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Chapter 1

Introduction

Computational Learning Theory (CLT) emerged as a prominent area of study in the latter half of the past
century, one of the sub-disciplines studied under this area is Exact Learning with membership queries.
This sub-discipline operates under two central assumptions: First, each object gives rise to a particular set
of examples/properties it possesses, called positive examples, and a set of examples/properties it doesn’t
possess, called negative examples (see section . Second, each object can be uniquely identified by
a subset of its positive and negative examples (see thm. @ These sets are referred to as unique
characterizations with respect to the target concept (see def. @

Investigations have been made to find the upper-bounds of these unique characterizations (see works
IGK95|, [RS94], [SDHKO91]). In particular, cases where the object of study are Boolean functions, over a
specified set of variables, have also been studied (see works [ABCS92], [BI95]). In [ABCS92|, it is proven
that if our objects of study consists of all the possible Boolean functions, over a specified set of variables,
then every unique characterization must be exponential in size. The natural response to this negative
result is to restrict ourselves to some particular set of Boolean formulas for finding ‘better’ upper-bounds.
In the works [ABCS92] and [BI95] many such restrictions have been explored. This motivates the first
question we address in the thesis: (1) Precisely which sets of propositional formulas, over a specified set
of variables, have ‘better’ upper-bounds? Through this question what we are asking for is a complete
characterization of the formulas.

The case where our objects of study are modal formulas, over a specified set of variables, have also been
investigated. In a recent work by ten Cate and Koudijs [tCK24], it has been shown that if our objects are
all the possible modal formulas over a specified set of variables, then none of the unique characterizations
can be finite. This makes finite characterizations more appealing for the second question we address
in our thesis: (2) Precisely which sets of modal formulas formed from {O0,0} and set of propositional
variables Pr, over a specified set of variables, have finite upper-bounds? In the work [tCK24], it is already
established that some important classes of modal formulas do have finite characterizations.




Motivation and Outline of the Thesis

In this thesis we propose the study of propositional and modal clones to produce characterizations an-
swering (1) and (2) (see def|3.1.10] and |4.1.11)). As a consequence, the thesis splits off into two parts:
propositional and modal. Clone Theory has been studied extensively in Universal Algebra (see [Lau06]),
additional it has been employed in branches of Theoretical Computer Science like CSP. One of the promi-
nent results in clone Theory is due to E. Post, who in his work [Pos41], characterized all the size 2 clones.
Victor Dalmau, in his work [Dal99], provided a complete classification of boolean functions based on
learnability under certain cryptographic assumptions. This serves as the initial motivation of this thesis.
We follow Dalmau’s proof closely to provide three complete characterizations regarding different upper-
bounds of unique characterizations, namely theorems [3.2.26, [3.3.22.1] and [3.3.26 However there are two
key differences from Dalmau’s original proof.

First, we use fragments of propositional and modal logic instead of clones (see def. [3.1.10[and [4.1.11]).
In definitions [3.1.10] and 4.1.11], we have developed the motivation as of why fragments can be identified
with clones. This well-known correspondence between fragments and clones facilitates the translation of
many results from the theory of clones to fragments (for eg. theorem . The advantage we get by
using fragments is that we can generalise it easily to the modal case, whereas it will be difficult to do so
solely using clone theory.

Second, Dalmau used pwm-reductions, which were introduced by D. Angluin in [Ang87]. We develop a
weaker version of the reductions, namely PC-reductions (see section . Building upon the three results
mentioned above, we also establish three results pertaining to exact learnability, namely theorems [3.2.28]
13.3.31] and [3.3.32] Interestingly, we get back Dalmau’s original result in [Dal99], minus the cryptographic
assumptions, in the form of Hence, the propositional part of the thesis is a partial extension of
Dalmau’s work [Dal99]. To close off this part, we discuss the decidibility of the characterization problems.

Similarly, the modal part of the thesis is an extension of ten Cate and Koudijs work in [tCK24]. We
uplift the results from the propositional part and establish one crucial theorem Finally, we are
able to produce the characterizations in theorem [£.2.24] and [£.2.25] leading up to our main result
The results mentioned are again classification results of three particular sub-lattices of the lattice of all
modal fragments, based upon whether a particular fragment admits finite characterization. Additionally,
we discuss exact learnability in |4.2.31} [4.2.32] and [4.2.33] We also take into account the decidibility of
these problems.

Structure of the Thesis

In Chapter 2 we start off by introducing all the necessary mathematical structures. It is in this chapter
that we introduce PC-reductions(see section and state some results (see[2.5.3] 2.5.2] [2.5.1)) on how it
preserves unique characterizations.

In Chapter 3, i.e.the propositional part of the thesis firstly introduces fragments of propositional
logic, followed by the correspondence of Post’s Lattice with the lattice of all propositional fragments.
Subsequently we closely follow Dalmau’s proof to establish our first main result and its learnability
counterpart. Following that we provide an analysis of the propositional fragment generated by x &y @ z




(see result |3.3.7.1f and [3.3.7.2)). We provide the next main results |3.3.22.1} [3.3.26l We also discuss the
decidibility of the unique characterization problems and some characterizations for the notions of exact
learnability.

Chapter 4, i.e. the modal part, follows the same blueprint. Due to the lack of representation of the
lattice of all modal fragments, we focus on three important sub-lattices of it. In the result we
establish that all of them are isomorphic to the Post’s Lattice and hence to each other. The result
states that every propositional concept class is PC-reducible to some particular modal concept classes.
The results pertaining to unique characterization for this part are [4.2.24] 4.2.25| and [4.2.26, We refine
these results to establish their learnability counterpart [£.2.31] [4.2.32] and [£.2.33] The decidibility of the
unique characterization results are again discussed.

In the conclusion we discuss the various open problems and the scope of future work.




Chapter 2

Preliminaries

Our goal is to view fragments of Propositional and Modal logic as concept classes, and provide classifi-
cations of them based on unique characterizations. The purpose of this chapter is to formally introduce
the Mathematical structures and the relevant framework that will aid our goal.

To start with, we introduce the mathematical structures necessary for our characterizations. In the
first section we gloss over various notions from order theory, building up to splitting pairs (see def.
and lattices (see def. [2.1.8] and [2.1.9)). The following section is dedicated to the theory of Clones. After
defining what clones are (see def. , we briefly point out the recent development of this field of study,
and introduce Post’s Lattice. To end the section, we look at some of the splitting pairs of the Post’s
Lattice that we will be using in the thesis.

The final section is used to lay down the framework of Computational Learning Theory (or CLT).
We discuss various notions of Unique Characterisations (see def. [2.4.5] [2.4.7} [2.4.8] [2.4.10| and [2.4.9)
and Learning (see def. [2.4.12] [2.4.13] [2.4.14] [2.4.15]). We also provide some connections between them.
Roughly, we discuss the following implications.

1. Exactly Learnable with membership queries = Polynomial Sized unique characterization (see thm.

2.4.16]).
2. Exactly Learnable dependent on size = Upper bound dependent on size (see thm. [2.4.17]1.).

3. Exactly Learnable dependent on polynomial size = Polynomial upper bound dependent on size (see

thm. R4.17]1i.).
4. Effectively Learnable with membership queries = Finite Characterizations (see thm. [2.4.17}iii.).

5. Computable Finite Characterizations with countably many concepts = Effectively Learnable with

membership queries (see thm. [2.4.18)).

The formal introduction of Propositional and Modal fragments have been delayed to their respective
chapters. Lastly, we introduce an important tool, namely PC-reductions which will be instrumental in
our characterizations.



2.1 Partial Order and Lattices

Partial Orders are relatively simple mathematical structures, they are defined as follows:

Definition 2.1.1 (Partial Orders). A partial ordering is a pair & = (P, <) where P is a set and < is a
binary relation on P which is:

o (Reflexive) :Vx € P(x < x)
o (Anti-symmetric) : VaVy[(x <y Ay <z) = x =y
o (Transitive) : VaVyVz[(x <y Ay < z) - x < 2]

There are various concepts that can be developed from partial orderings, two of them are supremum and
infimum.

Definition 2.1.2 (Infimum and Supremum). Let (P, <) be any partial order and let S C P. We call e a
lower bound on S if e <'s for every s € S. Furthermore, if there exists an e, s.t. ey is a lower bound of
S and for any other lower bound e of S, e < ey, then we call e, the infimum of S; written as inf(S). An
analogous definition applies to supremum.

Of our particular interest are anti-chains. For developing anti-chains we need to introduce the concept of
incomparable elements.

Definition 2.1.3 (Incomparable elements). Let &2 = (P, <) be a partial ordering and let a,b € P. We
say that a,b are incomparable if neither a < b nor b < a holds.

The name ‘partial ordering’ comes from the existence of such incomparable elements in the set. Chains
and anti-chains are important notions within partial Orderings.

Definition 2.1.4 (Chain). Let & = (P, <) be a partial ordering. We call a set C C P an anti-chain of
P if for any a,b € C, a and b are not incomparable. In other words, for every a,b € C either a < b or
b<a.

Definition 2.1.5 (Anti-chain). Let & = (P, <) be a partial ordering. We call a set C C P an anti-chain
of & if for any a,b € C, a and b are incomparable. Furthermore, C is a mazimal anti-chain if,

1. C is an anti-chain, and
2. for any ¢ € C there is a ¢ € C s.t. either c < ord <c.

Anti-chains also give rise to splitting pairs. Intuitively, splitting pairs can be thought of as generators
of the partial ordering. To establish the claim formally, we first define upsets and downsets.

Definition 2.1.6 (Upsets and Downsets). Given a partial order (P,<), a set ' C P is called an upset
if for every a,a’ with a € F and a < d’, we have that o’ € F. Similarly, D C P is a downset if for every
a,a’ with a € D and o' < a, we have that a’ € D.



Given a set S, we can talk about upset generated by the set. We define the upset, generated by a subset
S of a partial order & = (P, <) as:

1S ={se€P:3ce S[c<s]}
Similarly, downset generated by S can be defined as:
1S={seP:3ceS[s<c|}

Definition 2.1.7 (Splitting Pairs). Let & = (P, <) be a partial ordering. We call a pair of sets (A, B)
a splitting pair if AU B is an anti-chain and P = TAU |B.

Splitting pair will be a handy tool while discussing Post’s Lattice. Lattices are yet another kind of
mathematical structure which will be helpful in our study. We can introduce the structure in two possible
ways, using order theory or algebra, both of which are equivalent.

Definition 2.1.8 (Order Theoretic). A lattice L = (L, <), in the order theoretic sense, is a partial order
s.t. for any elements a,b the following two elements are well defined:

1.a+b:=sup{ceL:a<cAb<c}
2.a-b:=inflceL:c<anc<b}
where sup and inf means supremum and infimum of a given set.

Definition 2.1.9 (Algebraic). A lattice L = (L,+, ), in the order theoretic sense, is an ordered triple,
where L is a set and +,- are commutative and associative binary operations on A. Futhermore, both of
them satisfy the following condition for any a,b € L:

1. (a-a)=a=(a+a)
2. [a+(a-b)]=a=][a-(a+D)]

The two definitions are indeed equivalent. The order theoretic definition provides a blueprint of how
to go from it to the algebraic definition. On the other hand we can do a similar thing, start from the
algebraic definition and go to the order theoretic one. In a lattice £L = (L, +, ), defined in the algebraic
sense, for any two elements a,b € L define

a<b <= a+b=">

or equivalently a < b if and only if a - b = a. What we have defined on L is a partial ordering.
The following can be easily verified.

Proposition 2.1.10. The relation < induces a partial ordering on L. O

10



We refrain from settling on a particular definition of lattice, while the order theoretic one provides
more intuition, the algebraic definition is easier to use. Hence, we will be oscillating between the two
definitions, but the reader can figure out the definition so used from the context.

Sometimes in a lattice there are maximal and minimal elements. Sub-lattices is also a concept that
will be of importance to us. We define all the terms mentioned above in the following way:

Definition 2.1.11. Let t,b be two elements from a lattice L = (L,+,-). We say t is the top element if
for any a € L, we have a-t =a and a+t =t. Similarly, we say b is the bottom element if for any a € L
we have thatb+a =a andb-a =b.

Definition 2.1.12. Given a lattice L = (L, +,-) a sub-lattice L' = (L', +,-) is a lattice with the following
properties: firstly L' C L, and if a,b € L' thena-b€ L' anda+be L.

It is standard in the literature to denote the top and bottom elements of a lattice £ by the symbols T
and 1, respectively. We will be cautious about dropping the subscript since both the symbols mentioned
above also refers to standard terminologies in logic. If top and bottom elements exist in a lattice, then we
call it a lattice with end points. The intuition behind using the terms ‘top’ and ‘bottom’ is understood
better by the partial ordering counter-part of the definition.

So far we have established lattices as a special kind of partial ordering, hence concepts like anti-chains
and dualities are also applicable to them. In the coming section we will harness these tools to examine in
depth the structure of Post Lattice.

2.2 The Theory of Clones and Post’s Lattice

Let us denote by N the set of all natural numbers, then we define N* = {1,2,3...}, i.e. the set of
all natural numbers excluding 0. A finitary operation f, over a given set A, is a function of the form
f: A" — A where n € Nt. We define an algebra as:

Definition 2.2.1 (Algebra). An algebra is an ordered pair A = (A, F), where A is a set and F is a set
of finitary operations over A.

For defining clones, we need the help of compositions and projections.

Definition 2.2.2 (Projections). Let n,k € NT and k < n. Given a set A, by the projection map
mp A" — A we mean the function 7} : (x1,...x,) — Ty, i.e the function that maps every n tuple to the
kth element of that tuple.

Definition 2.2.3 (Compositions). Let fi,... f, be a collection of m-ary functions over a set A, and let
f be a n-ary function over the same set. By composition of f over fi...f, we mean a m-ary function
defined in the following way:

f(fla"'vfn)(xlv'--)xm) = f(fl(‘rla-'~xm)7"‘7fn($1a--'71‘77’L)

11



In the definition above, fi,..., f, were assumed to be the same arity, but that does not cause us to
loose generality. Indeed we can use the projection map and the above definition to ‘increase’ the arity of
any function. For an example, consider the bi-variate function f(z,y). We can make it into a tri-variate
function in the following way:

fltrvyvz):: f(ﬂ%(x7y¢z)>ﬂg($ayaz))

‘z’ in the above example acts like a place holder. A similar treatment can be applied to a finite set of
functions g1, ..., gn. Pick the function with the greatest arity and ‘increase’ the arity of all the others, to
make all of their arity uniform.

Let A = (A, F) be an algebra and n € NT, by O we denote the class of all functions from A" to A
(there might be functions that are not in F'). Finally, we can define the set of all finitary functions as

ot= ] o}

ne Nt

Roughly speaking, clones are composition-closed sets of functions that contain projections. More formally,
clones are defined as:

Definition 2.2.4 (Clones). For a set A, a clone is a set C' C OA, satisfying the two given conditions:

1. All the projections are in C, i.e. for any n,k € Nt and k < n, 7 is in C.
2. C is closed under compositions, i.e. for any fi,..., fn € (O NC) and f € (02NC), we have that

f(f1y.oy fn) is also in C.

Lattices are often used to arrange mathematical objects of interest. For our purpose, we will be looking
at the lattice of all possible clones over a given a domain A. Let £ denote the set of all clones of the
algebra A = (A, F'). Given two clones C7, Cy of A, it is easy to verify that C1 N Cy is also a clone of A. In
fact for any arbitrary set of clones {C; : i € I}, (;c; C; also forms a clone of A. Given a set T of finitary
functions over A, we define

ClUT) := ﬂ{Ce.ﬁf:Tg C and C is a clone}

We call CI(T) the clone generated by T', which is the smallest clone containing T'. For every clone C,C’
of an algebra A, define LI(C,C") = CI(C U C"), this definition helps us to state the following result

Theorem 2.2.5. For any algebra A = (A, F), the set (£,U,N) forms a lattice, where £ is set of all
clones of A.

Proof. Fix an algebra A and let £ be set of all its clones. N and § are by definition commutative and
associative operations on £. We just need to verify that they follow the given two conditions of the lattice
definition.

12



But notice that for any clone C, CNC = C and CI(CUC) = Cl(C) = C (since C is already a clone
of A). Now let C, D be arbitrary clones, as C' C CI(C U D) we can infer that

CNCl(CUD)=C

On the other hand CI(C'U(C'N D)) can be written as CI(C'N(CUD)) using De Morgan’s Laws. However
CnNn(CUD)=C so,
cl(Cn(CuUuD))=cClC)=C

since C is already a clone. As C, D were arbitrary, this concludes our proof. O

Clone Theory as a discipline investigates algebras irrespective of their signature. Hence, for any
Algebra A = (A, F') the purpose of clone theory is to study the domain of the algebra, namely A. One of
the areas of study, following the theorem above, is the following: Given a set A, identify the lattice of all
of its clones L4.

The following section is dedicated to the case when |A| = 2, which forms the heart of our thesis.

2.3 The Post Lattice

Whilst there is ongoing research for the cases |A| > Ny (see [GP07] and the references within), vast
majority of the research focuses on the cases where A is finite. Even in the finite case, the situation gets
too complex even for lower cardinalities. In addition to the sheer size of the lattices when |A| > 3, there
are results that state the structure of them is much intricate (see [BUL93|). In the case of |[A| > 4, it
has been shown that every finite product of sub-lattices of £4 is a sub-lattice of £4 (see [Bul94]).

Fortunately, the landscape when |A| = 2, also known as the boolean case, is a lot clearer to us. The
lattice corresponding to all the clones of |A] = 2 (known as Boolean clones), though infinite, has been
classified fully. The breakthrough work was done by Emil Post in 1941 book [Pos41], though he first
announced his results in 1920s. The lattice of all Boolean clones came to be known as Post’s Lattice.

Formally, Post’s Lattice is the lattice of all the clones of the algebra B = ({0,1}, ). Each of the
elements in the lattice, i.e. each Boolean clone, is generated by a finite set of boolean function.

Definition 2.3.1. A function f is called a boolean function if dom(f) = {0,1}" for some n € N* and
ran(f) = {0,1}.

13






Clones Generating Formulas

U -, L

AP TRYdz

A Ty, T

DM (xAYy)V(yAz)V(xAz)

AT, L

\ Vv, T, L
MPTg® A (yVz)
MPT$® zV(yAz)
PTE z A (y — 2)
PTS° zV(y®z)

M AV, T, L

Boolean functions can be expressed using propositional formulas. Every propositional truth table can be
thought of as a ‘boolean connective’, indeed formally every truth table over n variables is a function from
{0,1}™ — {0,1}. Our claim follows from one of the classic theorems in Propositional Logic.

