphic to Y iff X is infinite.

Proof. Suppose that X is infinite. Let (z,)necw be the order-preserving enumer-
ation of X. Then n — x, is a digraph isomorphism from Y to Y[X]. The other
direction is trivial. O

Definition 4.2.6. A spanning subdigraph G C Y is said to be Yablo-like iff
n + 1 € outg(n) and there are infinitely many n € w such that outg(n) is
infinite.

Definition 4.2.7. Let G be a Yablo-like digraph. We say that G is evenly
spaced iff for all n € w, all k € outg(n) \ {n + 1} are even, and that G is oddly
spaced iff for all n € w, all k € outg(n) \ {n + 1} are odd.

Example 4.2.8. The digraph Y~ from Example is isomorphic to an
evenly spaced Yablo-like digraph.

Lemma 4.2.9. Fvery Yablo-like digraph contains

1. a subdigraph that is isomorphic to a Yablo-like digraph and is evenly spaced
and

2. a subdigraph that is isomorphic to a Yablo-like digraph and is oddly spaced.

Proof. Let G be a Yablo-like digraph. Let n € w be such that outg(n) is infinite.
Then out(n) has an infinite subset of even numbers or an infinite subset of odd
numbers. Moreover, G has infinitely many even vertices with infinitely many
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out-neighbors or infinitely many odd vertices with infinitely many out-neighbors.
Combining both observations yields an infinite set X C w such that either every
n € X has infinitely many even out-neighbors, or every n € X has infinitely
many odd out-neighbors. Thinning out G accordingly (by deleting arcs) yields
a Yablo-like subdigraph H of G that is evenly spaced or oddly spaced.

Let H = H[{n € w | n > 0}]. Then H’ is isomorphic to the Yablo-like
digraph H* that arises from H’ by renumbering every vertex of H' according
to the rule n — n — 1. Hence H is oddly spaced iff H* is evenly spaced. This
proves both claims (1) ans (2). O

Lemma 4.2.10. Let G be isomorphic to a Yablo-like digraph. Then

1. there exists a subdigraph of G that is an L [Y],
2. if G is evenly spaced, there exists a subdigraph of G that is an odd Ly [Y],

3. if G is oddly spaced, there exists a subdigraph of G that is an even Ly [Y].

Proof. We can assume that G is a spanning subdigraph of Y. We shall define
recursively a sequence (kj)ne. of natural numbers and a sequence of spanning
subdigraphs (Gp)new of G such that

i. Go=G and for all n € w,
(a) if n > 0 then G,, is a spanning subdigraph of G,,_1,
(b) outg, (1) = outg(l), for all I > k,,

(c) outg, (i) = outg,, (i) and inG, (i) = ing,, (i), for all m < n and
0 < ki,

. kn_1 <k, andk, —k,_1 is odd, for all n > 0,

—-
—

iii. for all » > 0 and all m < n there exists some k,,_1 < i, < k, such that
(km,im) € A(Gy),

iv. outq, (k) is infinite, for all n € w,

v. foralln € wand all i < ky,, if i # k; for all | € w, then outg,, (1) = {i+1}.
e Let Go =G and kg = 0.
e Suppose n > 0.

— Let k,, be the least [ > k,_; that has the same parity as n and is
such that for all m < n — 1 there is some k,,_1 < i, < [ such that
(km,im) € A(Gn-1).

(Such a number exists, since by induction hypotheses (iv), for every
m < n, k., has infinitely many out-neighbors in G,,, and because of
induction hypothesis (i), outg,, (1) is infinite for all I > k,,.)

— Let V(Gny1) = V(Gn) and A(Gny1) = A(Gn) \ {(7,y) € A(Gr) |

kn < <kppiANy>x+1}.
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o Let Gupew G-

We prove the claims (i)-(v) simultaneously by induction on n. For n = 0,
they are all trivial or clear.

Let n > 0. All claims (i)(a), (b) and (c) hold, because by definition of G,
only arcs between k,_1 and k, are affected by the removal that takes place
when passing form G, _; to G,,. Claims (ii) and (iii) follow immediately from
the definition of k,, (for (ii) note that the k,,’s have alternating parities). Claim
(iv) follows from the fact that G is Yablo-like and from (i)(a). Claim (v) follows
from the definition of G,,.

Notice that (v) implies that for all n, G,[{i | k» < i < kn41}] is a path.
This fact together with (iii) for all n € w and all m > n, k,, is reachable from
k., in G,. Furthermore k; = 1. This means we can define an infinite walk in
G, as follows. We start at 2 and follow the path that leads to ko Then we take
the step from ko to the least m € outg, (k2) such that ks < m < k4. Then we
walk from m to k4, from where we proceed in an analogous manner as from k.
This procedure yields a ray R C G,,, such that for all n > 0, k,, € V(R) iff n is
even.

Let H = G,[V(R)]. For all n > 0, let Z(n) = {i € V(R) | kant1 <
i < konto}. We show that Z is a finitary convergent inflation of Y onto H.
First, observe that Z is a partition of V(R) - in particular Z(0) = {2,...,k2}.
By construction of H and definition of Z, for all n € w, H[Z(n)] is a path
which terminates in ko, 12. By (v), 95Z(n) = {kanio}. Hence Z is a finitary
convergent inflation (Cf. Deﬁnition, provided that it is an inflation at all.

This observation clearly implies that for all n € w and all 4,5 € Z(n), if
i € 05 (Z(n)) and j € 9%(Z(n)), then there is a path in G[Z(n)] from i to j.
Hence is satisfied. Moreover is clearly satisfied.

Next, let us show that 2.7.10|. is satisfied, i.e., that for all m # n € w,
m < n iff there is some (vy,,vy,) € A(H) with v, € Z(m) and v, € Z(n). Since
H CY, the direction from left to right holds. The other direction follows from
(iii). Hence Z is an inflation of Y onto H.

It remains to be shown that Z is an even inflation, provided that G is evenly
spaced. Let i € 05 (Z(n)). Since kap42 is even, every (i.e., the only) path from
i t0 kopto is even iff 7 is even. But i € outy (kay,), because Z is an inflation of Y
onto H. On the other hand, ¢ # ko, + 1 ¢ V(H). Since ks, is even this implies
that ¢ is even, provided that G is evenly spaced. Hence the only path from i to
kon42 is even. Hence 7 is an even finitary convergent inflation (Cf. Definition
[£.1.3). Hence Z[Y] is an odd convergent inflation of Y. If G is oddly spaced, we
show that Z is an odd inflation completely analogously. This proves all claims
of the lemma. O

Theorem 4.2.11. Let G be a digraph. Then
1. G contains an Zy[Y] iff G contains an Zy.[Y],

2. G contains an I;[Y] of parity p iff G contains an L;.[Y] of parity p.
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Proof. Recall that V(Y) = w. Let Z = {Z(n) | n € w} be a finitary inflation
of Y onto H C G. For better readability let V;, = Z(n). Since T is finitary,
for all n € w there exists z,, € V,, such that d;(aj”) =w and z, € 81'5(‘/”).
Let T,, C H[V,,] be an in-branching spanning tree of the subdigraph of H[V,]
that consists of the union of all paths in H[V,,] from some y € 05(V,,) to z,
such that 07 (T},) = {z,}. Observe that this subdigraph is non-empty because
of Definition R.7.10} (2). Notice that if |Z(n)| = 1, then T, is simply the point
(xn, D).