Theorem 2.3.2 (see [Men09]). There is a propositional formula corresponding to every truth table. [

Following definition of generating clone given below, we are justified in thinking that every clone
is generated by a set of propositional formulas (to be more precise, every clone is generated by the boolean
connectives corresponding to the truth tables of a given set of propositional formulas).

Definition 2.3.3. Let C be a boolean clone. A finite set C C C is called it’s generating set if
C:ﬂ{CEXB:CQC}
where £p is the set of all boolean clones.

If C is the generating set of a clone C, then we write C = CI(C). The table above denotes some of the
clones in Post’s Lattice. These clones would be crucial in our thesis later on. Another important thing
about the presented list is that some combinations of them produce splitting pairs in the Post Lattice.
We introduce some splitting to us in the subsequent chapters.

S1:= ({DM, MPT{, MPT{°}, {, V,A})
Sy = ({M, PTY, PT°}{,V, U})
83 = ({PQ,VPl}, {MP, U})
Sy := ({AP, MPTg°, MPT{°}, {,V, U})

15



The final remark we want to make before moving forward is that the problem of deciding whether a
particular boolean connective belong to a clone is decidable.

Theorem 2.3.4 (see [Vol09]). Given a boolean connective f and a finite class of boolean connectives C,
it is decidable whether f € CI(C) or not. O

2.4 Computational Learning Theory and Concept Classes

We now focus on developing the framework we work with in this thesis, namely Computational Learning
Theory. CLT is a relatively recent branch of study in Artificial Intelligence and focuses on a computer’s
ability to ‘learn’ from examples. The questions we examine falls under the umbrella of CLT, in this section
we introduce the reader to the type of inquiry we are aiming towards and how it binds to Algebra and
Logic.

CLT is based upon the premise that concepts can be distinguished using examples. We start off by
defining what concept classes are.

Definition 2.4.1 (Concept classes). A concept class is an ordered triple C = (C, E, \) where:
e C is a set, which we call the concept space.
e FE is another set which we call the example space.
e A\:C — P(E) is a function that maps each concept to a set of examples.

In addition to examples we often use labelled examples. Since we distinguish concepts based on examples,
we emphasis on equivalent concepts.

Definition 2.4.2 (Equivalent concepts). Let C = (C, E, \) be a concept class. We callc,c’ € C equivalent,
denoted as ¢ =2 ¢, if Mc) = A(c).

Definition 2.4.3 (Labelled examples). Let C = (C, E, \) be a concept class. The set of labelled examples
E' of C is the set E' = E x {+,—}.

Definition 2.4.4. Suppose C = (C, E, \) is a concept class and let T C E'. We say a concept c € C fits
T if the following two conditions holds:

o (t,4H)eT =te Xec)
o (t,—)eT =t¢&Ac)

We often call labelled examples of the form (¢, +) as positive examples and (t, —) as negative examples.
It is easy to see that two non-equivalent concepts are distinguishable if there exists a labelled example
that distinguishes them. In other words we have that ¢ 2 ¢, for some concepts ¢, ¢ in a concept class
C = (C, E,\), if there is some example ¢ s.t. t € A(c) and ¢t € A(¢/). As evident in the previous discussion,
distinction between various concepts within a concept class is dictated by examples. Therefore it is
worthwhile to look for a representative set of examples given a concept c.
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Definition 2.4.5 (Unique characterization). Suppose C = (C, E,\) is a concept class, we say that a set
T C E' uniquely characterizes a concept ¢ € C if

o c fits T and
e for any concept ¢ that fits T we have that ¢ = (.

It is easy to see that every concept ¢ of any given concept class C = (C, E, \) has at-least one unique
characterization; we just consider the set A(c).

Theorem 2.4.6. For every concept ¢, of any given concept class C = (C, E, \), there exists at-least one
unique characterization.

The interesting part is, as the reader might guess, there might be multiple unique characterizations.
In the following paragraph will illustrate two examples.

Consider the concept class C(N) = (N, O, Ay), where N is the set of all natural numbers, O is the set
of all examples of the form ‘< n’, where n is again a natural number. Finally, Ay is defined the following
way:

t<n’ely(s) &= s<r

Notice that, following the previous theorem, for each concept c, there is an unique characterization of
(countably) infinite many examples. But again every natural number, n say, has a unique characterization
of size 2! Consider this set {(* <n+1",4),(" <n—1",—)}. Hence we are interested in such ‘better’
unique characterizations.

We introduce some general notions of unique characterizations that we will adapt for our purposes in
the later chapters.

Definition 2.4.7 (Finite Characterizations). We a concept class C = (C, E, \) has finite characterization
if for every concept c € C we have an unique characterization T, of ¢ s.t. T, is finite.

In the definitions below, |E| will denote the size of the example space E, but in a liberal sense. The
reader should think of |E| as map from F to N s.t. for every example space E, E’

ECFE = |E|<|F|

On top of that, the notions we introduce are about collection of concept classes, instead of a particular
concept class. The choice is justified as follows: Let C be a finite concept class (i.e. the concept space
and the example space is finite). In this case C will always have a polynomial bounding the size of unique
characterizations. Hence, the study of one (finite) concept class regarding polynomial bounds is trivial.

Definition 2.4.8 (Polynomial sized Unique characterization). Let X be a collection of concept classes.
We say X has Polynomial sized unique characterization (or PSUC) if there exists a polynomial p(x,y)
s.t. for every concept class C = (C, E, \) in the collection X and every concept ¢ € C, there is an unique
characterization T, of the concept ¢ s.t. |T.| < p(|c|, |E]).
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Definition 2.4.9 (Upper bound dependent on concept size). Let X be a collection of concept classes. We
say X has an upper dependent only on concept size if There exists a function f(x) s.t. for every concept
class C = (C, E, \) in the collection X and every concept c € C, there is an unique characterization T, of
the concept ¢ s.t. |Tc| < f(|¢]).

Definition 2.4.10 (Polynomial upper bound dependent on concept size). Let X be a collection of concept
classes. We say X has a polynomial upper dependent only on concept size if there exists a polynomial
p(x) s.t. for every concept class C = (C, E,\) in the collection X and every concept ¢ € C, there is an
unique characterization T, of the concept ¢ s.t. |T,| < p(|c|).

The definition [2.4.9] and [2.4.10| will be adapted in the form of ‘upper-bound dependent on variables’
and ‘polynomial upper-bound dependent on variables’ in the chapter where we analyse Propositional
Logic. To define the notions of learnability that we use, we need the concept of membership queries.

Definition 2.4.11 (Membership Queries). Let ¢ be a concept from the concept class C = (C,E,\). A
membership query MQ.(x) is an oracle that takes in any example e from E and labelled it according to c,
i.e. MQ.(e) =+ if and only if e € A(c), otherwise MQ.(e) = —.

Definition 2.4.12 (Exactly Learnable with membership queries). Let X be a collection of concept classes.
We say X is exactly learnable with membership queries if there exists an algorithm Alg(x) and a polynomial
p(xz,y) s.t. for every concept class C = (C,E,\) € X, and for every concept c € C, if the algorithm has
access to the membership query MQ.(x), then the algorithm Alg(|E|), on input |E|, halts with at-most
p(|c|, |E|) many steps and returns a concept ¢’ s.t. ¢ = c.

Definition 2.4.13 (Exactly Learnable dependent on size). Let X' be a collection of concept classes. Fix
a concept d from any concept class C = (C, E,\) € X. We say X is exactly learnable dependent on size
if there exists an algorithm Alg(x) and a function f(x) s.t. for every concept class C = (C,E,\) € X
and concept ¢ of C, if the algorithm has access to the membership query MQ.(z), then the algorithm
Alg(|E|), on input |E|, eventually halts and returns a concept ¢’ s.t. ¢ = ¢, and for every concept class
C = (C,E,\) € X with d € C, if the algorithm has access to the membership query MQg(x), then the
algorithm Alg(|E|), on input |E|, halts with at-most f(|d|) many steps and returns a concept d’' s.t. d = d’,

Definition 2.4.14 (Exactly Learnable dependent on polynomial size). Let X be a collection of concept
classes. Fiz a concept d from any concept class C = (C,E,\) € X. We say X is exactly learnable with
polynomial dependent on size if there exists an algorithm Alg(x) and a function p(z) s.t. for every concept
class C = (C, E,\) € X and concept ¢ of C, if the algorithm has access to the membership query MQ.(x),
then the algorithm Alg(|E|), on input |E|, eventually halts and returns a concept ¢ s.t. ¢ = ¢, and for
every concept class C = (C,E,\) € X with d € C, if the algorithm has access to the membership query
MQq(z), then the algorithm Alg(|E]), on input |E|, halts with at-most p(|d|) many steps and returns a
concept d' s.t. d=d'.

Definition 2.4.15 (Effectively Learnable with membership queries). We say a concept classC = (C, E, \)
is effectively learnable with membership queries if there exists an algorithm Alg(x) s.t. for every concept
c € C, if the algorithm has access to the membership query MQ.(x), then the algorithm Alg(|E|), on input
|E|, halts and returns a concept ¢ s.t. ¢ = .
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We now establish how the notions of unique characterization(s) and exact learnability we developed
are interconnected.

Theorem 2.4.16. For every collection of concept classes X, if X is exactly learnable with membership
queries then it has polynomial sized unique characterization.

Proof. Suppose that X is exactly learnable with membership queries. therefore there is an algorithm
Alg(z) and polynomial p(x) that witness it. We define the following set:

Ke = {(e,MQc(e)) : Alg(|E|) invokes MQ,(e) while running on input |E|}

Now the algorithm Alg(x) inquires the membership query MQ.(x), for any ¢, at most p(|c|, |E|) many
times. Hence, |KC:| < p(|c|, |E|). It is easy to verify that /. is an unique characterization. O

The same holds for other notions as we will state now. We skip the proofs of these theorems since
they are essentially the same.

Theorem 2.4.17. For every collection of concept classes X, and concept class C, the following holds,
1. If X is exactly learnable dependent on size then X has upper bound dependent on concept size.

7. If X is exactly learnable polynomial dependent on size then X has polynomial upper bound dependent
on concept size.

7ii. If C is effectively learnable then C has finite characterization. O

In chapter 3, we will prove that for propositional fragments the converse of 7. and 4i. for theorem [2.4.17]
holds. It is also true that the converse of ii¢. in the above theorem holds under some special restrictions.

Theorem 2.4.18. Let C = (C, E, \) be a concept class where |C| < |N| and the concept class has finite
characterization. Furthermore, for each ¢ € C, there is an computable finite characterization of c. Under
these assumptions, C is effectively learnable.

Proof. Let C = (C, E, \) satisfying all the constraints in the theorem. Enumerate all the concepts of C'
as follows:

C1,C2y...Cpy.-.

Now there should exist an algorithm, Alg, (z) say, which on input ¢; should output an unique characteri-
zation T, of ¢;. Now we define an algorithm Alg as follows.

Alg goes through each of the concept ¢; and simulates the working of Alg,(¢;) and obtains the unique
characterization T;,. Following that, for each (¢,q) € T, asks its accessible membership query whether
MQ.(t) = ¢ or not. If above constraint is satisfied for every (¢,q) € T.,, then the algorithm Alg halts,
otherwise it moves onto c;4+1. It is evident that for some j, ¢c; = c and the machine will eventually halt. [

We conclude this chapter here, the following chapter will be focused on introducing an important tool,
namely PC-reductions, that will crucial for our analysis. The subsequent chapters will formally introduce
Propositional and Modal Logic as concept classes, and that is where our analysis will take place.
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2.5 PC Reductions

Inspired from [AK95], in this section we introduce a specific type of reduction which will be crucial for
our study. The main aim of these reductions, which we will call PC reductions, is to preserve unique
characterization, modulo polynomial blowup. Upon a closer look, the reader might recognize that these
reductions are indeed a special case of pwm-reductions, as used in [AK95, [Dal99]. The reason we propose
an alternate reduction is due to the scope of this thesis, PC reductions preserve less things (unlike pwm-
reductions which preserve learnability with membership queries) and hence are easier to define between
concept classes.

Before defining the reduction formally, we need some definitions. Let C = (C, E, \) be a concept class
then by N¢ we mean the following set:

(c,t) € No <= cis a concept in C, t is a labelled example s.t. ¢ fits {t}.

The next idea is that of a critical set of a concept class. Let C = (C, E, \) be a concept class, we say
Cr(C) C FE is a critical set if for any concepts ¢, ¢ € C we have an e € Cr(C) distinguishing them, i.e
e & M) N A(¢)) for any concepts ¢, ¢'.

Now, let C; = (C4, E1, M) and Cy = (Cy, E2, \2) be two concept classes. We say C; is pe-reducible to
Ca, written as C1 <p. Ca, if there exists f, g and p such that

1. f:C; — (s is a function mapping concepts to concepts and h : E; — F» be a partial function with
Cr(Cy) € dom(h), and for any concept ¢ € C; and any example e € F, if e is a positive (negative)
example of ¢ then h(e) is a positive (negative) example of f(c).

2. g : Ng, — P(EL) is a partial map, mapping concepts and their fitting examples to a subset of
labelled examples s.t. for every (c¢,t) € Ng, if ¢ € ran(f) then (¢,t) € dom(g). Additionally g
should satisfy that for any ¢ € Cy and for ¢t € Eb, if (f(c),t) € L, then ¢ should fit g(f(c),t).

3. p is a non-decreasing polynomial in two variables s.t. for any (c,t) € L¢,, the size of g(c,t) is
bounded by p(lel, |Eal), i.e lge, )] < p(lc], |Esl).

4. If ¢ € Cy be such that ¢ fit g(f(k),t), for some (f(k),t) € L¢,, then f(c) fit ¢.

Sometimes our h will be entire functions i.e. dom(h) = Ej, in those cases we do not explicitly mention the
existence of critical set. To see that PC Reductions indeed preserve polynomial sized unique characteri-
zation, we first fully state what it means to have Polynomial Sized Unique Characterization (PSUC for
short). Remember that by C(Lo[Prop|) we denote a collection of concept classes instead of one particular
instance. Our generalization would extend that concept to all concept classes.

We say a collection (or class) of concept classes X has polynomial sized unique characterization if
there is a non-decreasing polynomial p(x,y) s.t. for any C = (C, E,\) € X and any concept ¢ of C, we
have that ¢ has a unique characterization with at-most p(|c|,|E|) many examples. Similarly, we say a
collection of concept classes X has finite sized unique characterization if for each concept class C € X and
each ¢ € C there is a finite sized unique characterization for c¢. If X = {C;} then we just say {C;} has
PSUC (and accordingly, finite characterization).
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In the previous definition |c| stands for ‘size of the concept’ and |F| stands for ‘size of the example
space’. We do not formally define what ‘size’ and ‘length’ should be, it because of the abstract nature of
concept classes. But for our purposes, if we fix the set of formulas O and list of propositional variables
Prop then for C(Lo[Prop]) ‘size of the concept’ is the connectives used in the formula and ‘size of the
example space’ is |Prop|.

Now we begin to uncover the properties of PC reductions. The next proposition is esay to infer.

Proposition 2.5.1. Let C = (C, E,\) and D = (D, E,\) be two concept classes s.t. C C D. It follows
that C <p. D.

Proof. Our choice of functions are the following. Take f to be the identity map from C' to D. Furthermore,
g((d,t)) = t whenever (d,t) € Ng. Finally, h again the identity map and p(z) = 1, the constant
polynomial. The reader can verify our choices of f, g, h and p is a PC-reduction from C to D. O

Secondly, PC reductions are supposed to preserve polynomial sized unique characterization. Instead
of proving the above, we prove something stronger.

Theorem 2.5.2. Let X, be two classes consisting of concept classes. Fix positive integers k, k', m and
a polynomial p(x,y). Suppose for each C; = (C1, E1, 1) € X, there is a Co = (Co, Ea, A2) € Y s.t. there
are functions f, g, h satisfying the following:

1. f,g,h,p witnesses a PC reduction from Ci to Cs.
2. |Eqs| < m|E]
3. for any concepts c; € Cy and |f(c1)| < k|ea|
then if Y has polynomial sized unique characterization then so does X .

Proof. Fix k,k',m. Pick any concept class C; = (C1, E1, A1) € X, and assume there is Cy = (Ca, Fa, A2)
and f, g, h, p which satisfies the above properties. Let g witness X’s polynomial sized unique characteri-
zation.

Pick a concept ¢ € C1, and let T be a polynomial sized unique characterization of f(c). We know
IT| < q(|f(c)l,|E2]|), . Consider the set

s = lg(s(0),0) | te T}

We claim S uniquely characterizes c. It is evident from definition of PC reduction itself that ¢ fits S, since
¢ fits each of g(f(c),t). Now, suppose ¢’ € C; also fits S, which again from the definition gives us f(c’)
fits T'. Since T was an unique characterization, we can conclude f(c) = f(¢’), now if ¢ % ¢’ then without
the loss of generality we can assume that there is an example e s.t. ¢ fits e but ¢’ does not. Therefore,
h(e) is a positive example of f(c) but a negative example of f(¢/) which is contradiction, since they are
equivalent. Hence, we conclude ¢ = (.
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We have proven S is a unique characterization, now we put a bound to it’s size. Notice that for each
teT,

9(f(e),t) < p(If ()l |E2|) < p(klel + K| Ey|,m|Ex])

Now, as
T < q(f(c)l, | E2l) < p(klc| + K| Ev|, m|E1])

using the union bound lemma we can see that |S| < p(k|c| + K| E1|, m|E1|) - ¢(k|c| + K| E1], m|E1|) which
is a bi variate polynomial in ¢, F/1. Since Cy1, ¢ was arbitrary, we can conclude that X has polynomial sized
unique characterization property, whenever the conditions in the theorems are satisfied. O

With minor changes in the original proof we can establish the two corollaries given below. Suppose
X ={C1} and Y = {Ca}, then using the above theorem we have the next two corollaries:

Corollary 2.5.2.1. Let C; = (C1,E1, A1), Co = (Cq, Ea, \2) be two concept classes. Suppose there are
k,m € N and a non-decreasing polynomial p(x,y) s.t.

1. lea| < kley| for any ey € E1 and e3 € Ey
2. for any concepts ¢ € C1 and ¢y € Ca, we have |ca| < mlc|
3. There are f,g,h s.t. C1 <pc.Ca and f, g, h,p witnesses the reduction.
then if Co has polynomial sized unique characterization then so does Cj. g

Corollary 2.5.2.2. Let C; = (C1,E1,\1), Co = (Ca, E2,\2) be two concept classes. Suppose there is
constant p > 0 s.t. there are f,g,h . C1 <pe C2 and f, g, h,p witnesses the reduction. Then if Co has finite
unique characterization then so does Cy. O

As it is the case with the last corollary, even the general case requires less constraints if we are aiming
to preserve finiteness.