Let Hp be the subdigraph of H induced by (J,c, V(Tn). Let H; be the
spanning subdigraph of Hy that arises from Hy by deleting all the arcs a €
A(Hy) such that there is no n € w with a € A(T,) or tail(a) = .

Let R C H; be an ray such that for all n € w, if z,, € V(R) then (z,,y) €
A(R), where y € outy, (z,) NV (T}) for some k € w such that for all I € w and
all z € outy, (x,), if z € V(T;) then k < I. Let (kn)necw be the sequence of
natural numbers such that zj, is an enumeration (preserving the natural order
of R) of all vertices of R that have infinite out-degree in H. Let Hs be the
subdigraph of H; induced by UJ,,c,, V (Tk, )

For all n € w, let J(n) = V(T},). Then J is a partition of Hy. Let
Y = J![H;]. Then Y is isomorphic to a Yablo-like digraph by construction
and J is a finitary convergent inflation of ¥ onto Hy C G. Hence Y <. G.

By Lemma [4.2.10[(1) we obtain Y <;. Y and thus Y <. G by Proposition
This proves the first claim. (The converse direction is trivial.)

When it comes to the second claim, notice that J is an inflation of parity p,
where p is even if p is odd and vice versa. In any case, let Y/ C Y be an evenly
spaced Yablo-like digraph by Lemmg4.2.9] By Lemma [4.2.10[2) we obtain an
even inflation J’ of Y onto some Y* C Y’ C Y. Then J o J' is an inflation
of Y onto some subdigraph of Hs. By Proposition J o J' is an inflation
of parity p, Hence G contains an Zy.[Y] of parity p. The converse direction is,
again, trivial. O

Lemma 4.2.12. If G is an Z.[Y], then G has a subdigraph that is an even Z.[Y]
or it has a subdigraph that is an odd Z.[Y].

Proof. Let T be a convergent inflation of Y onto G. We say that (z,y) € A(G)
is an inner arc of G (wiht respect to Z) iff Z=1(z) = Z=!(y), and an outer
arc of G (wiht respect to Z) iff Z-(z) # Z~'(y). Let H C G be spanning
such that for all outer arcs (v,w) # (z,y) € A(H), Z-'(v) = Z=!(x) implies
Z-Y(w) # Z7'(y). (Such an H can be constructed by choosing one arcs from
each set of outer arcs of G that is contracted by Z=! onto the same arc of Y).
Then 7 is a convergent inflation of Y onto H.

An outer arc (z,y) € A(H) is said to be even iff htr,(y) is odd and odd iff
htr, (y) is even, where T,y = Z[Z*(y)]. Let E be the set of all even outer arcs of
H and O the set of all odd outer arcs of H. Let E' = {(n,m) |n =Z"(z)Am =
7 (y), (z,y) € B}, and O" = {(n,m) | n =17 (z) Am =TI7}(y), (x,y) € O}.
Then {E’,0’'} is a partition of A(Y). Hence it induces a partition {E{;, O}
of E(K%), because K% is the underlying graph of Y. By Ramsey’s theorem,
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there exists an infinite M C w, such that E(K“[M]) C E, or E(K“[M]) C Oy,.
Hence

(*)A(Y[M]) C E', or A(Y[M]) C O".

Since Y[M] is isomorphic to Y by Proposition Z[Y[M]] is an Z.[Y].
Because of (%), Z[Y[M]] is an even Z.[Y] or an odd Z.[Y]. O

Theorem 4.2.13. Every Z;[Y] contains an even Z¢[Y] or an odd Z;[Y].

4.3 Necessary conditions for the characteriza-
tion problems

Theorem 4.3.1. No odd Z.[Y] has a kernel.

Proof. Let G be a digraph and Z be an even convergent inflation from Y onto G.
Assume that K is a kernel of G. Let 95(Z) = U, e, 05Z(n). Then K N0 (T)
has at most one element: Assume that x # y € K N9} (Z). Then z € d5Z(n)
and y € 9L Z(m) for n < m (since 7 is convergent). Then there exists an arc in
G from z to some y' € d;Z(m). Hence y' ¢ K. But then Lemma implies
that y ¢ K, which is a contradiction.

Now assume that there exists € 95(Z) N K. Let y € outg(x). Then
y ¢ K and y € d;Z(n) for some n € w. Hence, by Lemma , the unique
y' € 05Z(n) is not in K either. Hence there exists z € outg(y’) such that
z € K NOgZ(m) for some m > n. Thus, again by Lemma the unique
Z' € 94Z(m) is an element of K, which is a contradiction because we have
already shown that there can br at most one such vertex.

Hence 0/, (Z)NK = @. But this implies by Lemmathat 0z (I)NK = 2,
where O (Z) = U, ., 9 Z(n). This is impossible, because for z € d;(Z) we have
outg(x) € 05 (Z). O

Corollary 4.3.2. If Y =; G, then there exists some H C G such that some
subdivision of H has no kernel.

Proof. By Theoremd.2.11| H = Z;.[Y] C G. By Lemma there exists a
subdivision H' of H such that H’ is an odd Zy.[Y]. Then by Theorem H'
has no kernel. O

Corollary 4.3.3. If G contains a cycle or an Z¢[Y], then there is a subdivision
of G that is not strongly kernel-perfect.

Corollary 4.3.4. If a digraph contains a cycle or an Z;[Y], then it is dangerous.

Proof. Let G be a digraph. If G contains a cycle, then it is dangerous by
Corollary So, suppose Y =<¢ G. Let G’ be a subdivision of G that is not

strongly kernel-perfect by Corollary Then, by Proposition [2.6.29, G’ is
dangerous. Hence G is dangerous by Proposition [2.7.3] O
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Recall Conjecture (B

Proposition 4.3.5. Conjecture (B) implies that a digraph is safe iff every
subdivision of it is strongly kernel-perfect.

Proof. 1f some subdivision G’ of a digraph G is not strongly kernel-perfect, then
G’ is dangerous. Hence G is dangerous by Proposition The other direction
follows by Conjecture (B). O

Proposition 4.3.6. Conjecture (A) implies Conjecture (B).

Proof. Let G be a digraph. Suppose that G is dangerous. Then, by Conjecture
G contains a cycle or Y =<y G. Hence, by Corollary there exists a
subdivision of G and that is not strongly kernel-perfect. O

Theorem 4.3.7. A digraph that contains an odd cycle or an odd Z¢[Y] is not
strongly kernel-perfect.

Recall the discussion of digraphs of (in)finite character from Subsection[2.6.2]
Moreover, recall Conjecture (D) (22.8.4]), which states that if a digraph contains
no Z;[Y], then it is of finite character. We shall now prove the converse state-
ment.

Proposition 4.3.8. Every acyclic Z;[Y] is of infinite character.

Proof. By Corollary and Corollary [1.3:4] O
Proposition 4.3.9. Every Z;[Y] has an acyclic subdigraph that is an Z;[Y].
Proof. By Theorem O
Theorem 4.3.10. A digraph that contains an Z¢[Y] is of infinite character.
Proof. By Proposition [£.3.9] Proposition [£.3.8 and Proposition [2.6.24} O

4.4 Finitary inflations of the Yablo-graph
Definition 4.4.1. Let G be a digraph and R a ray in G.

1. Let z € V(G). An z-R-fan is an infinite set F, of z-R paths such that
any two distinct members of F, have exactly the vertex z in common.
The set F, is called an z-R-fan in G iff P C G for all P € F,.