Corollary 2.5.2.3. Let X,Y be two classes consisting of concept classes. Suppose there is a constant
p >0 s.t. for each C; = (C1, E1,\1) € X there is a Co = (Ca, E2, A2) € Y satisfying the following: There
are f,g,h s.t. Ci <pe C2 and f,g,h,p witnesses the reduction. It follows that if Y has polynomial sized
unique characterization then so does X. O

Theorem 2.5.3. Let X', ) be two collection of concept classes. Fix positive integers k,m and a constant
polynomial p(x). Suppose for each C € X, there is a C' € Y s.t. there are functions f, g, h satisfying the
following:

1. f,g,h,p(z) witnesses a PC reduction from C to C'.
2. for every concept ¢ € C we have |f(c)| < kl|c]

then if Y has an upper bound dependent on concept size, then so does X.
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Proof. The proof is almost the same as in theorem Let a be the function witnessing concept
size dependent upper-bound on ) and assume the antecedent of our theorem. Fix a concept ¢ of C, and
consider its image f(c) in C’.Suppose T is an unique characterization of f(c) s.t. |T'| < «a(|f(c)|). Consider

the set
S=Jo(f(e),t) | t e T}

We claim S uniquely characterizes c. It is evident from definition of PC reduction itself that c fits S,
since ¢ fits each of g(f(c),t). Now, suppose d € C also fits S, which again from the definition gives us f(d)
fits T'. Since T' was an unique characterization, we can conclude f(c) = f(d), now if ¢ 2 d then without
the loss of generality we can assume that there is an example e s.t. ¢ fits e but d does not. Therefore,
h(e) is a positive example of f(c) but a negative example of f(d) which is contradiction, since they are
equivalent. Hence, we conclude ¢ & d.

To put a bound on the size of S, we see that

[SI < p|T| < pxaflf(c)]) < px alkl(c)])
Therefore |S| is again bounded by a function of |c|. O

In the subsequent sections we will use PC reductions on various collections of concept classes, it will
be a crucial tool in establishing some of the results in this thesis.
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Chapter 3

Case Study: The Propositional
Fragments

As we remarked earlier, our goal is to view fragments of propositional and modal Logic as concept classes
and provide classifications upon various notions unique characterizations. In this chapter we tackle the
task for the propositional case. To start with, we provide a very brief introduction of propositional Logic,
covering all the essential concepts needed to define fragments of this logic (see def. . Following that,
through a sequence of results, we establish that the lattice of all propositional fragments is isomorphic to
the Post’s Lattice (see thm. [3.1.19).

The rest of the chapter is inspired from, and is an extension of V. Dalmau’s work in [Dal99]. We
establish three characterizations with respect to unique characterizations, namely theorem [3.2.26] [3.3.22.1]
and , and three characterizations with respect to exact learnability, namely theorem
We provide two tables (Table 3.1 and Table 3.2) listing all of our findings. In this table we look
at fragments of propositional logic parameterized by a set of propositional formulas Pr. The contents
to the left of the table is linked by an ‘if-and-only-if’ condition on the right of the table. Furthermore,
we establish that each of these problems are decidable, i.e there is an algorithm that takes as input a
finite set of propositional formulas and outputs whether the fragment formed by that set has any of these
properties or not.

The first table mentions three different notions of unique characterizations. The notions differ from
each based upon the function witnessing the upper bound. ‘Polynomial sized unique characterization’
or PSUC is witnessed by a bi-variate polynomial dependent on size of concept and the specified set of
propositional variables, p(|varphil, |Prop|) say (see def. [2.4.8)). On the other hand ‘unique characterization
based on variables’ is witnesses by an uni-variate function dependent on variables of a given formula,
f(lvars(p)]) say, which is not necessarily a polynomial (see def. [2.4.9). Finally, ‘polynomial unique
characterization based on variables’ is the case where the witnessing function, f(z) say, for the case of
‘unique characterization based on variables’ is an uni-variate polynomial (see def. .

For the latter table we look into three notions of exact learnability. These three notions now differ due
to the admitted running time of the algorithm. A fragment admitting ‘Exactly learnable with membership
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C(Lpy) admits ... CI(Pr) is a subset of

Polynomial Sized unique (1) CUA, L, T)
characterization (7)) Cl(v,L,T) or
(13i) Cl(«>, L).

Unique characterization (1) ClUN,V, L, T) or
based on variables (7)) Cl(—, L).
Polynomial unique (1) CI(A, L, T)

characterization based (7)) Cl(v, T, L) or
on variables (i7i) Cl(—, L).

Table 3.1: Table for Unique characterization

queries’ would be witnessed by an algorithm halting in polynomial time depending on size of the formula
and the specified set of propositional variables, p(|p|, |Prop|) say (see def. [2.4.12). ‘Exactly learnable
dependent on variables’ is more complicated. If a fragment admits this property then all the formulas
from this fragment are effectively learnable (see def. but some of the formulas are learnt in time
< f(lvars(y)|), where f(x) is a non-decreasing function. ‘Exactly learnable dependent on variables’ is
the same as in the previous case, the only difference being f(z) = p(x) for some polynomial p(x) (see def.

pad).

The bulk of this chapter is dedicated to establishing various PC reductions and analysis of particular
fragments. For the first result, theorem we follow V. Dalmau’s proof blueprint. For the positive
results we analyse the fragments formed by the sets {z Ay, T, L}, {x Ay, T, L} and {x @y, T}. For the
negative results we resort to PC-reductions.

The second result, namely theorem follows the same proof strategy. For positive results we
analyse the fragments formed by {z Ay,z Vy, T, L} and by {—z, L}. For the negative results we firstly
analyse the fragment {z @ y @ z} and resort to using PC-reductions.

The last result, namely theorem is a refinement of the theorem [3.3.22.1]and [3.3.26] The results
pertaining to learnability are established by providing explicit algorithms and using theorems and
2.4.16] The reader is encouraged to read the concerned sections for detailed proofs.

3.1 Propositional Logic and Propositional Fragments

We introduce the notion of propositional fragments and look into it’s correspondence with Post’s Lattice.

Definition 3.1.1. The full propositional logic over a set of propositional variables Prop, denoted as Lpyop,
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C(Lp,) admits ....

CI(Pr) is a subset of

Exactly Learnable with

membership queries

(1) CUA, L, T)
(1) CI(V, L, T) or
(7i1) Cl(4+=, L).

Exactly Learnable

dependent on variables

(i) Cl(A,V, L, T) or
(1) Cl(—, L).

Exactly Learnable

(1) CUN, L, T)

(i5) CL(V, T, L) or
(idi) Cl(~, L).

polynomially dependent

on variables

Table 3.2: Table for Exact Learnability

s generated recursively by,
pu=pl-p[pAplpVp|T| L
where p € Prop.

There is no restriction on Prop to be finite (or infinite). Notice that we omitted some functions like
—, this can be defined from other functions such as p = ¢ =—-pVq.

Definition 3.1.2. Given a propositional formula ¢, vars(y) denote the variables occurring in that for-

maula.
Definition 3.1.3 (Variable assignment). A function p: Prop — {0,1} is called a variable assignment.

Definition 3.1.4 (Models of propositional logic). Let Lp,o, denote the set of all propositional formulas
over the set Prop. An model (of a propositional logic) is a function v : Lpyop — {0,1}, that follows the
following conditions for any 1,0 € Lpyop.:

AOAB) =1 = i) =1 and 4(6) = 1
(1/1\/(9)—0<:> 1(1p) =0 and (0) =0
f(~y) =1 <= [(y) =0

a(T) = (L) =0

Definition 3.1.5 (Satisfaction in propositional logic). Given a propositional model fi and a propositional
formula ¢ over a set of variables Prop, we say [i = ¢ if and only i(p) = 1.

Notice that every function p : Prop — {0,1}, can be extended to a model of propositional logic fi and
vice-versa. We will often abuse notation and state variable assignments as models, the reader can easily
infer our intentions from the context.
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Proposition 3.1.6 (see [Men09|). For any propositional formula ¢(pi,...,pn)(over a set of variables
Prop) with all of its variables listed, we have the that for any models fi, 0 over Prop,

fi(p) = v(p) < ivars(p)) = v(vars(p))

The previous lemma establishes that satisfaction of every formula ¢ is dependent only on vars(y).
This fact will be crucial in the subsequent definition. Remember that AP stands for all the possible
functions from B to A, and for any function f, (f [ S) denotes the restriction of f to the subset S.

Definition 3.1.7 (Boolean functions defined by formulas). For every propositional formula ¢ € Lpyop, the
function defined by ¢, denoted by f,, is a function f, : {0, 1yvars(e) 5 £0,1} s.t. for each p € {0,1}F7P,
we have that f,(p) = fi(p).

Following the completeness of Propositional Logic, every formula of propositional Logic can be identified
with a function of the above form (see [Men09] chapter on propositional Logic for more details). This
observation will be crucial in connecting Boolean Clones and propositional fragments, once we formally
define fragments.

Notice that there is a natural equivalence relation on Lp;.,. Pick any two 1, ¢ € Lprop, We say ¢ ~ ¢
if for each propositional model f,

LEY <= iFe
Following the result given below (see Prop [3.1.8), ~ will partition the set £pyqp. By [¢]~ we will denote
the equivalence class to which ¢ belongs.

Proposition 3.1.8. The relation ~ is an equivalence relation on Lpyop. O
Definition 3.1.9 (Substitution of propositional formulas). Suppose 11, ..., 1, are propositional formulas
and o(p1,...,pn) 8 a propositional formula with all of its variables listed (in other words vars(yp) =

{p1,...,on}). By o(¥1,...,1,) we denote the propositional formula obtained by replacing every p; by the
formula ;.

Definition 3.1.10 (Fragments of propositional logic). Fiz a set of variables Prop and let Lpyop denote
the set of all propositional formulas over Prop. We say a subset F C Lprop 5 a fragment if,

1. for each p € Prop, p C F.
it. for every Yn,..., ¢ € F and @(p1,...,pn) € F, we have o(¢1,...,¢,) C F.
iti. If1p € F then [¢]~ € F.

Definition 3.1.11 (Generating set). Let F be propositional fragment, we say a set of propositional
formulas Pr generates F, if Pr C F and for every fragment F' with Pr C F', we have F C F'. We write
F :=F(Pr).
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Notice that fragments of propositional logic depends on the set of variables we start from. From now on
till the end of this section, we talk about propositional fragment over an infinite set I Prop, where

IProp={p1,...,Pn,-.-}

Much like Boolean clones, propositional fragments are also closed under arbitrary intersections. We define
an operation LI in the following way:

U(F, F) = {F: AUFR C F}

where Fp, Fo are propositional fragments. If we denote the class of all propositional fragments (over
IProp) as Zrprop, then the following triple forms a lattice (Lrprop, N, A). The claims are rather easy to
verify.

Proposition 3.1.12. Let I be an indexing set. If {F; : i € I} is a set of propositional fragments, then
F =({Fi:i €1} is again a propositional fragment. O

Proposition 3.1.13. The ordered triple (ZL1prop, N, A) forms a lattice. O

Now we move onto the task of representing the lattice (-Z7prop, N, A). We do so by showing that the
Post’s Lattice isomorphic to the above lattice. Let Pr be a finite set of propositional formulas, then define

Func(Pr) ={f,:p € Pr}
The correspondence we want to establish is the following:

Theorem 3.1.14. Let Pr be a set of finite propositional formulas over I Prop, then the following equiv-
alence holds
p € F(Pr) <= f, € Cl(Func(Pr))

This correspondence strongly on the correlation between substitution and function composition. In fact
we can prove that substitution is, in a specific way, equivalent to composition. We will come back to
theorem [3.1.14] after proving the following theorem:

Theorem 3.1.15. Let 11, ...,y be propositional formulas over the set IProp and fy,, ..., fy, be their
corresponding Boolean functions. Additionally, let o(p1,...,pn) is another propositional formula with all
of its variables listed. Suppose 0 = (1, ...,1y,), then we have:

fo= f@(fww""f@bn)

Proof. Suppose vars(¢1) # vars(¢ps) for some formulas ¢; and ¢o. We can pad the formulas in the
following way: Let vars(¢1) Uvars(¢2) = {qi,...,qn} and define

Gr=d; A(=(@ A Agm) V(@ A A gm))
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where i € {1,2}. Notice that vars(¢]) = vars(¢,). From this argument, we can assume without the loss
of generality

vars(¢r) = ... = vars(¢y)

Now our proof goes on by induction on the complexity of . Suppose ¢ has complexity 0, it means that
¢ = p for some p € Prop and T, = p. Hence it follows trivially that Tp = T,,(T}) for any . Our base
case is done.

Now suppose our claim holds for any formula with complexity < n. Suppose ¢ is of complexity n. We
have three cases, but showing the results for —, A should suffice.

o Case 1: (p = —9¢)

In this case notice that fop,,. . p.) =1 = fe(p1,...,pn)- Since complexity of ¢ is less than n, using I.H.
we get that fyy, . w,.) = fo(fyrs- - fy,). Putting both facts together we get that

T@(d’l»---ﬂbn) =1- f(b(fwlv s aft/z’n) = fgo(fl/)p .. 7f’l,bn)

o Case 2: (p=¢AK)

In this case notice that f . . p.) = MIN(fomr,..pn)s frpr,...pn))- Since the complexity of both, ¢
and & are less than n, we can use LH. to infer that foy, . w.) = fo(forr s f,) and fo w0 =
fr(fprr -5 [y, ). Using both the facts together we get,

Sotwr,pn) = M fo(n,.pn)s Frworrin)) = Fo(fors o5 fun)

This closes our induction cases and we have proven the result. O

Proof of theorem[3.1.1]} : Fix a set of formulas Pr. and consider the propositional fragment F = F(Pr).
Furthermore, notice that Cl(Func(F)) = Cl(Func(Pr)). We know that IProp C F, and hence f,
for any propositional variable p, is a projection map and in turn f, € Cl(Func(F)). Now let 7} be a
projection map. The formula

0:=P1V-p)A-ApA...(pnV —Dn)

has 77 as its truth table. Now, 6 is equivalent to pj and hence 0 € .7.

Now suppose we have established that for any ¢(p1,...,pm), ¥1,...,¥m € F, we have that f,, fy,, ..., fy,. €

Cl(Func(F)). By the property of clones and using the theorem above, we get fo(fy,,.--s fy.) =
fotwn,..apn) € CU(Func(F)). For the converse, let us assume that f, fy,, ..., fy, € Cl(Func(F)), where
lvars(p)| = m, and p,¥1,..., ¥y € F. It implies that [¢], [v1],. .., [¥m] C F , again by definition of
fragments and the theorem above we get that, (¢1,...,%n) € Cl(Func(F)). O

Just like we talked about Boolean clones generated by propositional formulas, we can talk about
propositional fragments generated by Boolean formulas. Let F' be any Boolean formulas. Define

Form(F):={¢: f, € F}

So we denote the fragment formed by F' by F(Form(F')). The following is again easy to verify.
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Proposition 3.1.16. F(Form(F)) is a propositional fragment for any finite set of Boolean formulas F'.
O

Proposition 3.1.17. Let Cl be a Boolean clone, then we have that Form(Cl) forms a propositional frag-
ment, i.e. F(Form(Cl)) = Form(Cl). Similarly, if F is a propositional fragment then Cl(Func(F)) =
Func(F).

Proof. We prove the first one and leave out the latter, since they follow the same structure.

Let Cl is a Boolean Clone it contains all the projections and hence we can conclude I Prop C Form(C1).
Again, it is straightforward to see Form(Cl) is closed under substitution, since C is closed under com-
position and using theorem [3.1.15 O

We developed a way of generating a clone from a fragment and vice versa, now we ask the question ‘Will
we get back the same fragment, if we start with one, go to its clone and come back?’ The answer is Yes.

Theorem 3.1.18. For any propositional fragment F, we have that F = F(Form(CIl(Func(F)))). Sim-
ilarly, for any Boolean clone Cl, we have that Cl(Func(F(Form(Cl)))) = CI.

Proof. For any formula ¢, use thm [3.1.14] to obtain
o € F(F) < f, € Cl(Func(F))

Notice that F(F) = F. Again by previous theorem, we get that ¢ € F(Form(CIl(Func(F)))) if and
only if ¢ € Form(CIl(Func(F)). Now by definition, it follows ¢ € Form(Cl(Func(F))) if and only if
fo € Cl(Func(F)). We have this chain of equivalences:

peF = [, € Cl(Func(F)) <= ¢ € Form(Cl(Func(F))) <= F(Form(Cl(Func(F))))

This closes our first claim.
The other claim is established in an analogous way. This closes the proof. O

The above proof that the natural map from the collection of propositional fragments to the collection
of Boolean clones, given by h(F) = Cl(Func(F)) is a bijection.

Theorem 3.1.19. h is an isomorphism between (ZLrprop, N, A) and the Post’s Lattice.

Proof. For showing that it is an bijection, notice that for any two fragments Fi, Fa, using proposition

B.1.17 we have:
Func(Fy) = Cl(Func(Fy)) = Cl(Func(Fz)) = Func(Fs)

Now by definition of Func and fragments, F; = F5. Now for every clone CI, there is a pre-image of it,
namely F(Func(Cl)).

Now for showing that h is an isomorphism, it is enough to show that h preserves order, i.e if F; C Fa,
then h(F1) C h(Fz) for every fragments Fi, Fa. But notice that if 71 C Fy then Func(F1) C Func(Fa).
Again following proposition and the chain of equalities given above, we get our result. O
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It follows that (Z7prop,N,A) looks exactly like Post’s lattice. Till now we have recognized many
analogues between boolean clones and propositional fragments, the reason behind such a connection was
propositional models had strong connections towards clones theory. In the subsequent section we move to
Modal Logic and Modal Fragments, where we generalise the notion of fragments. Unlike the propositional
case, we do not have functions as models for modal logic and that would make the investigations more
challenging.

We are in a place to define propositional fragments as concept classes. Let Pr be a set of propositional
formulas, and Prop be a set of finite propositional variables. By C(Lp,[Prop]) = (C, E, ) we denote the
concept class where

C ={p € F(Pr) :vars(p) C Prop}

i.e. C consists of all the formulas from Fp, which has variables from Prop. As our examples F we use
the set of all variable assignments from Prop — {0,1}. Finally, the function A maps each propositional
formula to the set of all variable assignments that makes it true, i.e. for any ¢ € C, we define

ANe)={te E:tl ¢}

In this thesis we will often be interested in a collection of concept classes rather than one particular
concept class. Fix a set of formulas (boolean or modal) and define IPROP = {p1,p2,...}. We denote

C(Lpr) :=={C(Lpy[Prop]) : Prop Csin PROP}

In addition, we would like to consider infinite propositional concept classes. For any finite set of proposi-
tional formulas, define the concept class C(Lp,[I Prop]) = (Cr, Er, A1) as follows:

Cr={p € F(Pr) :vars(p) C Iprop}
EI — {07 1}[Prop
Ar(p) ={te E:t|= ¢}
Finally, going forward we will abuse notation and write CI(Pr) to mean CIl(Func(Pr)) for any set of
propositional formulas. Furthermore we often drop the variables in the subscript while writing proposi-

tional concept classes and clones i.e instead of writing C(Lyny[Prop]), we will simply write C(LA[Prop])
and instead of writing Cl({z A y}) we will write CI(A).