2. A vertex xz € V(G) is said to be a focal point of R in G iff exists a-R-fan
in G.

Theorem 4.4.2. For all digraphs G the following are equivalent:

1. Y = G,
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2. there exists some ray R C G such that infinitely many vertices of R are
focal points of R in G.

Proof. (1) = (2): Clear.

(2) = (1): Tt is not difficult to see that G contains an finitary inflation of
a Yablo-like digraph (cf. Definition [4.2.6). The claim follows then by Lemma
4.2.10) U

Hence for all digraphs G, G contains a ray R such that there are infinitely
many vertices in V(R) dominating R in G (in the sense of Section [3.4)) if and
only if Y < G.
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Chapter 5

Safe digraphs

One goal of this final chapter is to show that Conjecture (A) holds under weaker
assumptions than already established in Chapter [3] Theorem [5.4.6] states that
any directed graph G is safe if and only if G is acyclic and contains no finitary
inflation of the Yablo-graph, given that G contains only mormal ends and at
most countably many ends. (One direction of this equivalence has already been
established in Chapter .

In order to do this, a method is developed in Subsection[5.2] that seems to be
more suitable for Conjecture (A) than Walicki’s method from[47]. It takes into
account the fact that for our purpose it suffices to focus on acyclic digraphs,
and not on the larger class of digraphs without odd cycles. For a more detailed
outline of Chapter [§ the reader is referred to Subsection [I.5.4]

5.1 Partitions of function networks

A key method that shall be developed and used throughout this chapter is
that of decomposing a Boolean network into subnetworks (cf. Subsection,
finding a fixed point for each of them and the integrating these fixed points into a
fixed point of the entire Boolean network. A very rudimentary precursor of this
method is Proposition a more sophisticated one the decomposition into
periphery and core (cf. Definition . We will primarily be concerned with
Boolean networks — nevertheless, some results are formulated more generally for
function networks.

5.1.1 Open exhaustions

For the following recall Definition [2.4.39

Definition 5.1.1. Let G be a digraph, £ an ordinal and (Xa)a<¢ & sequence of
subsets of V(G). We say that (Xqa)a<e is an open ezhaustion of G iff it satisfies
the following conditions.
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1. X, is open in G, for all a < &.
2. Xo € Xg, foralla < g <,
3. Xe =V(G),

4. Xoo=U X, for all limits A < &.

a<A
Definition 5.1.2. Let (G, ®) be a constrained function network, £ an ordinal

and (X4)a<e an open exhaustion of G. We say that ® is absolutely solvable
relative to (Xo)a<e iff

1. ®[X(] has a fixed point,
2. ® is absolutely solvable relative to X,41 \ X, for all a < ¢&.

Theorem 5.1.3. Let (G, ®) be a function network, £ an ordinal and (Xq)a<e
an open exhaustion of G such that ® is absolutely solvable relative to (Xo)a<e-
Then ® has a fixed point.

Proof. Let X¢ =, <¢ X .. We shall define recursively a sequence of functions
(f)a<e with fo : Xo — {0,1} such that for all a < ¢ the following holds.

1. fa is a fixed point of ®[X,],
2. f3 C fo, forall < a.

e Let @« = 0. Then @ is absolutely solvable relative to Xy by hypothesis.
Moreover Bdg(Xo) = o, since Xy is open in G. Hence there exists some
fo € {0,1}%0 that is a fixed point of ®[X].

e For the successor step, we use the fact that ® is absolutely solvable relative
to Xa+1\ Xa, which implies that ®/o[X ;1\ X,] has a fixed point f/ ;.
Then by induction hypothesis and Lemma fot1 = fa U fliiisa
fixed point of ®[X,41]. Moreover, fo C fot1. Hence fg C foi1, for all
B <a+ 1.

e If a is a limit, let fo =z, fg- Then (2) is satisfied. In order to prove
(1), let z € X,. Then there exists some 8 < « such that ¢ € Xg. By
induction hypothesis, fg is a fixed point of ®[Xg]. Hence ®[X3](fg,z) =
fs(z). Since Xp is open in G, X is also open in G[X,] (because Xg C
Xq). Hence outgx,)(z) € Xg. Together with fz C f,, this implies that
D[X,](fa, ) = fo(z). Hence f, is a fixed point of ®[X,].

From (2) follows that f¢ is a fixed point of . O
Corollary 5.1.4. A digraph G is safe iff G{z} is safe, for oll x € V(G).

Proof. For the non-trivial direction let (24 )a<¢ be an enumeration of the vertices
of G. For all < ¢, let Xo =Us_,, XgUV(G{za}). Then (Xa)a<e is an open
exhaustion of G. Since G{z,} is safe for all o < &, it follows that every Boolean
network on G is absolutely solvable relative to (X4 )a<e. Hence Theorem
implies that G is safe. U
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Corollary 5.1.5. A digraph G is of finite character iff G{z} is of finite char-
acter, for all z € V(G).

Corollary 5.1.6. Every finitely out-branching digraph is of finite character.
Proof. By Proposition [2.6.23 O
As a further corollary we obtain a result from [4I] (Corollary 23).

Corollary 5.1.7. If a digraph G is acyclic and has only finitely many vertices
with infinite out-degree, then G is safe.

5.1.2 Well-founded partitions

Definition 5.1.8. Let G be a digraph and P a partition of V(G). Then P is
said to a well-founded partition of G iff for all infinite walks (z,,)necw in G there
exist k € w and X € P such that x,, € X, for all n > k.

In other words, a partition of G is well-founded iff every ray of G has a tail
that is contained in some component of the partition and every cycle of G is
contained in some component of the partition.

For the following theorem recall Definition [2.4.46]

Theorem 5.1.9. Let (G, ®) be a constrained function network, and P a well-
founded partition of G. If ® is perfectly solvable relative every X € P, then ®
has a fized point.

Proof. For all z € V(G) let w(x) be the unique X € P such that z € X. We
define recursively an open exhaustion (X, )a<¢ of G such that @ is absolutely
solvable relative to (Xq)a<e. Then the claim follows from Theorem

e Let X be the set of all x € V(G) such that G{z} C 7(z). Then X, # @.
(Assume otherwise. Then for all 2 € V(@) there exists a path that leads
from z to some y € V(G) \ m(x). Hence we can construct an infinite walk
that finally leaves every Y € P after having entered it - or having started
within it. This contradicts the assumption that P is well-founded.)

e Let a be an ordinal such that X, is already defined.

— If X, =V(G), then let £ = a and stop the procedure.

— We can assume that X, # V(G). Then let X/ | be the set of all
r € V(G)\ X, such that G{z} \ X, C 7(x). Then X/, # @ by the
same argument as in the base case. Let Xo41 = X&+1 U Xea.

e Let A be a limit such that X, is already defined for all @ < A. Then let
X\=U X

a<\ o
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Note that the procedure must terminate: V(G) is a set and not a proper
class. We show that (Xa)agg is an open exhaustion of G and that ® is abso-
lutely solvable relative to (Xq)a<e. Clauses (2), (3) and (4) of Definition
are clearly satisfied.