3.2 Polynomial Sized Unique Characterization for Propositional Frag-
ments

This part of our results is heavily influenced by V. Dalmau’s work in [Dal99]. We produce a complete
characterization for Boolean fragments, similar to the main work in the aforementioned paper. The main
aim is to establish the following theorem,

Theorem 3.2.1. For any set of propositional formulas Pr, the following the equivalent:
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o There ezists a polynomial p(z,y) s.t. for every finite Prop, and every ¢ € C(Lp,[Prop|), there is
a set of labelled examples T' that uniquely characterizes ¢ with |T| < p(|¢|, | Propl|)
o CI(Pr) is a subset of either of the three (i) Cl(A, L, T), (i4) Cl(Vv, L, T) or (iii) Cl(<>, L).

Similar to V. Dalmau’s original work, the proof of the above theorem is by establishing reductions
between concept classes. Unlike the original, we swap the pwm-reductions for PC-reductions. The
formulas we choose as the range of the PC-reductions is also the exact same as used in V. Dalmau’s
proof. As stated in the introduction, this theorem is related to V.Dalmau’s result in the sense that
we obtain V. Dalmau’s result, minus the cryptographic assumptions, as a direct corollary (see theorem

F277).

The first step is to prove that the fragment C(Lx v ~[Prop]) = C(La ~[Prop]) does not admit PSUC.
Lemma 3.2.2. The fragment C(L v ~[Prop]) does not admit polynomial sized unique characterization.

Proof. Suppose there is a polynomial p(z,y) s.t. for every concept class C(L v ~[Prop]) € C(LA v ~) and
concept ¢ of C there is an unique characterization of size < p(|¢|, |Prop|). Consider the formula

\IlProp - /\ p
pEProp

According to our assumptions ¥ p,,, would always require < p(|Prop|, |Prop|) many examples for unique
characterization, irrespective of |Prop|. This is a clear contradiction to [ABCS92], since a polynomial
bound on Prop for ¥p,,, does not exist. O

3.2.1 Reduction from C(L, -[Prop|) to R[Prop|

We now immediately move onto the PC-reductions. For our reductions we will always use p(z) = 1 as the
polynomial witnessing our reduction. For the f,g and h we will use the functions o;, 7;,y; respectively.

The reduction is C(La v ~[Prop]) <pc C(La v -[Prop’]), where Prop is a finite set of propositional
variables and Prop’ is defined as follows.

Prop’ = PropU{q; : p; € Prop}
Define of inductively from the concepts of C(Lx v ~[Prop]) to the ones in C(Lx v ~[Prop]) as follows:
oi(pi) =pi  o1(-pi) = a
oi(p ANY) =ai(p) Nor(d)  aile V) =ai(p) Voi(y)
Now we define o1 from the concepts of C(L v -[Prop]) to the ones in C(LA v, ~[Prop])

oi(e) = (i) v \/ wira)A N (iVa)

1<i<n 1<i<n

Let ¢t be a variable assignment over Prop’. Notice that if t(p;) = t(qi) = 0 for some 7 then for every
concept ¢ of C(Lx v ~[Prop]) we have that ¢ = ¢. Similarly, if for some i, t(p;) = t(¢;) = 1 then for every
¢ of C(LA v ~[Prop]) it follows that ¢ = ¢. It immediately follows:
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Proposition 3.2.3. Let ¢, € ran(oy), if t E ¢ and t be a variable assignment over Prop'. If ¥ [~ ¢,
then t(p;) =1 —t(q;) for every i. O

Now to define a new concept class denoted by R[Prop|] = (Cr, Er, Ar) where Cr = ran(oy),
Er = {t: is a variable assignment over Prop’ & t(p;) = 1 —t(g;) for every i}
and finally Ar(p) = {t € E': t = ¢}. Finally define
R = {R[Prop] : Prop is a finite set of propositional variables}

We claim the following:

Proposition 3.2.4. For any set of propositional variables, Prop say, If the concept class C(La ) has
PSUC then so does R.

Proof. Suppose ¢ is a concept of R[Prop] € R. It follows that ¢ is also a concept of C(Lx y[Prop']).
Now according to our assumptions, ¢ has an unique characterization, T, say, w.r.t. C(Lx v[Prop']). We

define
T, ={teT,:tlp;) =1—t(a:)}

We will prove that T, ; is an unique characterization of ¢ w.r.t. R[Prop|. Suppose 1,1’ are concepts from
R[Prop| and hence from C(L[Prop’]). Therefore, there should be a t € T, that distinguishes them.
But from proposition it follows that ¢ € 7, Hence, Ty, is an unique characterization of ¢ w.r.t.
R[Prop]. Furthermore,

IT!| < |T,| < 2| Prop

This tells us p(x) = 2z + 1 witnesses the PSUC for R. O

The next observation is concerning the examples of R[Prop| and C(Lx v ~[Prop]). Let t be an example
of C(L,v,~[Prop]), then define

t'(pi) =tlpi) (@) =1—1t(p;)
The correspondence is one-one. Notice that every example of the example space of R[Prop| is can from
an example of the example space of C(Ln v ~[Prop]). This motivates the following theorem.

Theorem 3.2.5. For any concept ¢ of ¢ of C(La v ~[Prop]) and any example t of C(La v ~[Prop]) we
have

tEy <= t'Eoalp)

Proof. We assume that ¢ is a DNF. The proof is via induction the complexity of formulas. Notice that
the base case follows trivially since t(p;) = t'(p;).

For the case of ¢ = =, it follows 1 = p; and the rest follows simply by definition of satisfaction. The
same goes for p =Y A0 and p = V0. O
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We now focus on providing the first PC-reduction, namely C(L v ~[Prop]) <, R[Prop]. Let ¢ be a
concept of R[Prop] and (¢',p) a labelled example of R[Prop]. We define

7—1(907 (tlvp)) = (t>p)

where ' is the unique example of R[Prop| obtained from ¢. Again, for any example ¢ of R[Prop|] we
define 1 (t) = t'. Notice that conditions 1,2 and 4 of the PC-reductions are satisfied.

Lemma 3.2.6. For every finite set of variables Prop, C(Lx v ~[Prop]) <, R[Prop]. O
Lemma 3.2.7. If R has PSUC, then so does C(La v, -).

Proof. We invoke theorem with k =2,m =2 and p(z) = 1. O
Theorem 3.2.8. The collection C(Lx ) does not have PSUC.

Proof. Suppose it does, then proposition tells us R has PSUC and lemma gives us C(Lx,v,~) has
PSUC. A contradiction. O

3.2.2 Positive Results and Reduction from C(L., +[Prop]) to C(Lg 1 [Prop|)

Let us define three particular propositional formulas

maj(z,y,2) = (x Ay) V(yAz)V(zAz)
AOR(z,y,2z) = (x Ay) V z
OAND(z,y,z) = (zVy) Az
One can verify that Cl(Func(maj)) = DM , Cl(Func(OAND)) = MPTY , Cl(Func(AOR)) = MPTS°.
In the subsequent parts of this section we will prove that each of the C(Lmaj), C(Laor), C(Loanp) does

not have PSUC. But before that, we will prove that a particular fragment has PSUC, namely C(L., 1 ).
Firstly notice that,

Theorem 3.2.9 (Anthony et al. [ABCS92]). The class C(Lg, 1) has PSUC, with respect to the polynomial
p(|Prop|) = |Prop| + 1. O

Our proof now depends on defining a PC reduction from a concept class C(Lg 7[Prop]) to the concept
class C(L4, 1 [Prop]). In our proof, Prop will be arbitrary and hence we can invoke theorem yet
again to get the result. We start again with defining a function o3, from the concepts of C(L.,, | [Prop]) to
the concepts of C(Lg T[Prop]), for any arbitrary finite set of variables Prop. The definition is inductive.

o2(p) =p o L)=TaT

02(¢ < ¥) = 02(¢) D o2() BT
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Proposition 3.2.10. Let t be any variable assignment on Prop. For any concept ¢ of C(L. | [Prop)),
we have

tEy = tEoalp)
Proof. The proof is by induction on the complexity of the formula . For propositional variables the result
is trivial.

Suppose t makes ¢ <> 1 true, then either both of ¢, are true or both of them are false. Apply the
LLH., in the former case o2(¢), 02(1)) both are true then o2(¢) @ o2(1)) @ T is true, a similar thing happens
in the latter case. For the converse, let ¢t make o2(¢) @ 02(¢0) ® T = 02(¢ <> ¢) true. Then by definition
we have either both of o2(¢), 02(1)) are true or both of g2(¢), o2(1)) are false. In either of the cases, using
I.H. we have that ¢ <> v is true. This closes the induction and our claim is proven. O

Lemma 3.2.11. For any set Prop, we have that C(L, 1 [Prop]) <pc C(Lg 1[Prop]).

Proof. Define v(t) =t and define 7 is as follows, where ¢ is a concept of C(Lg 1[Prop]) and ¢ a variable
assignment over Prop.

(e, (t,+)) = (&, +)
7-(907 (tv _)) = (ta _)
Notice that, oa, 72,72, p(z) = 1 satisfies all the points of the PC reduction. O

Theorem 3.2.12. The collection C(L, 1) has PSUC.

Proof. We already know that the collection C(Lg 1) has PSUC. We invoke theorem notice that
C(Ls, 1 [Prop]) is PC-reducible to C(Lg 7[Prop|) via o1,71,71, having k = 2,m = 2 and p(z) = 1 as
constants. ]

Before moving onto the other reductions, we mention two other fragments that are of importance to
us, namely C(Lx 1,1) and C(Ly, 1,1). As proven in [ABCS92], these two fragments has PSUC.

Theorem 3.2.13 (Anthony et al. [ABCS92]). The collections of concept classes C(La1.1) and C(Ly T 1)
has PSUC. O

3.2.3 Reduction from C(L, [Prop|) to C(Lms[Prop*])

Like in the previous section, we start from a finite set of propositional variables, Prop say, and put
Prop* = PropU {xg,z1}. We define a map o3 from the concepts of C(Lx [Prop]) to the concepts of
C(Lmaj[Prop*]) recursively.
o3(p) =p
o3(¢ A ) = maj(zo, 03(¢), 03(¢))
*
3

U§(¢ \ 7/}> = maj(xlv U;(‘b)v g
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Using the above map o3 we define a map o3.

0-3(80) = ma_](O'g((,D), Zo, :L‘l)
As a result of this definition, one result is immediate:

Proposition 3.2.14. Let ¢ be a formula in C(Lx y[Prop]), and t a variable assignment on Prop™ with
t(xo) =0=1—t(x1), then
ti=o3(p) < (L] Prop) = ¢

Proof. Firstly notice that if a variable assignment ¢ on Prop* with ¢(zg) = 0 = 1 — t(x1) makes o3(¢p)
true then it is sufficient and necessary that ¢ makes o3(p) true. Now we proceed by induction on the
complexity of ¢.

If the complexity of ¢ is 0, then ¢ = p = 03(¢) for some prop variable in Prop. This case follows
trivially.

Suppose our hypothesis holds for any ¢ of complexity < n. Now, let ¢ is of complexity n. Since ¢
is in C(La v[Prop]), ¢ is either of the form ¢ = ¢ A1) or ¢ = ¢V 1b. Now, suppose ¢t makes o3(p) true
and t(z9) = 0=1—t(z1), and ¢ = ¢ A1, then it makes both o5(¢) and 03(¢)) both true and using I.H.
we conclude that ¢ [ Prop makes ¢ A v true. For the converse, let ¢t [ Prop make both ¢ and % true, and
t(zo) = 0 = 1 — t(z1), then using LH. 0%(¢), 05(¢) are both made true by ¢ and hence ¢ makes o3 (y)
true. Now if ¢ = ¢V ¢ then t(z1) = 1 tells us ¢t making o3(¢) true would entail either of o5(¢) or o3 (¢)
to be true, but this directly tells, using I.LH., ¢ V ¥ should be true. For the converse again let ¢ | Prop
make either ¢ V 1) true, and t(xo) = 0 = 1 — ¢(x1), then according to our L.H., either o3(¢) or o3(7)) is
made true by ¢, which translates to ¢ making o5(¢) true. This closes the induction clause and our claim
is proven. ]

Now let us assume ¢ be any variable assignment on Prop* and let ¢ be any member of C(Lx v [Prop]).
Notice that if t(xzg) = t(x1) = 0 then o3(p) is false and if t(xg) = t(x1) = 1 then (a(y) is true. The
above theorem classifies the case when t(zg) = 0 = 1 — t(x1). We want to look at the case when
t(zg) =1 =1—t(x1). We will provide a theorem similar to theorem 1 but before that we need to learn
how to flip a formula in C(Lx v[Prop]).

Let Fl be a function from the concepts of C(Ln v [Prop]) defined recursively. Suppose p, ¢ is in Prop,
then

Fl(pAq)=pVq Fl(pVaq)=pAq
Fi(¢ A ) = FI@)V FIW)  Fi(¢V ¥) = FI(¢) A FI(%)
Proposition 3.2.15. Let ¢ be a formula in C(LA v [Propl), and t a variable assignment on Prop* with
t(l’o) =1=1- t(.l‘l),
tEo3(p) <= (L] Prop) = Fl(p)
Proof. Notice that if a variable assignment ¢t on Prop* with ¢(z¢) = 1 = 1 — t(x1) makes o3(y) true then

it is sufficient and necessary that ¢ makes o5(p) true. Now we proceed by induction on the complexity of
©.
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The proof is again by induction the complexity of ¢. The base case is trivial. We assume the 1.H.
holds for any formula of complexity < n.

If o = ¢ A9 then o3 (p) = maj(xo, 05(¢), 05(¢))). Suppose t is a variable assignment with ¢(zg) =1 =
1 —t(z1). Now t makes o3 (yp) true iff ¢ makes either o3 (¢) or o3(¢) true. But the latter condition implies
t | Prop makes either Fl(¢) or Fl(v) true by L.H., giving us ¢ | Prop makes Fl(¢) V Fl(1)) = F(p) true.
For the converse let ¢ [ Prop makes Fl(¢) V Fl(1) true then by L.H t either makes o3(¢) or o3(¢) true
then it follows that ¢t makes o3 (¢) true since t(zg) = 1.

Similarly, let ¢ = ¢V 1. Suppose t is a variable assignment with t(xg) =1 =1 —#(z1). Now ¢ makes
o;(p) true iff t makes o5(¢) and o3(¢)) true. But the latter condition implies ¢ [ Prop makes F'(¢) and
F(v) true by L.H., giving us t | Prop makes F(¢) A\ F (1) = F(p) true. For the converse let ¢ | Prop makes
F(¢) A F(1) true then by I.H t either both ¢3(¢) and o5 (1)) true, then it follows that ¢t makes o3(p) true
since t(x1) = 0. This closes the induction and gives us our result. O

For any variable assignment ¢ on Prop*, define t*(z) = 1—t(x) for each € Prop*. One easy induction
gives us the following result:

Proposition 3.2.16. If ¢ is a formula in C(Lxy) and t a variable assignment on Prop*, then

tEe <= t"EFl(p)

We combine all the above theorem to provide the third reduction.
Lemma 3.2.17. For any set Prop, we have that C(Lx v [Prop]) <¢ C(Lmaj[Prop*]).

Proof. Define for any variable assignment on Prop,

13(t) =t U {(20,0), (x1,1)}
The definition of 73 is a little more involved. Let z = o3(y)
)) = (t* | Prop,—) if t(zo) =1=1—t(z1)
,—)) = (t | Prop,—) if t(zg) =0 =1—t(z1)
)) = (t" | Prop,+) if t(xo) =1=1—t(x1)
)

t(z1) or t(xg) = 0= t(z1).
It is a routine verification to check o3, 73,73, p(x) = 3 witnesses the PC-reduction. O

Theorem 3.2.18. C(Ln,j) does not have PSUC.

Proof. We already know C(Ly ») does not have PSUC due to theorem We again invoke theorem
notice that C(Lx,[Prop]) is PC-reducible to C(Lmaj[Prop*]) via o3, 13,73, having k = 2,m = 2
and p(z) = 2 as constants. So C(Lmaj) having PSUC means C(Lx /) has it as well, a contradiction. [
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3.2.4 Reduction from C(L, [Prop]) to C(Loanp[Prop]) and C(Laor|[Prop])

Now we focus on the dual fragments C(Laor) and C(Loanp). The proof strategy of establishing C(Lx ) <pe
C(Laor) is identical to that of proving C(Lx v) <pc C(Loanp), hence we provide a detailed proof of one
the reductions and only provide the blueprint for the other.

We proceed similarly as we did in C(Lmaj). We start from a finite set of propositional variables, Prop
say, and define Prop” = PropU{z¢}. Let’s define o from the concepts of : C(Lx v [Prop]) to the concepts
of C(Laor[Prop™]) recursively.

oi(p)=p
oi(¢ NY) = AOR(0}(¢), o4 (¥), o)
o3(¢ V) = AOR(03(9), 05(¢), 01 (¥))

We define o4 using the function o}

a4(p) = AOR(a (), 01(¢), %0)

Proposition 3.2.19. If t is a variable assignment on Prop™ with t(zo) = 0, and ¢ is a concept of
C(Ln,v[Prop)), then
t] Prop =g < tEoulp)

Proof. From the previous definition it is sufficient and necessary that for ¢ to make o4(¢) true, for some
¢ in C(LA v[Prop]), t should make o}(¢) true. The proof is now by induction on complexity of ¢.

Suppose t(rg) = 0 and ¢ is an assignment on Prop”. Now, if ¢ = p = o}(p) then our theorem is
trivially true.

Assume that for any formula of complexity < n our theorem holds. Now, let ¢ be a formula of
complexity n. Let t(xg) = 0 and ¢ is an assignment on Prop”. If ¢ = ¢ A1) then and ¢ | Prop makes both
¢ and 1 true, then by L.H. ¢ makes o} (¢) and o (¢) true. Then by definition o} (¢) is made true by ¢. For
the converse, if 0} () is made true by ¢ then both ¢} (¢), o} (1) must be made true by it too and hence
by I.LH. ¢, should be made true by ¢ [ Prop, which is equivalent to ¢ | Prop making ¢ true. Similarly,
if ¢ = ¢ V 9, then t making o}(y) true means either o} (¢) is made true by t or o;(¢). Using I.H. we
can conclude that ¢ [ Prop makes ¢ true or ¢ true, which is equivalent to saying ¢ [ Prop makes ¢ true.
For the converse, suppose t [ Prop makes ¢ true, which implies it either makes ¢ or ¥ true. Using I.H. it
implies ¢ makes either o} (¢) or oj(¢) true, which implies ¢t makes o (¢) true. This closes the induction
clause and our claim is proven O

Lemma 3.2.20. For every finite set of variables Prop, C(Lx v [Prop]) <, C(Laor[Prop™])

Proof. For any variable assignment ¢ on Prop, define

7a(t) =t U {(20,0)}
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The definition of 74 is a little more involved. Let x = m4(¢p).