Ad (1): We show by induction on « that X, is open in G for all a < &.
(The cases a = ¢ is trivial.) Let 0 < a < £ and = € X,. We have to show
that V(G{z}) C X4. So let y € G{z}. Then G{y} C G{x}. We have to show
y € X4 and consider the following three cases.

e o = 0. Then G{z} C w(z) by definition. Hence G{y} C =(z). But
G{y} C G{z} C m(x) also implies that w(x) = 7(y). Hence G{y} C 7(y)
and thus y € X,.

e o = [+ 1 for some ordinal 8. Because of the induction hypothesis we can
assume that © € X, \ Xg. By definition we have G{z} \ X3 C n(x). If
y € Xp we are done, because X3 C X,. So we can assume y ¢ X3. Hence
y € w(x), ie., m(y) = w(x). Moreover, G{y} \ Xg C m(x) = 7(y). Hence
y € Xa-

e « is a limit ordinal. Because of Definition 4) there exists some § < «
such that x € Xj3. Then the claims follows by induction hypothesis.

Hence (X4 )a<e¢ is an open exhaustion of G It remains to be shown that (1)
and (2) of Definition are satisfied.

Ad (1): We have to show that ®[X;] has a fixed point. Let Py = {Y N X |
Y € P}. Then Py is a partition of Xy. Moreover, for every Z € Py, Z is open
in G[Xo]. (Assume otherwise: then there is Y # Z € P such that there exists
an arc (v,w) € A(G[Xo]) with v € ZN X, and w € Y N Xy. Hence G{v} € m(v)
which leads to the contradiction that v ¢ Xg.) Let Y € P. Since ® is perfectly
solvable relative to Y by hypothesis and Y is open in Xy, ®[Y N Xy] has a fixed
point. By applying Lemma [2.4:47] we can paste together the solutions of these
open components of Xy. Hence ®[X(] has a fixed point.

Ad (2): Let o < & Let X/ = Xo41 \ Xo We have to show that & is
absolutely solvable relative to X/, ;. Let Poy1 = {Y NX/,, |Y € P}. Then
Pay1 is a partition of X/ ;. Analogously to (1) one shows that each of its
components is open in G[X, ,;]. We have to show that ® is absolutely solvable
relative to X/, ;. Let ¥ = Xpev (@) Se be the type of ®. Let Z = Bd& (X))
and h € X _, Sy. Let Y € P such that Y N X/, # @. By hypothesis ® is
absolutely solvable relative to Y N X/, ;. Hence ®"[Y N X/, ;] has a fixed point.
( ®"[Y N X/ ] is indeed a function network by Proposition This is so
because (Y N Xo41) = @ and Bd& (Y N X)) C Z.) Since each Y € P is open
in G[X/,,,], Lemma yields a fixed point of ®"[X/,]. O

Corollary 5.1.10. Let G be a digraph an P a well-founded partition of G.
Then G is of finite character, if G| X] is of finite character, for all X € P.
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Proof. Let ® be a Boolean network on G. We have to show that ® is compact,
i.e, that either there exists some finite @ # Y C V(G) such that ® is not
absolutely solvable relative to Y or ® has a fixed point. Suppose that ® has
no fixed point. Then Theorem [5.1.9] implies that there exists some X € P
such that ® is not perfectly solvable relative to X. In other words, there exists
@ # Z C X such that ® is not absolutely solvable relative to Z. Hence there
exists h € {0, I}Bdg(z) such that ®"[Z] has no fixed point. Since ®"[Z] is a
Boolean network on G[Z] and G[Z] is of finite character (by hypothesis and
Proposition , there exists some finite @ # Y C Z such that ®"[Y] is not

absolutely solvable relative to Y. This means that there exists g € {0, 1}Bdg(y)
that is compatible with » and such that (®"[Z])9[Y] has no fixed point. But
Y C Z implies that (®"[Z])9]Y] = ®"“9[Y]. Hence ® is not absolutely solvable
relative to Y. O

Corollary 5.1.11. Let G be a digraph and P a well-founded partition of G.
Then G has a kernel, if for all X € P, G[X] is kernel-perfect.

Proof. By Theorem and Theorem [5.1.9 O

Corollary 5.1.12. Let G be a digraph an P be a well-founded partition of G.
Then G is safe, if for all X € P, G[X] is safe.

5.2 Prolific digraphs

5.2.1 Quasi-finitely out-branching digraphs

Definition 5.2.1. Let G be a digraph, R C G a ray and = € V(G). We say
that a set X C V(G) separates x from R in G iff x ¢ X and for all tails R’ of
R one of the following is the case.

1. X has a non-empty intersection with V(R'),

2. every x-R'-path in G has a non-empty intersection with X.

Definition 5.2.2. Let G be a digraph and © € V(G). Let z € V(G) and R be
a set of rays in G that all have = as their root. We say that a set X C V(G)
separates x from R iff X separates r from R, for all R € R.

Definition 5.2.3. Let G be a digraph.

o A vertex € V(G) is said to be quasi-grounded (in G) iff there exists some
finite Y C V(G) such that x ¢ Y and every ray in G with root = has a
non-empty intersection with Y.

e A digraph G is said to be quasi-finitely out-branching iff every z € V(G)
is quasi-grounded in G.

Proposition 5.2.4. Let G be a digraph. A vertex x € V(G) is quasi-grounded
in G iff there exists some finite X C V(G) that separates x from the set of all
rays of G.
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Proof. =: Let X C V(G) be finite and such that ¢ X and every ray in G has
some non-empty intersection with X. Let R C G be a ray and R’ a tail of R.
Suppose that V(R') N X = &. Then every z-R’' path must have a non-empty
intersection with X. Otherwise we could construct a ray in G that has an empty
intersection with X.

<: Let X C V(G) be finite and such that X separates = from the set of all
rays of G. Let R C G be aray. Assume that V(R)NX = @. Let 21 be the unique
out-neighbor of z in R. Then R{z1} is a tail of R with V(R{z:})NX = @.
Moreover (z,z1) is an z-R{z1}-path in G that has a non-empty intersection
with X, which is a contradiction. O

Proposition 5.2.5. Fvery ray-less digraph is quasi-finitely out-branching.

Proof. Let G be a ray-less digraph. Then the empty set separates every from
the set of all rays of G. O

Hence a well-founded digraph is quasi-finitely out-branching. Any finitely
out-branching digraph is, of course, also quasi-finitely out-branching.

The following is just a rephrasing of a theorem by Walicki (Corollary 3.18
in [47]) for the present context.

Proposition 5.2.6 (Walicki). Fvery quasi finitely out-branching digraph is
kernel-perfect if it contains no odd cycle.

This result is obtained at the end [47] as a corollary of the main result. We
shall use it to initiated an inductive hierarchy of classes of digraphs that will
turn out to be safe.

Proposition 5.2.7. Let G be a quasi-finitely out-branching digraph. Then every
reqular inflation of G is quasi-finitely out-branching.

Theorem 5.2.8. Fvery acyclic quasi-finitely out-branching digraph is safe.

Proof. Let C be the class of all acyclic quasi-finitely out-branching digraphs.
Then C is closed under regular inflation by Proposition By Proposition
[(.2:6] every element of C has a kernel. Hence every element of C is safe by

Corollary O
Corollary 5.2.9. No quasi-finitely out-branching digraph contains an Z;[Y].

5.2.2 Prolific digraphs

Definition 5.2.10. For any digraph G and X C V(G), let G(X) be the set of
all z € X such that G[X]{z} is quasi-finitely out-branching.

Definition 5.2.11. For all digraphs G and all a € On, define recursively G., =
G(V(G)\Usca Gh)-
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Clearly, for any digraph G there exists an ordinal £ such that for all o > &,
G/, = @. Let &g be the least ordinal ¢ such that G/, = @, for all a > €.

Definition 5.2.12. For all digraphs G and all a < £ define

L. Ga =Us<, G-

2. Ggg = Ua<EG Ga,

3. G, = Ge,..
Proposition 5.2.13. Let G be a digraph. Then G[G.] contains no Z;[Y].
Proposition 5.2.14. Let G be a digraph and H C G. Then H, 2 G. NV (H).
Proposition 5.2.15. Let G be a digraph G. Then

1. (Gy)a<eq s an open exhaustion of G[G.].

2. G, is open in G.

3. Let ® be a Boolean network on G that is absolutely solvable relative to
all X C V(Q) such that G[X] is quasi-finitely out-branching. Then ® is
absolutely solvable relative to (Ga)a<eg -

Proof. Ad (1): We shall check clauses (1)-(4) of Definition

Clause 1: We prove that G is open in G for all a < &g by induction on a.
We have G, = G, UX,,, where X, = U5<a G’B. Assume that G, is not open
in G. Then there exists (x,y) € A(G) such that x € G, and y € V(G) \ G,
Since X, is open in G by induction hypothesis (as a union of open sets), z €
G!,. Hence G[V(G) \ X,]{z} is quasi-finitely out-branching. Since (z,y) €
A(G[V(G) \ Xa]) we have (G[V(G) \ Xa]){y} € (G[V(G) \ Xa]){z}. Hence
(GIV(G)\ Xo]){y} is quasi finitely out-branching, which yields the contradiction
that y € G/, C G,.

Clauses 2,3 and 4 are clear. Ad (2): By (1), since the union of open sets is open.

Ad (3): We have to check both conditions of Definition The first i.e.,
the claim that ®[Gy] has a fixed point holds by hypothesis. As for the second,
we have to show that @ is absolutely solvable relative to G, 11, for all a < &g.
Since G, 11, is quasi-finitely out-branching the claim follows analogously also
from the hypothesis. O

Theorem 5.2.16. Let G be a digraph.
1. If G|Gy] contains no odd cycles, then G[G.] has a kernel.
2. If G|G,] is acyclic, then G[G,] is safe.
Proof. Ad 1: By Proposition [5.2.6] Proposition [5.2.15[ and Theorem [5.1.3
Ad 2: By Theorem Proposition and Theorem [5.1. O
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Definition 5.2.17. A digraph G is said to be prolifically out-branching (or
simply prolific) iff V(G) # @ and for all z € V(G) there is a walk in G from
to some vertex that is not quasi-grounded in G.

Proposition 5.2.18. Let G be a digraph.
1. If V(G)\ G. # &, then G[V(G) \ G.] is prolific and contains a ray.
2. For all x € G.,G{x} is not prolific.

Proof. Ad 1: Suppose that X = V(G) \ G, # @. Assume that G[X] is not
prolific. Then there exists © € X such that G[X]{z} is quasi-finitely out-
branching. But this implies the contradiction that x € G,. Now assume that
G[V(G) \ G.] contains no ray. Then for all z € X, G[X]{z} is quasi-finitely
out-branching by Proposition yielding the same contradiction.

Ad 2: By induction on &g.

Theorem 5.2.19. Let G be an acyclic digraph. Then
1. G is equi-dangerous to G[V(G) \ G.].
2. G is kernel-perfect iff GIV(G) \ G.] is kernel-perfect.

Proof. Ad 1: For the non-trivial direction, it follows from Proposition [5.2.15
that G, is open in G. Hence the claim follows from Lemma [2.4.48
Ad 2: Applying Theorem [2.4.96] the argument is analogous to (1). O

5.3 Ends

5.3.1 Ends and end covers
Let us restate the following definitions.

Definition 5.3.1. A tail of a digraph G is a subdigraph of G that is induced
by some X C V(G) such that G[V(G) \ X] contains no rays.

Definition 5.3.2. Let G be a digraph.

e A digraph H C G is said to be an end in G iff there exists some ray R C G
such that V(H) = Clg(R). We call such a ray R a principal ray of H.

e (7 is said to be an end iff G is an end in G.

Proposition 5.3.3. Let G be a digraph and H C G an Z;[Y]. Then H s
contained in some end of G.

Definition 5.3.4. Let G be a digraph and @, R rays in G. We define the
following relations between ) and R.
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1. Q =g R iff for every tail Q' of ) and every tail R’ of R there exists a path
from Q' to R’ in G.

2. Q =¥ R iff there exists an infinite set P of pairwise disjoint (possibly
trivial) paths such that for every tail Q" of @ and every tail R’ of R there
exists some P € P that joins @’ to R’ in G.

3. Q jé R iff Q <¢ R and there exists a finite set X C V(G) such that
Q" Ae\x R, for all tails Q" of @ and R’ of R such that Q', R’ C G\ X.

4. Q<¢ Riff Q Z¢ Rand R £¢ Q.

5. Q=¥ Riff Q ¥ R and R A¥ Q.

6. We say that QQ and R are incomparable iff R A¢ Q and Q Ag R.
7. We say that @ and R are parallel iff R <5 @ and Q =<g R.

The following two definitions are adopted from [47].

Definition 5.3.5. A digraph G is said to be flat iff for all @, R C G either @
and R are incomparable or parallel.

Definition 5.3.6. Let G be a digraph and @, R C G rays. We say that

e aset X CV(G) separates Q from R iff every Q-R path has a non-empty
intersection with X,

e () is finitely separable from R iff there exists a finite set that separates @
from R.

Proposition 5.3.7. Let G be a digraph and Q, R C G be rays.

1. IfQ =% R or Q <L R, then Q <¢ R.

IS

. If Q 2¢ R, then either Q jé R or Q 2F R, but not both.

3. If Q =2¢ R, then @ jé R iff then @ is finitely separable from R.

4. If G is acyclic and Q g R and R 2¢ @, then Q ¥ R and R <F Q.
5. If G is acyclic, then there exists no ray Q C Clg[R] such that R jé Q.

Lemma 5.3.8. Let G a digraph, X C V(QG) closed in G and R C G a ray.
Then V(R) N X is finite or V(R) N (V(G) \ X) is finite.

Proof. Assume otherwise. Let y € V(R) N (V(G) \ X). Then it follows from
the assumption there exists some z € V(R) N X that is reachable from y via R.
But since X is closed in G, it follows that y € X, which is a contradiction. [

Definition 5.3.9. Let G be a digraph. An end cover of G is a set H of ends
in G such that for all ends F in G there exists some H € H with F C H.
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Theorem 5.3.10. Let G be an acyclic digraph and H a countable end cover of
G. Then

1. G is (strongly) kernel-perfect iff all H € H are (strongly) kernel-perfect,
2. G is safe is safe iff all H € H are safe,

3. G is of finite character iff oll H € H are of finite character iff G is of
finite character.

Proof. First we construct a well-founded partition of G. Let (H,)ne, be an
enumeration of the elements of 1. We define recursively a sequence (X,,)new
of subsets of V(G) as follows. Let Xy = V(Hp). Now let n > 0 and suppose
we have already defined X, for all i < n. Let X, 11 = V(Hpq1) \ U<, Xi- An
an end in G, every V(H;) is closed in G. Hence |J,.,, X; is closed in G for all
ne€w. Let P={X,, |n€wAX, # o} Then P is a partition of V(G).