T4(z, (t,+)) = {(t | Prop,+)} if t(xg)
Ta(z, (t,—)) = {(t | Prop,—)} if t(xo) =

0
0

Finally, if (z, (¢, +)) € Ng(zaor|Prop)) With t(xo) = 1, then

74z, (t,+)) = {(t | Prop,+),(t | Prop,—)}

Laor

It is again a routine verification to see that every condition of PC-reduction is satisfied by oy, 74,74 and
p(z) = 3. O

Theorem 3.2.21. The collection C(Laor) does not have PSUC.

Proof. We already know C(Ly ») does not have PSUC due to theorem We again invoke theorem
notice that C(L v[Prop]) is PC-reducible to C(Laor[Prop™]) via o4,74,74, having k = 2,m = 6
and p(x) = 2 as constants. So C(Lapr) having PSUC means C(Lx ) has it as well, a contradiction. [J

We are only left with the collection C(Loanp). Since it is the dual of C(Laor), the proof of it’s lack
of PSUC follows almost the same proof trajectory. Due to the sake of brevity, we just motivate and state
the theorems that will hold in this collection and leave it to the reader to reconstruct the proof on their
own.

We start from a finite set of propositional variables, Prop say, and define Propy = Prop U {z1}.
As it was the case with all the other cases of from the concepts of C(Lx v[Prop]) to teh concept of
C(Loanp[Propy]) recursively.

o5(p) = p
o%(6 A ) = OAND(o
os(¢p V1) = OAND(o

Uty Ulx
o
9
Ut %
&
9
(13
=

We use the map o7, to define the map o5 as follows

o5(p) = OAND(o5 (), 05(9), 1)

As the dual of the case with (C(/JAOR[Prop#]), for any variable assignment ¢t on Propx, t say, if
t(z1) = 0 then trivially ¢ & o5(¢) for any concept ¢ of C(L v [Prop]). Now we investigate case when
t(x1) = 1, which again is reminiscent of the proposition [3.2.19

Proposition 3.2.22. If t is a variable assignment on Propy with t(z1) = 1, and ¢ is an element of
C(La,v[Propl), then t | Prop makes ¢ true iff t makes o5(p) true.

Proof. The proof is exactly the same as in |3.2.19] just change z¢ with z1, o} with oZ, o4 with o5, and
finally ¢(xg) = 0 with ¢(z1) = 1 in the proof. O
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This smoothly transitions to the dual analogue of theorem [3.2.20, which is
Lemma 3.2.23. For every finite set of variables Prop, C(Lx v[Prop]) <,c C(Loanp[Prop4))

Proof. For any variable assignment ¢ over Prop, define
(1) = tU{(z1,1)}
Let x = 05(¢p), then we define

75(z, (t,4)) = (¢t | Prop,+) if t(z1)
75(x, (t,—)) = (t | Prop,—) if t(x1)

1
1

Finally, if (J"’ (t7+)) € NC([:AOR[Prop]) with t(‘rl) = 0, then 7'5(.’13‘, (ta _)) = {(t I +)7 (t f7—)} One can
verify that the conditions of PC reduction are satisfied. O

Theorem 3.2.24. The collection of classes C(Loanp) does not have PSUC.

Proof. Suppose it did. Then we use K = 2,m = 2 and p(z) = 3 and invoke theorem for the
PC reduction from C(Lx v [Prop]) to C(Loanp[Propg]). This will tell us that C(Lx,) has PSUC, a
contradiction. ]

3.2.5 Main Result

We are almost ready to prove the main result of this section. We state the following result first.

Lemma 3.2.25. If for some sets of propositional formulas Pr, Pr’, we have that if F(Pr) C F(Pr') then
C(Lpy) having PSUC implies C(Lpy) has PSUC as well.

Proof. Theorem tells us C(Lp,[Prop]) <pc C(Lp[Prop]). Now we can use k = 2,m = 2 and
p(x) = 2 to invoke O

As a contraposition of the previous result, not having PSUC is upwards closed. Through our results
13.2.12], [3.2.13], [3.2.18], [3.2.21], [3.2.24] we have provided a classification of a splitting pair in the lattice
of all propositional fragments. The splitting pair in the question is

{F(IN,T,1), F(v, T, 1), F(+»,T), F(AOR), F(OAND), F(maj)}
which corresponds to the anti-chain
S1 = {{DM, MPTg, MPT{°}, {,V,A}}
in Post’s Lattice. Using lemma |3.2.25] our main result follows immediately

Theorem 3.2.26. For any set of propositional formulas Pr, the following the equivalent:
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o There ezists a polynomial p(z,y) s.t. for every finite Prop, and every ¢ € C(Lp,[Prop|), there is
a set of labelled examples T' that uniquely characterizes ¢ with |T| < p(|¢|, | Propl|)

o Cl(Func(Pr)) is a subset of either of the three (i) Cl(A, L, T), (i) Cl(V, L, T) or (iii) Cl(<>, L)
a.

In fact this result can be modified to a certain extent, notice that lemma [3.2.25| also provides us an
size bound for the unique characterizations, and every one of the fragments that have PSUC has linear
size bound, in other words every unique characterization is bounded by |Prop| + 1. Now we state the
following

Corollary 3.2.26.1. For any set of propositional formulas Pr exactly one of 1. or 2. holds.

1. For every finite Prop, and every concept ¢ of C(Lpy[Prop|), there is a set of labelled examples T
that uniquely characterizes ¢ with |T| < |Prop| + 1.

2. The collection C(Lp,) does not admit PSUC. O

We look back to the main source that encouraged us to talk about Unique Characterization, in other
words we again analyze V.Dalmau’s paper [Dal99], but from a learning theoretic point of view. Dalmau’s
main theorem in the paper mentioned above is as follows,

Theorem 3.2.27 (V.Dalmau in [Dal99]). For any set of boolean functions O and a set of propositional
variables Prop, precisely one of the following holds:

i. C(Lo[Prop)) is exactly learnable with |Prop| + 1 many membership queries.

it. C(Lo[Prop)) is not polynomially predictable with membership queries under the assumption that
any of the following three problems are intractable: testing quadratic residues modulo a composite,
inverting RSA encryption, or factoring Blum integers.

(If the reader wants to inquire more about the technical terms used in condition #i., we would like to
refer them to Angluin and Kharitonov’s original work [AK95].) The result(s) we prove in this section is a
slight variation to V.Dalmau’s original work. Instead of working with various cryptographic assumptions,
we will work with a notion which we will call Learnability with Membership Queries.

Our main objective is to establish an analogue of Dalmau’s main theorem in terms of learnability using
polynomial queries, but first we prove a theorem in the spirit of our result

Theorem 3.2.28 (V. Dalmau in [Dal99]). For any set of propositional formulas Pr, the following are
equivalent

i. C(Lp,) is learnable with membership queries.

it. Cl(Pr) is a subset of either of the three sets (i) CL(A, T,L), (i1) CI(V, T, L) or (iii) Cl(+, L).
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The first step is to provide three algorithms that will learn C(LA 1 1), C(Ly,7,1) and C(L 1) with
polynomial queries. The algorithms will then in turn prove the ii. to i. part of our theorem. We remind
the reader that t; and t, are special variable assignments s.t.

th(x)=1 <<= z=p and t, (2)=0 < z=p
And 0 and 1 are variable assignments that assign all the propositional variables to 0 and 1 respectively.

Data: x is the number of propositional variables present in Prop
if (MQ(1) =0) then
| Print L and exit the program

end
p=T;
for 1 <i<zdo

if (MQ(t,,) = 0) then

| ¢=@ADpi

end

end

Print ¢
Algorithm 1: Poly(A, T, L)(x)

Data: x is the number of propositional variables present in Prop
if (MQ(0) =1 then
| Print T and exit the program

end
o =1;
for 1 <i<zdo

if (MQ(t;,) = 1) then

| =9 VDpi

end

end

Print ¢
Algorithm 2: Poly(V, T, L)(x)

Lemma 3.2.29. For any set of propositional formulas Pr, if collection Cl(Pr) is a subset of either
(1) CUN, T, L), (i7) CU(V, T,L) or (iii) Cl(<++, T) then the collection C(Lp) is learnable with membership
queries. ]

Proof of theorem [3.2.28. After proving the ii. to i. direction, we prove the other direction. Again this
proof will take us to the analysis of Post Lattice. Reconsider the splitting pair

S1 = {{DM, MPTg, MPT{°}, {,V,A}}
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Data: x is the number of propositional variables present in Prop
y < MQ(1);
Based on y do either of the two cases

Case 1: y=1;
p=1l<1forl1<i<zdo
if MQ(t,.) = 0 then

| =P <D
end

end
Print ¢ and exit the program

Case 2: y=0;

p=1Lfor1<i:<zxdo

if MQ(¢,.) = 1 then
| =@ <D

end

end

Print ¢ and exit the program
Algorithm 3: Poly(+», L)(x)

Let us assume CI(Pr) is NOT a subset of (i) CI(A, T, L), (i4) Cl(Vv, T, L) and (i7) Cl(«++, T) and C(Lo) is
learnable with polynomial membership queries. As it turns out, the former assumption says that CI(Pr)
is a superset of (iv) Cl(maj), (v) CI(OAND) or (vi) CI(AOR) from the splitting pair we mentioned.
According to our result C(Lpy) cannot have PSUC. On the other hand C(Lp,) is learnable with
polynomial membership queries implies C(Lp,) has PSUC using theorem hence a contradiction.
So, C(Lp,) is NOT learnable with membership queries. O

We now slightly refine the result we obtained just now. Notice that the algorithms we mentioned run
in |Prop| 4+ 1 computation steps.

Corollary 3.2.29.1. For any set of propositional formulas Pr, for the collection C(Lp,) precisely one
of the following two conditions hold:

i. C(Lpy) is learnable with polynomial membership queries that is witnessed by an algorithm that runs
in |Prop| + 1 many computation steps.

it. C(Lpy) is NOT learnable with polynomial membership queries.

Proof. Again consider the anti-chain Ci, if C(Lp) is a subset of (i) CI(A, T, 1), (i) CI(v,T,L) and
(731) Cl(4», T), then our algorithms give us the condition ii. If C(Lp) is NOT a subset of (i) CI(A, T, L),
(1) Cl(V, T,L) and (7i7) Cl(+>, T) then it is a superset of (iv) Cl(maj), (v) CI(OAND) or (vi) CI(AOR),
but theorem says they are not learnable. O
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3.3 Upper bounds dependent on variables and Polynomial upper bounds
dependent on variables

The results [3.2.26| and [3.2.26.1] that we unraveled in the first section, are in essence dichotomy theorems.
On top of that, theorem [3.3.7.1| motivates us to once again to analyse the Post lattice and establish more
characterizations in the spirit of result [3.2.26] Our dichotomies will be based on two different questions,
namely:

1. Which (prop.) fragments have an upper-bound dependent on the variables 7
2. Which (prop.) fragments have a polynomial upper-bound dependent on the variables 7

The polynomial clause in the latter question means the following: A fragment has polynomial upper-
bound dependent on the variables if the fragment has an upper-bound dependent on the variables, which
is witness by a function, « say, where a(z) = p(z) where p is a polynomial.

Based upon the two questions, we establish the following two dichotomies:

Theorem 3.3.1. For any set of propositional formulas Pr the following are equivalent,

o For every Prop, and every concept ¢ of C(Lp,[Prop]), there is an unique characterization T, of ¢
with |T,| < 9(lvars(p)|+1)

o CIl(Pr) is a subset of either of the three (i) Cl(A,V, L, T), (i) C(—,L).
Theorem 3.3.2. For any set of propositional formulas Pr the following are equivalent,

o There exists a polynomial p(x) s.t. for every Prop, and every concept ¢ of C(Lp,[Propl), there is
an unique characterization Ty, that uniquely characterizes ¢ with |T,| < p(jvars(y)|)

o CI(Pr) is a subset of either of the three (1) CL(A, L, T), (ii) CI(V, L, T) or (iti) Cl(—, T).

PC reductions will again be vital in establishing these results. For the purpose of this section, we are
interested in the fragments generated by the clones PT{°, PT§® and AP. For the sake of simpler notation,
we re-introduce the propositional formulas generating the fragments as follows:

AIMP(z,y,2) =2 A (y = 2)
3XOR(z,y,2) =z ®y D 2
OXOR(z,y,2) =2V (y @ 2)

3.3.1 Upper Bounds of the Fragment C(L3xor)

We start this section through the analysis of this particular fragment. The main property we will be
concerned with is the following

Definition 3.3.3. We say a collection of propositional concept classes X has as an upper bound dependent
on variables if,
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1. There exists a non-decreasing function o : N — N s.t.

2. for every concept class C € X and every concept ¢ of C, there exists an unique characterization T,

of p s.t.
Tl < a(jvars(o)])

In theorem we can modify the meaning of ‘size’ for a concept. In particular for any formula ¢,
we can stipulate that |vars(y)| as the ‘size’ of ¢. Hence we can adapt theorem to preserve upper
bounds on varibles.

One of the main aims of this section is to prove the following

Theorem 3.3.4. There exists no upper bound dependent on variables for the collection C(L3xoR)-

We make the assumption, aiming for a contradiction, that C(L3xor) has an upper-bound dependent
on the variable, which is witnessed by «a. Let ¢ € C(L3xor[Prop|), now according to definition ¢ €
C(L3xor[Q)]) for any set @ O Prop. Furthermore, for every concept class C(L3xor[®@]) containing ¢, from
our assumptions, there is an unique characterization of ¢ size at-most a(vars(y)) w.r.t. C(Lg 7[Q]). In
other words for every ¢, there is an unique characterization 7, that is unaffected by the size of Prop for
any concept class that contains it.

Suppose we have fixed a concept ¢ s.t. ¢ € C(L3xor[Prop]), and T, is an unique characterization of
. We assume ¢ is of the following form:

$i=piy D Dpiy,

where n is odd. By Tr(T,) we mean the following set:

For each propositional variable p occurring in ¢, we add (tp,+) € T'r(T), where t, is the variable assign-
ment that makes only p true and other variables false. Now if (¢, —) € T then (t,—) € Tr(T). Lastly, we
consider the case when ¢ = ¢ and (¢,4) € T. In this case we put (¢, —) € Tr(T), where t'(p) = 0 for any
p occurring in ¢ and t(q) = t/(¢) for any ¢ not occurring in . We claim the following:

Lemma 3.3.5. If T' uniquely characterizes ¢ w.r.t. C(Lsxor[Prop]), then so does Tr(T,).

Proof. Firstly for all the (t,,+) € Tr(T,) implies any ¢ fitting Tr(7T,) must have all the propositional
variables p in ¢ occurring it. Suppose ¢ fits Tr(T,), we can assume ¢ = ¢ @ ).

Now, if p 2 1), then there is a (¢,q) € T that distinguishes between them, where ¢ € {+, —}. If t |~ ¢,
then t € T'r(T,) and we are done. Otherwise ¢ |= ¢, which gives us ¢t = ¢ @ 1. Then we have that ¢ |= ¢
(as t = p and if t £ ¢ would lead to t = ¢ @ 1)), but this tells us ¢’ =9 (as none of the p in ¢ occur in
1 and definition of ¢') and t’ [~ . Hence, (¢, —) € Tr(T,) differentiates ¢ and ¢. So any concept fitting
Tr(T,) should be equivalent to ¢. This closes our proof. O

A bound on the size of Tr(T,) can be easily given, it easy to see that

| To| < |T| + |vars(p)| < a(vars(p)) + [vars(p)]
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If we define 3(x) = a(x) +x then Tr(T,) is bounded by B(vars(y)), which is again a function dependent
(only) on variables. Furthermore our choice of ¢ was arbitrary, so we can find Tr(T,) for every ¢ and
every concept class of the form C(Lg 1[Prop]). As opposed to T, the unique characterization T'r(T,,)
gives us more information and hence it is easier to work with. One obvious thing is 7'r(T,) always has
exactly vars(y) many positive examples and at-most a(vars(¢)) many negative ones.

Now if we change our concept class from C(L3xor[Prop]) to C(L3xor[Q]), where @ O Prop, we still
have ¢ as a concept of C(L3xor[®]). From the previous assumptions, we get that C(L3xor[®]) also has
an unique characterization, T,y say, of size at-most a(vars(y)), and we define Tr(T ) as above. Finally
the previous theorem should tell us 7' (T, 3 ) also uniquely characterize ¢ (since the previous lemma does
not make use of the concept class class C(L3xor[Prop])).

We can take @ to be arbitrarily large, and the larger it is, there are more formulas of the form

U(g,r)=p@®qdr

where ¢, r are propositional variables from @ not occurring in ¢ and ¢ # r. Now, Tr(T; g ) is tasked with
differentiating all such ¥(q,r) from . Notice that any positive example of TT(TSg2 ) cannot distinguish
between ¢ and ¥(q,r) for any ¢, so the separation must be done by a negative example. Furthermore the
size of Tr(Tg) should be bound by S(vars(y)).

Alternatively, every variable assignment ¢ on @ naturally gives rise to a set P(t) C @ s.t.

g Pt) < t(g) =1

This kind of representation of variable assignments helps us to develop a set-theoretic formulation of our
statements. Suppose a labelled assignment (¢, —) is in 7' 1"(ng2 ), upon fixing qo, ro we see that ¢ distinguishes
between ¢ and W(qg, o) if and only if precisely t(qp) = 1 — ¢(rp). In other words, the value of ¢ disagree
on qp and rp, which is in turn equivalent to stating |P(¢) N {qo,70}| = 1. we claim the following which is
obvious from the discussion we had.

Lemma 3.3.6. For every q,r € Q s.t. q,r does not occur in @ and q # r, we have that
1. there exists a labelled variable assignment (t,—) € Tr(Tg) s.1.
2. [P(H) N {g,r} =1 O

But the previous lemma gives way to a contradiction, as mentioned above the size of Tr(Tg ) only
depends on vars(yp) and not on the size of ). The following theorem states the opposite

Theorem 3.3.7 (see [(ht]). Let X be any set and A C P(X) be s.t. for any x,y € X there is someY € A
with
Y n{z,y} =1

It follows that |A| > loga(|X]). O
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In particular, if we define a set
P(Tr(T2)) ={P(t):t € Tr(TE)}

and notice that @ \ vars(y) and P(TT(T%C;2 )) satisfies the antecedent of theorem as X and A re-
spectively. It easy to see if we take @ to be large enough we can surpass the bound S(vars(y¢)), hence a
contradiction! We formally state what we have proven.