Let us show that for every ray R C G there exists some X € P such R has
a tail in X. Let R C G be a ray. Then Clg[R] is an end of G. Hence there
exists some n € w such that Clg[R] C H,. Hence Clg(R) C |J,,, Xi. Let Q
be a tail of R. Then there exists some k < n such that X; N V(Q) is infinite.
Then for all k # i <n, X; NV(Q) is finite: assume otherwise and let k # i <n
be such that X; N V(Q) is infinite. We may assume w.l.o.g. that i < k. Since
Y =,,<; Xi is closed in G and since V(G)\Y contains infinitely many vertices
of @, X; contains not infinitely many vertices of Q by Lemma yielding a
contradiction.

Hence X} contains a tail of R. It follows that, given that G is acyclic, P is
a well-founded partition of G.

Now the direction from right to left of the claims follows by Corollaries
[6.1.17], [5.1.12] and [5.1.10] respectively. The other directions are clear. O

5.3.2 Normal ends

The last theorem raises the question under what circumstances ends themselves
are kernel-perfect, safe or of finite character.

Definition 5.3.11. An end G with principal ray R is said to be normal iff for
all rays Q C G, Q 2F R.

If all ends of a digraph are normal and the digraph is symmetric i.e., undi-
rected, then they coincide just with the undirected ends i.e., those in the sense
of the usual definition of end in the theory of undirected graphs, cf. [17].

Proposition 5.3.12. Every acyclic and flat end is normal.
Proof. By Proposition m (5). O

Proposition 5.3.13. FEvery end that is acyclic, conversely well-founded and
finitely in-branching is normal.

136



Proof. Let G be an end and R a principal ray of G. Let Q@ C G be a ray. Then
Q =¢ R, i.e, for all y € V(Q) there is a path from y to some vertex of R. We
have to show that Q <& R. By Proposition 2,3) it suffices to prove that
there exists no finite X C V(G) that separates @ from R.

Assume that X is such a set. For each y € V(Q), let P, be a path from y
to R. Then for all y € V(Q), there exists some & € X such that 2 € V(P,). By
cutting the P,’s off at =, we get for all z € X a set P, of Q-z paths. For all
z € X, let T, be an in-branching spanning tree of the digraph G| P,] (each of
whose vertices is conversely reachable from z, hence such a spanning tree exists).
Since V(Q) is infinite, one T, must be infinite. By Ko6nig’s lemma T, contains
a vertex of infinite in-degree or a converse ray, neither of which is possible by
hypothesis. O

For the following recall Definition

Proposition 5.3.14. Let G be a digraph and Q,R C G rays. If x € V(G) is a
focal point of Q and Q XF R, then x is a focal point of R.

Recall Definition [(£.2.3]

Lemma 5.3.15. Let G be digraph, r € V(G) and R C G a ray with root r. If
there is mo finite set that separates r from R, then r is a focal point of R.

Proof. Let R C G be a ray with root . We construct recursively a sequence
(Pn)new such that for all n € w, (i) every P € P, is an r-R path, (ii) the
members of P,, are pairwise disjoint except at r, and (iii) P,, C Ppy1.

Let xg, 1, ... be the R-order preserving enumeration of the set V(R). Since
{1} does not separate r from R by hypothesis, there exists an r-R{zq}-path
Py in G such that V(FPy) N {z1} = @. Let Py = {Py}. Let ko € w be such that
Tk, is the head of Py. Let Xo = (V(Py) U Clg(zk,) \ {r}.

Now let n > 0 and suppose that we have already constructed P, k,, and X,,.
By induction hypothesis X, is finite. Hence it does not separate r from R. In
particular, there exists an r-R{x, +1}-path P in G such that X,, N V(P) = @.
Let Ppt+1 = Pp U P. Then (i), (ii) and (iii) hold. Let k,41 be such that z
is the head of P. Let X, 11 = (U{V(P) | P € Pny1} UClg(zp,.,)) \ {r}-

Finally, set 7 = {J,,,, Pn- Then it follows from (i)-(iii) that F is an r-R-fan.
Hence r is a focal point of R. O

n+1

Proposition 5.3.16. Let G be digraph, r € V(G) and R = {Ry,...,R,} a
finite set of rays in G with root r. If there is no finite set that separates r from
R, then r is a focal point of R;, for some 0 < i <mn.

Proof. We construct recursively a sequence (Pp,)ne, such that for all n € w, (i)
every P € P, is an r-R; path, for some 0 < i < n, (ii) the members of P,, are
pairwise disjoint except at 7, and (iii) Pp, C Ppt1-

This can be done analogously to the procedure in the proof of Lemmal5.3.15
Then let F = J,,, Pn. Since F is infinite and R finite, there must exist some

0 < i < n such that r is a focal point of R;. O
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Lemma 5.3.17. Let G be an end with principal ray R C G. Let r € V(G). If
G is normal and r is not quasi-grounded in G, then r is a focal point of R.

Proof. Before proceeding with the proof, let us state some definitions. A star in
G with center r is a non-empty set S of rays in G such that (.5 V(R) = {r}.
A star S is said to be infinite iff the set S is infinite; it is said to be finite iff
the set S is finite. A star S is said to be mazimal (in G) iff there exists no star
7T (in G) such that S C 7.

Case 1: There exists an infinite star S with center 7 in G. We shall construct
recursively a sequence (Py,)necw of 7-R paths such that for all n € w, (i) P, C P,
(ii) the members of P,, are pairwise disjoint except at r, and (iii) P, C Ppi1.

Let (R;)new be an enumeration of a countable subset of S. Since G is normal,
we have R; <& R, for all n € w. Picking some Ry-R path and prolonging it
backwards to r yields some path Py from 7 to R. Let Py = {Fo}.

Now let n > 0 and suppose that we have already defined P,. Since X, =
V(UPn) C V(G)\ {r} is finite and S is an infinite star, there exists some
Enq1 € w such that V(Ry,,,) N X, = @. Since Ry,,, <& R and X,, is finite,
there exists some Ry, ,-R path P with V(P) N X, = @. Prolonging P back-
wards to 7 yields a path P, from r to R such that V(P ,,) NV (Q) = {r},
for all Q € Py. Set Ppy1 = Pp U P, ;. This shows that r is a focal point of R.

Case 2: There exists no infinite star with center r in G. Since G is an end
with principal ray R, here exists at least one star with center r: the one that
has R as its single ray. Moreover, the union of every ascending C-chain of stars
with center r is a star with with center r. Hence, by Zorn’s lemma, there exists
a finite maximal star S with center 7 in G. Let S = {Ry,..., R, }.

Assume that for all 0 < i < n, there exists some finite X; C V(G) \ {r}
that separates r from R;. We show that this leads to a contradiction. Let
X! =Clg,(X)\{r}, for all 0 < ¢ <n. Then X = X{jU---U X/, is finite and X
separates r from {R; | 0 < i < n}. We claim that every ray @ C G with root r
has a non-empty intersection with X. (This claim yields a contradiction to the
assumption that r is not quasi-grounded in G.) Assume V(Q) N X = &. Then
there exists r # y € V(Q) N (U{V(R:) | 0 < i < n}). (Otherwise S U @ would
be a star, contradicting the maximality of S.) Let k be the unique 0 < i < n,
such that y € V(R;). Since y ¢ X, V(Ri{y}) N X = @. On the other hand
Clg[y] is an r-Ry-path that has an non-empty intersection with X. This yields
the contradiction that X does not separates r from {R; | 0 < i < n}.