Corollary 3.3.7.1. The collection C(L3xor) does not admit have an upper bound on the variables. In-fact
no formula ¢ from the concept class C(Lsxor[Prop]) with vars(e) C Prop, has an unique characterization
dependent on variables. O

Corollary 3.3.7.2. The fragment C(Lzxor[InfProp]) does not have finite characterization.

Proof. Suppose it has finite characterization. Let ¢ be a concept of C(Lzxor[InfProp)), so it follows that
¢ is also a concept of C(Lsxor[Prop|), where vars(¢) C Prop.
Suppose Ty, is an unique characterization of ¢ w.r.t. C(Lsxor[InfProp]). Notice that

T,={t| Prop:teT,}

is also an unique characterization of ¢ w.r.t. C(Lsxor[Prop]). Now, notice that |T,| is constant, and
does not depend on Prop, which is a contradiction to|3.3.7.1 ]

3.3.2 Positive results and reduction from C(L, _,[Prop]) to C(Lamp[Prop*])

We start off by looking into the collection C(Ly A 7,1 ). Let us develop the idea why it is sufficient to prove
the following proposition to prove that C(Ly A 1,1 ) does have an upper-bound dependent on variables.

Proposition 3.3.8. For any set of variables Prop and any concept ¢ of the concept class C(Ly aT.1),
the following are equivalent

e is uniquely characterized by m positive examples and n negative examples.
e is equivalent to a DNF with m terms and to a CNF with n clauses.

Indeed, given any concept ¢ of C(Ly A 7 1 [Prop]), we can use the distributive laws and De Morgan
Laws to transform ¢ into a CNF and a DNF. Perhaps an example might help, suppose ¢ = zA(2V (yAw)).
Clearly ¢ is neither in CNF nor in DNF, but we can use the distributive laws to change it to a CNF,
namely ¢ =2 z A (2 Vy) A (zVw), and subsequently use De Morgan’s Laws to change it to a DNF, namely
e (xANzAw)V(zAyAzAw). Moreover, it can be seen that using distributive laws and De Morgan’s
Laws do not change the number of variables that we had in the original formula. Hence we can see that ¢
can be characterized by an unique characterization that contains at-most 2/v4"s(®)| positive examples and

at-most 2/vars(@)l negative examples. So in total, we can an unique characterization of size olvars(e)l+1,
Proof of proposition[3.3.8 See [ABCS92| for the proof. O
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After dealing with the collection C(Ly A T,1), we deal with the collection C(£-, | ). It is a much simpler
fragment since the concepts of C(L-, | [Prop]) can be precisely of the form —p,p, L, —~ L. One might infer
from the simple nature of this fragment that it will allow much nicer upper bounds, and indeed it does.
To prove it rigorously we introduce some notations. Consider the example space of the concept class
C(L- 1 [Prop)), i.e the set of all variable assignments on Prop. We define the following the variable
assignments t;‘ and ¢,

th(x)=1 <= z=p t,(x)=0 <= v=p
We define 0 to be the variable assignment that assigns every propositional variable of Prop to 0. Similarly,
1 is the variable assignment that assigns every propositional variable of Prop to 1

Proposition 3.3.9. The collection C(L- 1) has an upper bound dependent on variables. Moreover the
function witnessing the upper-bound is a constant.

Proof. Suppose ¢ is a concept of C(L-, | [Prop]) for some arbitrary set of variables Prop. We do a case
analysis, firstly let ¢ = p. We claim that T, = {(t;,+), (0, —)} uniquely characterizes ¢, where 0 is the
variable assignment that maps every propositional variable to 0. It is easy to see that L, — | cannot fit
T,, since we have both a positive and negative example in our set. Similarly any formula of the form —g
cannot fit T, if it did then —¢ should satisfy 0 = —¢ which is a contradiction. Now finally if ¢ # p fits T,
then t;; would be a negative example of ¢, so it cannot fit T;,. Hence, T}, is an unique characterization.

If ¢ = —p then we define T,, = {(t,,+), (1, —)} as the set uniquely characterizing ¢, where 1 again is
the variable assignment that maps every propositional variable to 1. It follows through a similar argument
that T}, again uniquely characterizes ¢.

For the case of ¢ =1, we nominate T, = {(1,—), (0, —)} to uniquely characterize it. — L cannot fit
T, negative examples so it cannot T,,. Now formulas of the form p also cannot fit T, since 1 = p and
similarly formulas of the form —p cannot fit T, since 0 = —p. For the final case let ¢ = —p, through a
similar argument as before we can establish that T, = {(1,+), (0, —)} uniquely characterizes .

Lastly, notice that in each of the cases we have |T,| < 2, so there is a finite upper bound for the
collection C(L-, ). O

Lemma 3.3.10. The class C(La,—) does not have an upper bound dependent on variables.

Proof. Upon a glance at the Post’s Lattice we can see that CI(3XOR) C Cl(—, A). So we can conclude
that the concepts of C(L3xor[Prop]) is a subset of the concepts of C(L_, A[Prop]). Hence, if C(L_, A) has
an upper bound dependent on the variables then so does C(L3xor), a contradiction. Therefore, C(£_; A)
cannot have an upper bound dependent on variables. ]

The strategy we employ is in line with the strategy in the first section - we show via PC reductions
that C(Lamp) does not have an upper bound dependent on variables, subsequently we establish that not
having an upper bound dependent on variables is upwards closed, these two together give up the segment
of Post’s Lattice that would not not have an upper bound dependent on variables.
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We now move onto the reductions. We remind the reader that Propy = Prop U {zo}, where z does
not belong to Prop. We again define a map og from the concepts of C(Lsxor[Prop]) to the concepts of
C(Loxor[Propy]). For any propositional variable p;, we have o¢(p;) = p; and for more complex formulas

© =Dy D D Digyyirs
o6(¢) =x0V (piy ©--- @ pi2m+1)
We define a function 7¢. Let (c, (¢,p)) be an ordered pair where ¢ is a concept of C(Loxor[Prop))
and (t,p) is a labelled example of C(Loxor[Prop4]) s.t. c fits {(¢,1)}, we define

76(¢, (8, ) = {(t U {(20,0)}, +), (U {(20,0)}, —)}

whenever c¢ is not in the range of 0. Now suppose c is in the range of o4, we have that 74(c, (t,p)) = {(¢
Prop,p)} whenever t(xo) = 0. Additionally if ¢ is in the range of o¢, and #(xg) = 1, then ¢ = ¢ and hence
we define 7¢(c, (t,p)) = {(0, —)} whenever t(z¢) = 1.

Lemma 3.3.11. If ¢ is a concept of C(Lsxor[Prop)), then ¢ fits 76(o6(), (t,p)).

Proof. 1t is easy to see that f(p) fits 16(06(), (t,p)) = {(t,p)} whenever t(xzp) = 1 (in this case t = 0
and p = +). Furthermore 74(06(¢), (t,p)) = {(t | Prop,l)} whenever t(xp) = 0, but remember that
o6(p) =x0 V. Sot =z V ¢ implies t = ¢, and hence (¢ [ Prop) = ¢. O

Lemma 3.3.12. [f ¢a 77/) ﬁt 7_6(06((/7)7 (tap)) then 06(¢)7 Uﬁ(w) ﬁtS (t7p)'

Proof. Again our proof is on how ¢ assigns the variable xg. If t(x9) = 1 then for any ¢, v, og(¢), 06(1))

fits 76(06(), (t,p)) (here p is +).

Now fix t(z¢) = 0 then for any ¢, ¢, p s.t. 1, ¢ fits 76(06(), (t, p)) means ¢ and v also fit {(¢ [ Prop), p}
and {(t | Prop)}. Now, we get that og(¢) fit 76(06(¢), (¢,1)) from the following equivalence(s) for the
case where t(xg) = 0:

tEos(¢p) < tExgVeop < tE¢ < (t| Prop) =¢
A similar series of equivalences follow for v, and hence og(1)) fit 76(06(p), (t,p)) O

We now provide a function ¢ from the example space of C(L3xor[Prop]) to the example space of
C(Loxor[Prop™]). We simply define

’)/G(t) =ty {1‘0, O}

It is a trivial exercise to prove the following

Lemma 3.3.13. Ift is a positive (negative) example of ¢ then v6(p) is a positive (negative) example of
o6(p), where ¢ is a concept of C(Laxor[Prop]). O

Lemma 3.3.14. For any Prop, the concept class C(Laxor[Prop]) <pc C(Loxor[Prop])

Proof. The functions witnessing the reduction are og,76,76. The polynomial we choose is a constant
p(z) = 2. Lemmas|3.3.11} |3.3.12{and [3.3.13| tells us 74 and g satisfy conditions 1,2 and 4 of our reduction,
and p trivially satisfies our claims. O
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Theorem 3.3.15. The collection C(Loxor) does not have an upper bound dependent on variables.

Proof. Notice that |vars(og(p))| = |vars(y)| + 1 for any concept ¢ of C(Lsxor[Prop]). We use this fact
along with theorem [3.3.14] to invoke lemma [2.5.3] This would tell us that the collection C(L3xor[Prop])
has an upper-bound dependent on variables, a contradiction. ]

3.3.3 Reduction from C(L_, ,) to C(Lamp)

After dissecting the collection C(Loxor) for variable dependent upper bounds, we turn our attention to
the collection C(Lamp). We want to establish a similar result as in [3.3.15| for the collection C(Lamp)-

Lemma 3.3.16. The collection C(Lx ) does not admit an upper bound dependent on variables.

Proof. Notice that the concept class C(L3xor[Prop]) is a sub concept class of the concept class C(Lx —,[Prop]),
for any Prop. Now, if C(£A ) has an upper bound dependent on variables then so does C(L3xoRr),
contradiction. ]

We move forward with our definition of o%. For every propositional variable p;, we define o3 (p;) = p;.
Now suppose for any concepts ¢, of C(L,—[Prop))

ar(p NY) = a7(p) A (21 = 07(9))
o7(p = ¢) = 21 A (07(9) = 07(¥))

We now define a function o7, with the aid of o7. Define

o7(¢) =21 A (21 = 07 ()

Proposition 3.3.17. Lett be a variable assignment. Ift(x1) =1 then, t = o7(p) if and only ift = o3 ().
Additionally, if t(z1) = 0 then t = o7(p). O

Lemma 3.3.18. Let t be a variable assignment on Propy. If t(xz1) =1 then,

tE @ < (t| Prop) | o7()

Proof. The proof is by induction on the complexity of formulas. The base case, where ¢ is a propositional
formula, p; say, we can see that whenever t(x1) = 1, o7(¢) = p;. It is easy to infer that our claim holds.

Assume our claim holds for any ¢ of complexity < n. Now suppose ¢ is a formula of complexity n,
this means ¢ is either of the two forms ¢ — 6 or ¥ A 0, where 1, 0 are of complexity < n. For the latter
case, if t(z1) = 1, then o3 (¢ A0) = o3 (¢)) A o3 (0). Now, using our Induction hypothesis we conclude that
t=o5() Aoj(0) if and only if t =1 A 6.

We now look at the case when ¢ = 1 — 0, again if ¢(z1) = 1 then following the definition () —
0) = oX(¢) — 0%(0). Again using our Induction hypothesis we have ¢ = o3 () — o%(0) if and only if
t =1 — 6. This completes the proof. O
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We now define a function 77 on an ordered pair (c, (¢, p)) where c is a concept of C(Lamp[Prop™]) and
(t,p) is a labelled example of C(Lamp[Prop™]). If ¢ does not belong to the range of o7 and if ¢ belong to
the range of o and #(z1) = 0, then

77(c, (t,p)) = {(t | Prop,+),(t | Prop,—)}
On the other hand, if ¢ does belong to the range of o7 then

m7(c, (t,p)) = {(t | Prop,p)}

whenever t(z1) = 1. Define a function 77 from the example space of C(Lx [Prop]) to the example space
of C(Lamp[Prop™]). For any example t of C(Lx —[Prop]) we define

1o(t) = U {1, 1}
Lemma 3.3.19. For any concept ¢ and any example t of C(La [Propl), if t is a positive (negative)
example of ¢ then v7(t) is a positive (negative) example of . O

Lemma 3.3.20. For any concept ¢ of C(La[Propl), if ¢ fits 7(v7(p), (t,p)) then ~v7(v) fits (t,p),
where (t,p) is a labelled example of C(Lamp|[Prop™]).

Proof. Fix any concept ¢ of C(Lx —,[Prop]) and a labelled example (t, p) of C(Lamp[Prop™]). Ift(z1) =0
then p = — and trivially, due to the way o7 is defined, o7(p) fits (¢t,p). If t(x1) = 1 then lemma [3.3.1
settles our claim.

D!

Theorem 3.3.21. For any Prop, C(Lx —[Prop]) <pe C(Lamp[Prop™])

Proof. The functions witnessing the reductions are as follows o7, 77, 77 and we can choose the polynomial
to be p(z) = 2. Lemmas [3.3.19| and [3.3.20] tell us that condition 1, 2 and 4 of the reduction are satisfied
and from the way 77 is defined we get that condition 3 of the reduction is satisfied as well. 0

Corollary 3.3.21.1. The collection C(Lamp) does not have an upper bound dependent on variables.

Proof. Suppose the collection C(Lamp) admit an upper bound dependent on variables. Notice that
lvars(Cs(¢))| = |vars(p)| + 1, and hence using this fact along with [3.3.21} we invoke theorem which
tells us that the collection C(Lx —,) should have an upper bound dependent on variables, a contradiction.

O

3.3.4 Main Results
Consider the following splitting pair of the Post’s Lattice
{{U, M }, {AP, PTG, PT{°}}

So for any set of boolean functions O, C1(O) is either (i) a subset of U or M or (ii) a superset of AP, PTg°,
PT°. Expressing it in the terms of concept classes, the concept space of every concept class is either
(i) a subset of the concepts of C(L-, | [Prop]) or C(Lay 1,1 [Prop]) or (ii) a superset of the concepts of
C(Lamp[Prop]) or C(Loxor[Prop]). We now state a lemma which will nicely transition into the main
result
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Lemma 3.3.22. Let C(Lp,) and C(Lp,s) be two collections of concept classes s.t. Cl(Pr) C CI(Pr').
Now, if C(Lp,) has an upper bound dependent on variables then so does C(Lp,).

Proof. Let ¢ be a concept from a concept class C(Lp,[Prop]) which in turn is from the collection C(Lp;).
We assume that C(Lp,/) has a variable dependent upper bound witnessed by a and CI(Pr) C Cl(Pr’).
Now ¢ is also a concept of C(Lp,/[Prop]) from our assumptions. Now, our assumptions also say that
there is an unique characterization of ¢ of size a(|vars(y)|), T, say, w.r.t. to C(Lpy[Prop]). But T,
also is an unique characterization w.r.t C(Lp,[Prop]) (since the concepts of C(Lp,[Prop]) are a subset of
the concepts of C(Lp,/[Prop])). As ¢ was arbitrary we get that « also witnesses the variable dependent
upper bound for C(Lp,). O

Corollary 3.3.22.1. For any set of propositional formulas Pr the following are equivalent,

o For every Prop, and every concept ¢ of C(Lp,[Prop]), there is an unique characterization T, of ¢
with |T,| < 2(vars(@)l+1)

o CI(Pr) is a subset of either of the two (i) CI(A,V, L, T), (it) C(—,L).

Proof. The direction from the second point to the first point is straightforward and is an easy application
of the previous lemma. For the other direction, suppose CI(Pr) is not a subset of CI(A,V, L, T) nor of
Cl(—,1). By inspecting the Post’s Lattice we get that Cl(Pr) must be a superset of either of D, PTg®
or PT°, if C(Lp,) has an upper bound dependent on variables then so does one of C(L3xor), C(LoxoR)
or C(Lamp), following the previous lemma. As it leads to a contradiction, Cl(Pr) does not have an
upper-bound dependent on variables. The contradiction gives us the desired direction of proof. ]

The next main result of this section, is in some sense, a refinement of the results [3.2.26] and [3.3.22.1]
Our main goal is to base the dichotomy on polynomial sized upper-bounds dependent on variables, instead
of just ‘upper bounds’.

Definition 3.3.23. A collection of boolean concept classes C(Lp,) has polynomial sized upper bound
dependent on variables if C(Lp,) has an upper bound dependent on variables, and the function witnessing
it, a say, is a uni-variate non-decreasing polynomial.

The correspondence between polynomial upper bounds dependent on variables and PSUC is explained
by the result below

Lemma 3.3.24. If a collection C(Lp,) has a polynomial sized upper bound dependent on variables, then
C(Lp,) has PSUC.

Proof. Assume that C(Lp,) has a polynomial sized upper bound dependent on variables, witnessed by a
polynomial «. Therefore for every concept ¢ of a concept class C(Lp,[Prop]) of the collection C(Lp,),
we have that there is an unique characterization T, for ¢ s.t. |T,| < a(|vars(y)|). But notice that
lvars(y)| < |Prop| so

Tyl < affvars(p)]) < af|Prop)

Therefore, as ¢ is arbitrary, we can use « as a witness for PSUC. Hence our claim is proven. O
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This lemma highlights one key point, if a collection C(Lp,) has an polynomial sized upper bound
dependent on variables then it must satisfy

(i) Cl(Func(Pr)) 2 MPTg
(ii) Cl(Func(Pr)) 2 MPT{®
(iii) Cl(Func(Pr)) 2 DM
Additionally since it is an upper bound dependent on variables, it should additionally satisfy:
(iv) Cl(Func(Pr)) 2 AP

Consider the splitting pair
{{U, ,V}, {MPTE, MPT{", AP}}

where for each set of boolean functions O, Cl(O) is either a subset of U,,V, or a superset of MPT{,
MPTg®, AP. From conditions (i), (ii) and (iv) we have already inferred that if a collection C(Lp,) has a
polynomial sized upper bound dependent on variables then it is must be a subset of U, or V. Now, if
a C(Lp,) is such that Cl(Func(Pr)) is a subset of U, or V, then CI(Pr) must have a polynomial sized
upper bound dependent on variables.

Lemma 3.3.25. Let C(Lp,) and C(Lp,) be two collections of concept classes s.t. Cl(Func(Pr)) C
Cl(Func(Pr'")). Now, if C(Lp,) has a polynomial sized upper bound dependent on variables then so does
C(Lpy).

Proof. The proof is exactly the same as in lemma [3.3.22] we just need to change « to a non-decreasing
polynomial. O

In [ABCS92] it is shown that the collection C(La 1, 1) and C(Ly, 7 1) has an upper bound |vars(y)|+1,
for every concept ¢ in everyone of the concept classes in the collection. This fact along with lemma |3.3.25
gives us our other main result.

Theorem 3.3.26. For any set of propositional formulas Pr, the following are equivalent,

o There exists a polynomial p(x) s.t. for every Prop, and every concept ¢ of C(Lp,[Prop|), there is
an unique characterization Ty, that uniquely characterizes ¢ with |T,| < p(jvars(y)])

o CI(Pr) is a subset of either of the three (i) Cl(A, L, T), (i) ClL(V, L, T) or (iii) Cl(—, T).

Using the polynomial bounds of the collections C(L 7 1), C(Ly,T,1) and C(L- 1) we can modify our
result to the following:

Corollary 3.3.26.1. For any set of propositional formulas Pr exactly one of 1. or 2. holds.

1. For every finite Prop, and every v € C(Lpy[Prop]), there is a set of labelled examples T that
uniquely characterizes ¢ with |T| < |vars(y)| + 1.
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2. The collection C(Lp,) does not admit upper bounds dependent on variables. O

We look into another corollary, which will be important for the modal part of the thesis. Fix a set of
infinite propositional variables InfProp = {P; : i € N}, we claim

Corollary 3.3.26.2. The concept classes C(Loxor|[InfProp]) and C(Lamp|InfProp]) doesn’t have finite
characterization.

Proof. Suppose C(Loxor|[InfProp]) has finite characterization. Now pick a concept ¢ of C(L3xor[Prop))
and take it’s image 0 (). Now suppose 75, is an unique characterization of o6(¢) w.r.t. C(Loxor|[InfProp]).
We again define

Tg}?igl; — {(t I‘Prop#’p)PTOP: (tap) S TUG(‘P)}

Notice that it is an unique characterization of og(yp) w.r.t. C(Loxor[Propx]). Now the size of T;ZZS
is independent of the set of propositional variables Prop. Using PC reductions we can get an unique
characterization of ¢, T, f rop say, w.r.t. C(Loxor[Prop]) that is independent of the size of Prop. But
this contradicts the result

Similarly, following Post’s Lattice ¢ is a formula of C(L — [InfProp]). Suppose C(Lammp[InfProp]) has

finite characterization, then following the above argument we again can derive a contradiction. O

Now we look into the two other notions of learnability we introduced, namely learnable dependent on
concept size and learnable dependent on polynomial concept size. Here by size, we will mean the variables
used in the concept. We redefine notions for the reader.

Definition 3.3.27. For any set of propositional formulas Pr, we say the collection C(Lp,) is learnable
with queries dependent on wariables (LDoV for short) if for every concept class C(Lp,[Prop]) and a
concept ¢ of that concept class, there exists an algorithm Alg(z) and a non-decreasing function f(x) s.t.
the following two conditions hold

i. If the algorithm Alg has access to the membership MQy(x), then it halts after f(|lvars(e)|) many
computation steps and returns a concept ' = ¢ and

it. for every other concept ¥ of C(Lp,[Prop)), if the algorithm Alg(x) has access to the membership
MQy (), then the algorithm Alg halts and returns a concept i = ).

Definition 3.3.28. For any set of propositional formulas Pr, we say the collection C(Lp,) is learnable
with polynomial queries dependent on variables (LPDoV for short) if for every concept class C(Lp,[Prop])
and a concept @ of that concept class, there exists an algorithm Alg(z) and a non-decreasing polynomial
p(x) s.t. the following two conditions hold

i. If the algorithm Alg has access to the membership MQy(x), then it halts after p(|lvars(p)|) many
computation steps and returns a concept ' = ¢ and

ii. for every other concept ¥ of C(Lp,[Prop)), if the algorithm Alg(x) has access to the membership
MQy (), then the algorithm Alg halts and returns a concept i = ).
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Lemma 3.3.29. For any set of propositional formulas Pr, if the collection C(Lp,) has LDoV then C(Lp,)
has an upper bound dependent on variables.

Lemma 3.3.30. For any set of propositional formulas Pr, if the collection C(Lp,) has LPDoV then
C(Lpy) has a polynomial upper bound dependent on variables.

Both of the above lemmas are proven in the preliminaries, namely in the theorem

The collections in question are C(Lxy, 7, 1) and C(L- ), we provide algorithms for each case. Fix
one particular ¢ from the concept class C(Lx v, 1,1 [Prop]). In the proof of proposition we have
illustrated a way of producing an unique characterization of ¢ of size olvars(e)l+1 e will call this unique
characterization T;,. We will assume the knowledge of this characterization in our algorithm. For the col-
lection C(L-, | ), we will provide an algorithm for the case when ¢ = p; for the concept class C(L-, | [Prop]).
The reader can easily figure out the case for ¢ = —p;.

k < 0;
for (t,q) € T, do
if MQ(¢) # ¢ then
k<« 1;
Exit the loop
end
end
Based on the value of k, do the following cases:

Case 1: k=1;
Print ¢ and exit the program

Case 2: k£ =0;
P =1;
for t in the example space of C(Lny, 1,1[Prop]) do
if MQ(t) = 1 then
0=T,;
for x € Prop do
if t(x) = 1 then
| 6=0Az
end
end
=1V

end

end

Print ¢ and exit the program
Algorithm 4: LDoV,(A,V, T, 1)
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Yo < MQ(0);
y1 < MQ(1);
if yo = y1 = + then

| Print T and exit the program
end
if yg = y1 = — then

| Print 1 and exit the program
end
if MQ(t},) = 1 and yo = 0 then

| Print p; and exit the program
end
for x € Prop do
if MQ(¢t]) =1 and yo = 0 then

| Print « and exist the program
end
if MQ(t;) =1 and y; = 0 then

| Print -~z and exist the program
end

end
Algorithm 5: LDoV, (-, 1)

Theorem 3.3.31. For any set of propositional formulas Pr the following are equivalent:
e C(Lpy) has LDoV.
o CI(Pr) is a subset of either (i) C(La,y,T,1) or (it) C(L- 1).

Proof. (<) The given algorithms 1 and 2 provides us with the proof for this direction.
(=) For this direction we analyse a particular anti-chain of the Post’s Lattice, namely

{U, M, D, PTF", PT{°}

If we assume that CI(O) is neither a subset of (i) C(LA .y 1,1) nor (i) C(£- 1) (which corresponds to
M and U respectively), we get that CI(O) is a superset of either of D or PT{ or PT$°. Now if Cl(O)
has LDoV then following lemma C(Lp) has an upper dependent on variables. This in turn means
that C(Lammp), C(Loxor) or C(L3xor) has an upper dependent on variables, contradicting our result
This means C1(O) cannot have LDoV, the contraposition of what we proved gives us the desired
direction. O

To close off this section we would like to prove our last result, providing a similar classification for

LPDoV.

Theorem 3.3.32. For any set of propositional formulas Pr the following are equivalent:
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o C(Lpy) has LPDoV.
o CIl(Pr) is a subset of either (i) C(La 1), (it) (1) C(Ly T,1) or (i) C(L- 1 ).

Proof. (<) Algorithms 4 and 5 is enough for the cases of C(£, 7 1) and C(Ly 7, 1). Algorithm 8 can be
reused for this case too.
(=) Again we analyse a particular anti-chain in the Post’s Lattice, namely

(U, ,V, MPT, MPTY, AP}

If we assume that is neither a subset of (i) C(Ly, 1 1) nor (ii) C(La,1,1) nor (iti) C(L- ;) (which corre-
sponds to V, and U respectively), we get that CI(Pr) is a superset of either of AP or MPTG® or MPTS®.
Now if CI(Pr) has LDoV then following lemma C(Lp,) has a polynomial upper dependent on vari-
ables. This in turn means that C(Ly 1 1), C(LA 1,1) or C(£- 1) has an upper dependent on variables,
contradicting our result This means C1(Pr) cannot have LPDoV, the contraposition of what we
proved gives us the desired direction. O

3.4 On the Decidibility Aspect

Now we talk about the decidibility of our main results [3.2.26] [3.3.22.1] and [3.3.26f We claim that there
exists algorithms which, given a set of propositional formulas Pr, decides

o whether F(Cl(Func(Pr))) has PSUC.
o whether F(Cl(Func(Pr))) has an upper-bound dependent on variables.
o whether F(Cl(Func(Pr))) has a polynomial sized upper-bound dependent on variables.

The algorithms we discuss are based on the Uniform Clone Membership problem. The complexity analysis
of the problem can be found in [Vol09].

Theorem 3.4.1 (Uniform Clone Membership). There exists a algorithm that accepts a set of boolean
finite boolean functions O and a particular connective b, and decides whether b € CI(Pr) or not.

Proof. The proof outline is to generate all the functions of arity that is same as that of b, that we can
within CI(Pr). We check the variables in b and generate all the functions possible via substitution, using
O and having the same variables as b. The final part is checking whether b is equal to one of the generated
functions. O

For a detailed account of the proof, the reader is advised to check out the first chapter of N. Pippenger’s
book [Pipl0]. Although the algorithm we have provided prove the decidability of the Uniform Clone
Membership problem, it is not the best complexity wise. In [BS00], the authors discussed the complexity
of various decidable problems In Abstract Algebra, one problem in particular was the Variety Fquivalence
problem. Now for any algebra (A, F') the Clone Membership problem asks whether a particular function
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g € F or not. On the other hand, the Variety Equivalence problem asks whether the variety generated
by two algebras (A, F) and (A,G) of the same similarity type are equal or not. The algorithm they
provide for the Variety Equivalence problem had better complexity than of the one described in the
previous theorem. The key observation that links the Uniform Clone Membership problem and the
Variety Equivalence problem for the case when A = {0, 1} is the following observation:

g€ F <— ({0,1}, F) and ({0,1}, F U {g}) are equivalent as varieties

For our purposes we will be building upon the Uniform Clone Membership algorithm, which we will denote
by CloMem(z,Y"). We additionally assume CloMem(z,Y") will return 1 if the function x indeed belongs
to the clone generated by Y, and returns 0 otherwise. We now provide 3 distinct algorithms The above

Data: X is a set of boolean functions
if (CloMem(maj,X) =1 or CloMem(OAND,X) =1 or CloMem(AOR,X) = 1) then
| Print ‘CI(X) does not have PSUC!
else
| Print ‘Cl(X) does have PSUC?
end
Algorithm 6: AlgPSUC(X)

Data: X is a set of boolean functions
if (CloMem(3XOR,X) =1 or CloMem(OXOR,X) =1 or CloMem(AIMP,X) = 1) then
| Print ‘CI(X) does not have PSUC!

else
| Print ‘CI(X) does have PSUC!

end
Algorithm 7: AlgUpVar(X)

Data: X is a set of boolean functions
if (CloMem(OAND, X) =1 or CloMem(AOR,X) =1 or CloMem(3XOR,z) = 1) then
| Print ‘CI(X) does not have PSUC?

else
| Print ‘CI(X) does have PSUC’
end
Algorithm 8: AlgUpPolyVar(X)

three algorithms give us three decidability results, namely

Theorem 3.4.2. [t is decidable, given a set of propositional formulas Pr, whether the collection C(Lpy)
will admit PSUC or not. O

o8



Theorem 3.4.3. [t is decidable, given a set of propositional formulas Pr, whether the collection C(Lpy)
will have an upper bound dependent on variables or not. ]

Theorem 3.4.4. [t is decidable, given a set of propositional formulas Pr, whether the collection C(Lp;)
will have a polynomial sized upper bound dependent on variables or not. O

99



Chapter 4

Case Study: The Modal Fragments

Leaving the propositional landscape behind, in this chapter, we focus on the modal counterpart of our
thesis. In the light of theorem we were able to able to justify propositional fragments as propo-
sitional clones. In this chapter, we firstly define modal fragments (see def. and identify them as
modal clones by using clones from Lindenbaum-Tarski algebra.

In contrast to the propositional case, we lack a representation of all the possible modal fragments, which
makes the analysis much harder. However, due to theorem we can be sure that all the modal clones
form a lattice; therefore study of sub-lattices of the entire modal lattice is still feasible. We consider three
different sub-lattices (see [4.1.15| and [4.1.16]), which are isomorphic to each other, and provide a complete
classification of them in terms of unique characterization and effective learnability .

This chapter is in-fact an extension of Cate and Koudijs’ work in [tCK24].The results they prove along
with our main result, thm helps us to produce the characterizations [4.2.24][4.2.25 and [4.2.26] We
list our findings as Tables 4.1 and 4.2 below. The ¢ in the tables below is one the three possible sets
{0}, {0}, {0, 0} and depends on the sub-lattice considered, for e.g. if the sub-lattice considered is .,
then ¢ = ¢ . (The description of the sub-lattices can be found in the following section). Similar to the
propositional case, the left and the right of the table are linked by an if-and-only-if clause.

As opposed to Tables 3.1 though, Table 4.1 only focuses on finite characterization. The three distinct
rows represent the sub-lattices of the entire lattice of modal fragments that we consider for each char-
acterization. The same follows Table 4.2, where we consider effective learnability of the three distinct
sub-lattices. The main focus of our analysis would be the modal logic K. We begin with the definitions of
all of the notions, to the make the manuscript self-contained and familiarise the reader with the notations
we use.

4.1 Modal Logic and sub-Lattices of the entire modal fragment lattice

Definition 4.1.1. The full modal logic over a set of propositional variables Prop, denoted as MLpyqp, is
generated recursively by,

pu=p|Op|-p|lpAeleVe|T| L
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Sub-lattice Considered

C(L;,pr) has finite characterization iff

Cl(Pr) is a subset of

M (i) Cl(A,V, T, L) or
(i) Cl(=, 1)
M (i) Cl(A,V, T, L) or
(ii) Cl(—, 1)
A0 (i) CI(A, V) or

(i) Cl(~, L)

Table 4.1: Table for finite characterization

Sub-lattice Considered

C(L;,pr) is effectively learnable iff
CI(Pr) is a subset of

Ao (i) Cl(A,V, T, L) or
(i) Cl(=, 1)
Mo, (i) CUA,V, T, L) or
(ii) Cl(—, 1)
Mg (i) CU(A, V) or

(ii) Cl(—, L)

Table 4.2: Table for effectively learnability
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where p € Prop.

Notice that the ¢ modality can be expressed as Op = —[—p. Definition hold analogously for the
modal counterpart. Another thing we will be talking about is modal depth.

Definition 4.1.2. Given a formula ¢ € MLpyop, we define the formula d(p) in a recursive way. If o =p
for some propositional variable p € Prop, we put d(¢) = 0. Assume ¢,0 € MLpyop, and use

d(t v ) = maa{d(v),d(9)} = d(s A )
d(~v) = d(v)
d(0) = d() + 1

The function d is called the modal depth operator, and d(yp) is referred to as the modal depth of .

As it was mentioned in the propositional case, Prop can be both finite or infinite, we will mostly
assume Prop to be infinite in this section. The main difference we notice is talking about the semantics
of modal logic. Unlike propositional models, modal models are Kripke models.

Definition 4.1.3 (Kripke models). A Kripke frame is an ordered pair My = (W, R) where W is a set
of worlds and R is a binary relation on W. A Kripke model is an ordered triple M = (W, R, V) where
(W, R) is a Kripke frame and V : Prop — P(W) is a function, assigning to each propositional variable,
the set of worlds it is valid in.

Definition 4.1.4 (Semantics). Let M = (W, R, V) be a Kripke model and let ¢ € MLpyop, if ¢ =p for
some propositional variable p € Prop, we say M, s |= ¢ holds if s € V(p). Now, the relation |= is defined
recursively: Assume 1,0 € MLpyop

M,skE—) <= M,s}E
M,sEYNO < M,s=1v and M,s =6
M,sE¢yVO < M,sl=¢ or M,s =0

M,s =Y <= Yw (sRw = M,w =)

A closer look at the above semantics reveals that modal logic is just propositional logic with (J added to
it. The underlying set W behind every Kripke frame M, is called the set of all possible worlds. Sometimes
we will also talk about pointed Kripke models.

Definition 4.1.5 (Pointed Kripke models). A pointed Kripke model is a pair (M, s), where M = (W, R, V)
1s a Kripke model and s € W. Furthermore for any w € W, there is a path w1 R ... Rw, s.t. wy = s and
Wy = W.

Fix any formula ¢ € MLp;,,. We say that ¢ is satisfiable if there exists a Kripke model M = (W, R, V)
and a world s € W s.t. M, s |= . Furthermore, we say ¢ is valid if for any Kripke model M = (W, R, V),
there exists a s € W s.t. M,s = ¢. The next set of definitions and theorems would serve to illustrate
how satisfiability is preserved between pointed Kripke models.
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Theorem 4.1.6 (see [BARVOI]). Fiz a set Prop and pick any ¢ € Lpyop. The following equivalence
holds: ¢ is satisfiable if and only if there is a pointed Kripke model (M,s) s.t. M,s = ¢ 0.

Definition 4.1.7 (Bisimulation). Let M,s = (W,R,V),s and N,w = (W', R',; V'), w be pointed Kripke
models, We say M,s and N,w are bisimilar if there is a binary relation Z on W x W' satisfying:
i. sZw holds, and if s'Zw' then ' € V(p;) if and only if w' € V'(p;), for every propositional variables
Di.
ii. (Back) If 8 Zw' and s'Rs"” holds then there exists w” € W' s.t. s" Zw"” and w'R'w"

iii. (Forth) If s Zw' and w'R'w" holds then there exists s" € W s.t. s"Zw" and w' Rw"
Definition 4.1.8 (n-Bisimulations). Let (M, s) = (W, R,V),s) and (N,w) = (W', R', V"), w) be pointed
Kripke models, We say M,s and N,w are n-bisimilar if there is a chain of binary relations Zy, ..., Z,
with Zo C Z1 C - C Z,, on W x W' satisfying:
1. sZyw holds, and if ' Z,w' then s’ € V(p;) if and only if w' € V'(p;), for every propositional variables
Di-
2. (Back) If ' Z;w'" and s'Rs” holds then there exists w”’ € W' s.t. §"Z;1w” and w'R'w”

3. (Forth) If ' Z;w' and w' R'w" holds then there exists s € W s.t. s"Z;y1w"” and w' Rw”

Theorem 4.1.9 (see [BARVO01]). Let (M, s) and (N,w) be pointed Kripke models s.t.(M, s) is bisimilar
to (N, s). For every modal formula ¢, the following holds:

(M,5) F ¢ < (N,s) = ¢
O

Theorem 4.1.10 (see [BARVO1]). Let (M,s) and (N,w) be pointed Kripke models, then the following
are equivalent:

1. M,s = ¢ < (N,w) = ¢ for every modal formula of depth < n.

2. M,s and N,w are n-bisimlar. O

Based on the jargon we have developed so far, we can establish an equivalence relation ~ s on the
set of all modal formulas MLp,,,. As it was the case with propositional formulas, for any two formulas
0,0 € MLprop ¢ ~mc ¢ if for any Kripke model M = (W, R,V) and s € W, we have the following
equivalence:

MsEyp <= M,sE¢

We will use [¢]~,,, to denote the equivalence class ¢ belongs to. Additionally we can improve defini-
tion to accommodate modal formulas. A simple change from ‘propositional formulas’ to ‘modal
formulas’ in the aforementioned definition is enough. We still use the notation ¢(¢1, ..., %, ) for denoting
substitution of ¥, ..., ¥, into ¢(p1,...,Pm)-

All the jargon we have developed so far, helps us to define modal clones. We define it analogously to
the propositional fragments.
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Definition 4.1.11. Let M C MZLpyop, for a set of variables Prop. We say M is a modal fragment if it
satisfies the following:

1. It contains all the propositional variables, i.e. Prop C M.

2. M is closed under composition, i.e. for every collection ©(p1,...,Pm), V1., Um € M, it follows
that p(1, ..., ¢¥m) € M.