Hence there is some 0 < ¢ < n such that no finite X C V(G) \ {r} separates
r from R;. Hence r is a focal point of R; by Lemma [5.3.15| and, since G is
normal, also a focal point of R by Proposition O

Definition 5.3.18. A digraph G is said to contain only finitely many ends iff
the set of all subdigraphs H of G such that H is an end in G is finite.

Theorem 5.3.19. Let G be an acyclic end.

1. If G is normal and prolific, then G contains an Z;[Y].
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2. If G contains only finitely many ends and is prolific, then G contains an
Zy[Y].

Proof. Ad 1: Let R be a principal ray of G. We define recursively a sequence
(Zn)new of vertices of G such that for all n € w,

1. if n is even, then z,, is a focal point of R,
2. if n is odd, then z,, € V(R),

3. there is a path in G from z,, to z,11,

as follows.

e Let zp € V(@) be such that xg is not quasi-grounded in G. Then by
Lemma xo is a focal point of R.

e Let n> 0.

— If n is even, let x,,41 be some vertex of R that is reachable from x,,.
Since x,, is a focal point of R by induction hypothesis, such a vertex
must exist.

— If n is odd, let x,,+1 be some vertex that is not quasi-grounded in G
and that is reachable from z,,. Since G is prolific, such a vertex must
exist. Then by Lemma [5.3.17 x,41 is a focal point of R.

Now let @ be the concatenation of the all paths from x,, to x,1 that exist
by (3). Since G is acyclic, @ is a ray. Since @ and R have infinitely many
vertices in common, R <& Q. Hence by Proposition for all even n € w,
x, is a focal point of Q. Thus @ is a ray in G such that infinitely many ver-
tices of @ are focal points of Q). Hence G contains an Z;[Y] by Propositionm

Ad 2: Let r € V(G) and {Ho, ..., H,} be the set of ends of G that are reach-
able from r. Let R = {Ry, ..., R,} be a set of principal rays of {Hy, ..., Hy,}.
We may assume that r is the root of each R;, for 0 <i < n.

Since every ray in G{r} is parallel to some ray in R, Proposition
implies that © € V(G) is quasi-grounded in G{r} iff there exists a finite set
that separates x from R. Hence we can define recursively a sequence (Z,)new
of vertices of G such that for all n € w,

i. if n is even, then x,, is a focal point of some element of R,
ii. if n is odd, then z,, is a vertex of some element of R,
iii. there is a path in G from x,, to 1.

This is done analogously to the proof of (1), but by invoking Proposition
5.3.10] instead of Lemma[5.3.17} Then a ray @ is constructed analogously to the
proof of (1). Proposition@l is not needed: since R is finite, ) has infinitely
many vertices in common with some member of R. Hence ) contains infinitely
many of its focal points. O
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Question 5.3.20. Is there an acyclic and prolific end that contains no finitary
inflation of Y?

The answer seems to be positive.

5.4 Digraphs with countably many ends

Definition 5.4.1. Let G be a digraph and R C G a ray. A vertex z € V(R) is
said to be an exit point of R in G iff there exists y € V(G) \ Clg(R) such that
y is reachable from z in G.

Lemma 5.4.2. Let G be a digraph such that G, = @ and such that no end in
G is prolific. Then every ray in G has an exit point in G.

Proof. Assume that there is a ray R C G that has no exit point in G. Since G is
prolific; H = Clg(R) is a prolific end: for each z € V(R) there exists y € V(G)
that is reachable from z and is not quasi-grounded in G. Since G{y} C H
(otherwise & would be an exit point), y is not quasi-grounded in H. Since for
all z € V(H) there exists z € V(R) such that z is reachable from z, H is
prolific. U

Proposition 5.4.3. Let G be a digraph such that G, = @ and such that no
end in G is prolific. Then G contains uncountably many ends.

Proof. Let R C G be a ray. Then there exists an exit point  of R and a ray
R; C @ that originates from = and is otherwise disjoint from R. (This is so
because ends are closed.) Let Ry = R{x}. Analogously, there are exit points x¢
and z;1 for Ry and R; respectively, both above z, giving rise to rays Rgg, Ro1,
Ry, R11, each of which has an exist point xgg, To1, €10, T11- Proceeding in this
way, we define an injection of 2“ into the set of all ends of G. O

Definition 5.4.4. Call a digraph G normal iff every end of G, is normal or
contains only finitely many ends.

Theorem 5.4.5. Let G be an acyclic and normal digraph. If G contains no
Zs1Y], then G, =V (G) or G[V(G) \ G.] contains uncountably many ends.

Proof. Suppose G, # V(G). Assume that H = G[V(G) \ G.] contains only
countably many ends. Since H, = & it follows from Proposition that H
has some prolific end H'. Since H’ is normal or contains only finitely many
ends, it follows from Theorem that H' contains an Z,[Y]. O

Theorem 5.4.6. Let G be a normal digraph with only countably many ends.
Then G is safe iff G is acyclic and contains no Zy[Y].

Proof. =: By Corollar <: Let G be acyclic and containing no Z[Y].
Then G, = V(G) by Theorem Hence G is safe by Theorem [5.2.16 O
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Chapter 6

Final remarks

Let us conclude this thesis with a discussion of a couple of technical and philo-
sophical questions regarding the most important results and methods, as well
as their potential for further applications.

6.1 How to make further progress?

Theorem has a striking resemblance to Cantor-Bendixson’s theorem in the
sense that it claims that a closed set is either empty or very large. It could be
interesting to think about stronger versions of Theorem that work with
modified definitions of G,. Such modifications could be realized by initializing
the hierarchy of Definition with a more comprehensive class of digraphs
than the quasi-finitely out-branching ones. A prerequisite for this would be to
establish a counterpart to Theorem [5.2.16]

Another even more interesting line of thought arises from the observation
that an end cover of a digraph (cf. Definition tends to have a tree-like
structure. This phenomenon is illustrated in the proof of Proposition [5.4.3]
which can be read as a recipe for constructing an uncountable end cover of a
digraph G, given that G, = @ and no end in G is prolific.

Of course, systematizing this construction also requires a treatment of infi-
nite chains of ends, i.e., infinite <g-chains of their principal rays Ry =g R1 =<¢
Ry -+ (cf. Definition [5.3.4)). It seems plausible, however, (at least under favor-
able circumstances) that for every such infinite chain some diagonal ray R, C G
can be found such that Ry <¢ R1 =g R2 -+ 2¢ R,

This observation suggests that in order to establish stronger versions of The-
orem [5.4.6] a better understanding is needed of tree-like uncountable end cov-
ers, and, in particular, of the role they play in the construction of global fixed
points of Boolean networks relative to local fixed points that are restricted to
ends. (Note that there are countable digraphs that have no countable end cover
- e.g. infinitely out-branching binary trees. Hence we cannot eliminate in The-
orem the requirement that G have only countably many ends, simply by
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focusing on countable digraphs.)

Let us recall that, with regard to the structure of a digraph G, there are
basically three classes of techniques for constructing fixed points of a Boolean
network on G: techniques based on the well-foundedness of G (treated in Sub-
section and Subsection , techniques based on the compactness of G
(treated in Subsection and techniques based on G being a tree (treated
in Subsection and resulting in Theorem . (A combination of the
methods of well-foundedness and compactness is used in Definition [5.2.12)).

Of these three methods, it seems that the one based on trees is still the
least understood - and at the same time the one with the largest potential. In
contrast with the other two, we haven’t been able to apply it in Chapter
Instead, we used a different structural property of a digraph, that of having a
countable end cover - but this method is rather limited in scope.

So, progress towards a proof of Conjecture (A) seems to require a gener-
alization of Theorem [2.4.88 to digraphs that are not just trees but rather are
tree-like, or more specifically, have a tree-like end cover. Or, formulated nega-
tively, it seems that any counterexample to Conjecture (A) must be essentially
a tree. And this makes it hard to imagine that such a counterexample exists.

6.2 Are there only two semantic paradoxes?

Does any of the three main conjectures, Conjecture (A), (C) or (D) support
the claim that the Liar paradox and Yablo’s paradox are essentially the only
semantic paradoxes?

Conjecture (A) (Conjecture states that the loop and the Yablo-graph
are the building blocks from which every dangerous digraph can be generated
via the process of first inflating any of these two digraphs and then adding
arbitrary vertices and arcs to the result. In this sense, (1) the loop and the
Yablo-graph are essentially the only dangerous digraphs. If one concedes that
(2) a semantic paradox is essentially captured by its dependency graph, then it
is plausible to conclude that Conjecture (A) implies that there are essentially
only two paradoxes.

Premise (2), however, is highly problematic. It runs into at least three
objections: (i) there are Boolean networks that have no canonical (i.e., minimal)
dependency graph (cf. Example ; (ii) two isomorphic digraphs might be
dependency graphs of two different Boolean networks, each of which might be
paradoxical in a different way or not paradoxical at all; (iii) even two isomorphic
constrained Boolean networks (cf. Definition can describe two different
paradoxes, since the way one automaton of a network refers to other automata
does matter - in short, reference is an intensional phenomenon and essential for
the identity of a paradox (cf. Subsection .

But even Premise (1) is not as evident as it may seem. As indicated at the

end of Subsection a positive answer to Question (‘Is there a digraph
of infinite character that has a skeleton of finite character?”) would imply the
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existence of a paradox of infinite character whose paradoxicality nevertheless
depends on its cyclic structure. It seems fair to say that its dependency graph
would constitute a reference pattern of hybrid character that cannot be fully
captured by the either the loop or the Yablo-graph alone. (In Subsection m
we remarked that it is not obvious how a negative answer to Question can
be derived from any of the conjectures - but, of course, we could be mistaken.)

What about the other conjectures? Conjecture (C) (Conjecture is
more specific than Conjecture (A) in the sense that it asserts the existence
of fixed points for the Boolean network <I>f associated to a digraph G, given
that G contains neither an even finitary inflation of the loop nor of the Yablo-
graph. Since there is a unique correspondence between Boolean networks of the
class <I>f and their dependency graph G, this makes the association between
semantic paradox and reference pattern much closer than in the previous case.
This invalidates Objections (i) and (ii) against Premise (2) - all adapted to the
context of Conjecture (C) - while Objection (iii) is just as applicable as in the
case of Conjecture (A). (And so is also the objection against Premise (1)).

However, one should keep in mind that Conjecture (C) in itself does not make
an assertion about all Boolean networks, but only about a certain subclass of
them and has to rely on a translation process in order to claim universality.
On the other hand, given the results of Chapter [3] and Theorem [3.2.6] in par-
ticular, one could argue that this translation process via regular inflation (cf.
Definition3.1.1)) of the dependency graph and dense weak system embedding
(cf. Deﬁ of Boolean networks into another preserves all the essential
information about the original constrained Boolean network. I would contend
that that Conjecture (C) is indeed a better candidate to support the claim that
there are essentially only two semantic paradoxes than Conjecture (A).

And a better one than Conjecture (D) (Conjecture [2.8.4)), which deals with
the concept of digraphs of infinite character - which is at least as abstract as
that of danger and thus again susceptible to Objection (i) and (ii).

6.3 Application to axiomatic theories of truth

In a series of papers ([37], [38] and [39]) Picollo introduces a notions of alethic
reference for sentences of the language of first-order Peano arithmetic extended
with a truth predicate, based upon which she formulates various axiomatic the-
ories of truth which then are proved to be (w-)consistent. The basic underlying
idea is to restrict the T-scheme to sentences that exhibit a benign alethic refer-
ence pattern, the paradigm of which is, as might be expected, well-foundedness.
But Picollo also considers a theory that allows for non-well founded reference
patterns, as long as they satisfy a propery that corresponds to our notion of a
finitely out-branching digraph (cf. Section [2.1)).

It would be interesting to investigate whether even proof-theoretically stronger
axiomatic theories of truth than those in [39] can be formulated and proved con-
sistent by using results and methods from this thesis. The first idea that comes
to mind is to work with the intertwined hierarchy of finitely out-branching and
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well-founded digraphs from Definition and apply Theorem to the
Boolean network discussed in Subsection 2.3.21

More advanced question then could be, for example, whether positive and
negative reference (in the sense of Section can also be formulated in the
vein of Picollo’s approach. And, whether an axiomatic theory of truth can be
formulated that avoids (odd) cycles and reference patterns corresponding to
(odd) finitary inflations of the Yablo-graph, and whether it can be shown to be
w-consistent relative to Conjecture (A) and Conjecture (C), respectively.

6.4 Application to the logical paradoxes

Finally, it seems worthwhile to consider briefly the question of whether our
abstract approach to the semantic paradoxes via Boolean networks is also ap-
plicable the logical paradoxes, i.e., the class - and property-theoretic paradoxes.
Can class-theoretic paradoxes be analyzed in terms of dependency graphs?

There are probably various ways to do this. The most straightforward one is
to look at Boolean networks that have a Boolean automaton for every ordered
pair (x,y) of classes (or even class terms) that is supposed to ‘compute’ whether
or not x is an element of y, given the results of the entire network and assuming
the validity of the comprehension scheme. Without going into details, it seems
clear that the automaton that ‘computes’ whether the Russell class R is an
element of itself has a (signed) dependency graph isomorphic to that of the
liar sentence. This is so because the truth value of the proposition ‘R is an
element of R’ depends on the truth value of the proposition ‘R is an element
of R’ in the same negative way the truth value of the liar sentence depends
on itself, producing an endless alternating sequence of output values of their
automata. On the other hand, the picture for the universal class U is quite
different: For every class x whatsoever, the proposition ‘x is an element of U’ is
true by definition of U. The computation process stabilizes at step one and the
dependency graph is the trivial one, consisting of an isolated point, just as that
for a sentence like ‘snow is white’.

Investigations along these lines could provide insights into how the semantic-
and the logical paradoxes are interrelated. Are the paradoxical dependency
patterns the same as for the semantic paradoxes? In particular, is there a
class-theoretical counterpart to the Yablo-paradox? (The answer is probably
language-dependent). And, more ambitiously, can results about fixed point
existence for Boolean networks be used in order construct models for set theories
with a universal set?
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