3. For every ¢ € M we have [¢]~,,, € M.

Definition 4.1.12. A set Md be a set of modal formulas is defined to be a generating set for a modal
fragment M, if Md C M and every modal fragment M’ with Md C M’ we have that M C M'. In such
cases we denote M as M(Md).

In the case of propositional logic we established through theorem that propositional fragments
can be viewed as propositional clones. The main observation behind that was the following: each propo-
sitional formula correspond to a boolean function. But what about the case of modal fragments? Can we
be justified in calling them modal clones? The answer is yes!

Consider the Lindenbaum-Tarski algebra, (A4, +, x ,” 7,m) of modal Logic K (see [BARVO1] chapter
7 for some details). Remember that IProp = {p1,...pn,...} is a set of infinite propositional variables.
A is defined as follows:

A=A{[pl~pis 2 ¢ € MLrProp}
The operations are defined as follows, for 1, o € MLjpyop:

[Vlepie + [Pl opie = [0V Olapie

[Vlopie - [o)mpie = [ A lmpie
r[[w]]NML—I = [[_‘w]]"’/\/ll:
m([YV]one) = [B]~ e

Notice that the projection map can be defined in the following way,

k
T ([ lpizs -+ s [kt [Pl o) =
([[wl]]NML + I—[W)l]]NML—I) XX H¢kﬂ~M5 XX ([[¢TJ]~ML + I—[[wn]]fv/vw—l)
Now we can consider clones over the set A as defined above. Notice that for each modal formula ¢ €
MLiprop, there is a corresponding operation/function on the set A. For example take the formula
(—pV q) Ar, it defines the operation ("2 +y) x 2z over the set A. For each formula ¢, we use f,, to denote

the function ¢ corresponds to on the set A. We extend our definition of Func, let Md be a set of modal
formulas (over any set Prop), then

Func(Md) = {f, : ¢ € Md}
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Given a set of modal formulas Md, we can consider the clone over A generated by Func(Md), which we
denote by Cla(Func(Md)). Form can be extended in the following way. Given a set of functions F' over
A, define

Form(F)={¢: f, € F}

The following is easy but tedious to verify, we leave it to the reader to verify the following.

Proposition 4.1.13. For any set of modal formulas Md, we have that

M(Md) = M(Form(Cla(Func(Md))))

The other direction, i.e. given a set of functions F' over A, whether holds
Cla(F) = Cla(Func(M(Form(F))))

or holds or not is an open question. As the set A is infinite, answering this question requires digressing
into infinite clone theory, so we avoid it for the sake of our analysis. This discussion justifies that the
study of modal fragments is just the study of modal clones.

We choose .# as the denotation of all the modal fragments over a set of variables Prop. Any arbitrary
set 4 = {M, :i € I} of modal clones is also closed intersection. We abuse the notation and define a
function

UM, M) =(Ym e .t : MUM Cm}

where M, M’ are modal fragments. Again it is an easy verification task to establish the following is a
lattice.

Proposition 4.1.14. The ordered triple (.#,N,U) forms a lattice. O

We take some time to contrast the propositional and modal cases. We have a complete representation
of all the propositional fragments in the form a lattice. This representation owes its existence to Post’s
Lattice, and the correspondence between them too is due to the semantics of propositional logic. Indeed,
when viewed from the semantic side, composition of the set of formulas ¢(p1,...,pm), Y1, .., ¥m to form
oW1, ...,%m), is equivalent to composing the functions described by @(pi,...,Pm),Y1,-..,Ym to form
the function described by p(¥1, ..., ¥m).

Turning to the modal logic and trying to follow the same manipulation, we immediately encounter
two problems. Firstly, what does each modal formula represent semantically, i.e. what would each modal
formula stand for in terms of pointed Kripke models, and how it behaves under formula composition.
Secondly, we need to arrange the representation in terms of some mathematical structure (not necessarily
a lattice). Solving these two problems will give us a clear picture of all the modal fragments, but it is a
challenging task. Therefore, though we have established that .# is a lattice, we cannot comment much
more on it’s structure.
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Fortunately, the structure of Post’s Lattice can employed further to generate interesting sub-lattices
of the entire modal lattice. Consider the sets of formulas of the form Prg = {{p} U Pr where Pr is a set
of propositional formulas, and p is a propositional variable. We claim that the class of modal fragments

M = {M(Prp) : Pris a set of prop. formulas}
forms a sub-lattice of the lattice of all modal fragments.
Theorem 4.1.15. (.#n,N,U) forms a sub-lattice.

Proof. Firstly notice that for any set Pr, the fragment M (Pr) = F(Pr) is just a propositional fragment
and hence there is a finite generating set Pry;, C Pr, s.t. M(Pr) = M(Pryy). Now it is easy to see
that M(PT‘D) = M(PTfm).

Now consider any two sets Prlg and Pr2g. Let Pr3 be the set s.t. M(Pr3) = M(Prl) N M(Pr2).
It is the case that M(Pr3g) C M(Prlg) N M(Pr2g). On the other hand it also the case that

M(PT’B) g M(PT’?)D) g M(P’Flg) N M(PTQD)

and it is the case that Op € M(Prlg) N M(Pr2g), and hence M(Prlg) N M(Pr2n) is a fragment that
contains the set Pr3g. It is trivial to see M(Pr3g) C M(Prlg) N M(Pr2g). Combining the two facts
we get M(Pr3n) = M(Prlg) N M(Pr2p).

On the other hand, let Pr4 be the set such that M(Prd) = M(Prl) U M(Pr2). Again, we have that
M(Prdn) € M(Prlg) U M(Pr2g) again from definition. Now notice that M(Prlg) € M(Prdg) and
M(Pr2g) € M(Prdn) and hence

(M(P?"lg) L M(PTQD) - M(P’I“4|j)
Combining them we have M(Prlg) U M(Pr2g) = M(Prdn). This proves our result. O

Notice that we can similarly define Pry, and Pry . It is also the case that the sets .#y o and .,
form a sub-lattice with respect to the functions N and LI. The proof is exactly the same as in the previous
case.

Theorem 4.1.16. The ordered triples (Mo n,N,U) and (My,N,U) form a sub lattice of the lattice
(A,N,L). O

The rest of this chapter is dedicated towards analysing the sub-lattices .#n, #yand 4. Before
ending this section, we would like to make one crucial observation. Notice that from the proof of theorem
4.1.15] it follows that for every set of propositional formulas Prl, Pr2

M(Prlg) C M(Pr2n) < F(Prl) C F(Pr2)

this correspondence tells us the sub-lattice //[E is isomorphic to the lattice of all propositional clones.
The same can be said about the sub-lattices, we state the following theorem which the reader can easily
verify

1We will abuse notation and call .#¢ a sub-lattice, the reader will be able to figure out from the context that we actually
mean the triple (.#g,N,U). The same applies for .#, o and
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Theorem 4.1.17. The sub-lattices My, Mo and Ao are isomorphic to each other. In-fact they are
isomorphic to the Post’s lattice via the map

Iso : M(Pr;) = Cl(Func(Pr))
where Pr is a set of propositional formulas and i € {{{,O}, O,O}. O

The sub-lattices .4, .#, were considered in the works [BMST11] and [BSST07|. The scope of their
analysis were different from unique characterization and learnability. In-fact they considered the com-
plexity of reducing the various problems between the different fragments. Moreover [BSST07] considers
some interesting applications of these complexity analysis in the real world scenarios.

4.2 Analysis of the sub-lattices .Z, .#, and .,

This section builds up the work of Cate and Koudijs in [tCK24], based on the topics unique characterization
and learnability of various modal fragments. As opposed to the full propositional fragment, the full modal
fragment does not even have finite characterization. The main culprit of this negative result is the existence
of formulas that allows us to manipulate the height of a pointed Kripke model. Let us define a formula
height,,,

height,, := (O™ L) A (O™ T)

In [tCK24], it is established how height, prevents us from having finite characterization for any modal
formula in the full modal fragment.

Theorem 4.2.1 (Cate and Kouijs in [tCK24]). No formula ¢ in the concept class C(Lp - A[@]) has finite
characterization.

Proof. This is an outline of the proof given in the original paper. Consider any formula ¢ and any
characterization T, of it. If T}, is finite then we choose

n>{[W]: (W,R,V),s) € To} U{d(e)}

Now if there exists a m > n s.t. Mg, s = ¢ and Mk has a path of length m starting from s, then we can
see that ¢ V height,, fits T, but ¢ 2 (¢ V height,,). On the other hand if for all m > n we have that
Mg, s = ¢ whenever K is a model that has a path of length m starting from s, then ¢ A (—height,,) fits
T, but ¢ 2 ¢ A (—height,,). Hence, T, cannot be finite. O

4.2.1 The positive results

The natural successor to this observation is to ask whether there’s a modal fragment that admits finite
characterization. The answer is a positive one, and it is already established in [tCK24] that every concept
class C(Ly v, 7,1 [Prop]) has finite characterization, whenever set Prop is finite. The proof employed for
this result is a remarkable one and spans over many papers, we try to provide an outline of the proof’s
structure so that the reader can appreciate it, leaving out all the excruciating details.
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Similar to the cases of modal and propositional logic, one can talk about the fragments of First Order
Logicﬂ One of the important fragments is the positive existential fragment, i.e. the set of all first order
formulas that can be expressed using the connectives 3, A, V, T, L, modulo equivalence, over a schema S.
One can consequently talk about the concept class C(L3 v T,1[S]) = (C, E, X), where C is the set of all
positive existential formulas over the schema S, F is set of all first order structures over the schema S
and finally A maps every formula of C' to the set of all structures that satisfies it.

One of the fundamental results in FOL is that homomorphisms (i.e. structure preserving maps)
between two structures preserve the truth values of positive existential formulas.

Proposition 4.2.2 (see [CK92|). Let (A,a) and (B, b) be two structures over the schema S. If the
structure (A, a) is homomorphic to the structure (B, b), then (A, a) | ¢ implies (B, b) = ¢, whenever ¢
is a positive existential formula (over the schema S). O

Homomorphisms allows us to talk about finite dualty paimﬂ on the class of all S structures. A (finite)
duality pair is a finite ordered pair (F, D) s.t. for every S structure (A,a) either of the two happens:

i. there exists a (Fj,f) € F' s.t. (F;,f) is homomorphic to (A4, a), or
ii. there exists a (D;,d) € D s.t. (A,a) is homomorphic to (D;,d)

Duality pairs coupled with some properties gives way to unique characterization for the concept class
C(Lav,T,LI59])

Proposition 4.2.3. For any schema S and any concept ¢ of C(L3 A v, T,115]), the following are equivalent:

i. There exists a finite duality pair (F,D) s.t. for every positive example (A,a) of o, there exists a
(A,a) (F;, f) € F s.t. (F;, f) is homomorphic to (A, a).

it. The set (F' x {+}) U (D x {—=}) is an unique characterization of . In other words, ¢ has a finite
characterization. O

Cate and Dalmau, in their work [tCD22], showed that a class of FO formulas, namely c-connected
formulas, satisfy the first condition of proposition In-fact they provide explicit effective construc-
tions of the duality pairs; in other words, there is an algorithm that, given a c-connected formula ¢, can
construct ¢’s duality pair (F, D). As it turns out, the positive existential FO formulas form a subclass of
c-connected formulas, and hence using proposition we can conclude that C(L£3 v 7, 1[5]) has finite
characterization.

The last part is to establish a connection between the concept classes C(L£3 4 v, T,1[S]) and C(Ly A v, 1,1 [Prop)).
Assume Prop = {p1,...,pn} is a finite set, and Spyop = {R, P1,...,P,} is a finite signature, where R
is a binary relation and P, ..., P, are unary relations. Another fundamental jargon in the literature of
Modal Logic is standard translation (see [BARVOI1] for the definition), which is an injective map from

%For a detailed introduction to FOL, we advise the reader see [Men09].
3Duality pairs can be studied more generally as a pre-order over the example set, but we leave the details to make sake
of brevity.
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the set of all modal formulas to the set of FO formulas with one free variable (over a certain signature).
If we are to restrict the standard translation, which we will denote by ST, (¢), to the concept space of
C(Ly av,T,1[Prop)]), then the range of standard translation would be restricted to the concept space of
C(L3,a,v,T,1[SProp]). Another possible translation is from the class of all FO structures over Sp;p to the
class of all pointed Kripke models (over Prop). For any Spy.p, structure (A, a), where a is an element of
the underlying set of A, we define the following pointed Kripke model (M%,a) = ((W, R,V),a). The set
of worlds W is same the underlying set of A, we also have that R = R4 and finally

re Pt —= zeV(p)

We observe the following result.

Proposition 4.2.4 (see [BARVOI]). For any concept ¢ of C(Ly v, 1,1 [Prop]), we have the following
equivalence
MA@ < Aal= ST(p)

0

Theorem 4.2.5 (Cate and Koudijs in [tCK24]). For any finite set of variable Prop, the concept class
C(Ly v, T,1L[Prop]) has finite characterization.

Proof. Consider any formula ¢ of C(Ly v, T,1[Prop]), and take the duality pair (F, D) of ST,(y). Now
define T+ = {((M*4,a),+) : (A,a) € F} and T~ = {((M*,a),—) : (A,a) € D}, we claim that T+ U T~
uniquely characterizes . Suppose ¥ be any formula s.t. ¢ 2 1, so by proposition we get that
there is some (A,a) € FUD s.t. (A,a) distinguishes between ST,(y) and ST;(1)). Now by proposition
(MA, a) should differentiate between ¢ and 1. As 1 was arbitrary, this proves Tt U T~ is a finite
characterization. O

It is worthwhile to point out the duality that this proof produces. Suppose C be the category consisting
of the following things as objects:

i. All modal formulas formed using {0, A, V, T, L} (over the variable set Prop)
ii. all FO formulas formed using {3, A, V, T, L} (over the set Spyop)

The morphisms that exist are the standard translations between formulas, i.e f: ¢ — ST, (¢).
On the other hand we have a category D which consists of the following as objects

i. Finite duality pairs (F, D) of Spyop structures as objects.
ii. Finite pointed Kripke models (G, H) (over Prop).

Now for every finite duality pair (F, D) over the structures of Spyqp, there is a morphism g € D s.t.
the domain of g is (F, D) and the codomain of g is (G, H) where

G={(M"a):(Aa) e F} H={(M*",a):(A,a) € D}
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Now we will define a contravariant functor a : C°°? — D. For each FO formula ¢ in C, we define
a(y) = (F, D) where (F, D) is the finite duality pair uniquely characterizing it, which is obtained using
the methods laid out in [tCD22]. On the other hand, for any modal formula ¢ € C we define a(¢) = (G, H)
to be the (finite) pair of positive and negative examples characterizing it (we obtain (G, H) by following
the procedure discussed before theorem and in the proof of the theorem). Fix any morphism f € C,
it should be of the form f : ¢ — ST,(¢), and by definition there is an unique morphism g € D s.t.
g : a(ST(p)) — a(p). We simply let a(f) = g. It is easy to verify that F' is indeed a contravariant
functor. The existence of the functor « provides a nice duality.

The positive result from theorem can be transferred over to the fragment C(Lg v, 1,1 [Prop]). In
[tCK24], it is already established that the aforementioned concept class has finite unique characterization.
The crux of the proof is the idea of negation translation. Fix a set PExt = {q; : p; € Prop}, now for
every concept ¢ of C(Loa v, T,1[Prop]), there is a formula ¢ of C(Ly v 7, 1 [PFExt]) s.t. if we change
every occurrence of ¢; with —p; in 1, then ¢ and v are equivalent. In other words, the formula —¢ <
(W[=p1/q1,- - -, Pn,qn]) is derivable (in K). We call 1) the negation translation of ¢, and denote it by ¢ .

We can also translate pointed Kripke models in a similar fashion. Suppose (M, s) = (W, R,V),s) is
a pointed Kripke model, define (M ~,s) = (W, R,V ™), s) where V™ (p;) = W \ V(¢) for any proposition
pi- One key observation, which can be proved by a simple induction, is the following.

Lemma 4.2.6 (Cate and Koudijs in [tCK24]). For any concept ¢ of C(Ly v, T,1[Propl), and a pointed
Kripke model (M, s),

(M,S) ):QD_ — (M_,S) ):90_[_‘]91/‘]1’“"_‘]7717(]71]
O

Theorem 4.2.7 (Cate and Koudijs in [tCK24]). The concept class C(Loay,T,1[Prop]) admits finite
unique characterization

Proof. Consider any concept ¢ of C(Lo A v, T,1[Prop]) and take it’s negation translation ¢~. We already
know from theorem that ¢~ has a finite unique characterization, T' say. Now let define

U={((M",s)+): (M,s),+) e T U{((M",s)—) : (M,s),—) €T}
Following the previous lemma U should uniquely characterize . ]

We would also like to point out how the previous theorem builds upon the previous duality, to give
us a new duality. Firstly, we extend our category C to the category CE, whose objects are:
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i. All modal formulas formed using {{J, A, Vv, T, L} (over the variable set Prop)
ii. All modal formulas formed using {Q, A, V, T, L} (over the variable set PFExt)
iii. all FO formulas formed using {3, A,V, T, L} (over the set Spr.¢)

Now for each formula ¢ described in i., we have a morphism f € CEs.t. f: @ — ¢~. The other morphisms
are standard translation(s) from the formulas described in ii. to the formulas described in iii. Finally we
close the morphisms under compositionality.

Similarly, we extend the category D to DE, whose objects will be

i. Finite duality pairs (F, D) of Spg.: structures as objects.
ii. Finite pointed Kripke models pairs (G, H) (over PExt).
iii. Finite pointed Kripke models (G, H) (over Prop).

We define a contravariant functor S from CE to DE. For every object x in CE satisfying condition ii.
or condition iii., we simply define 3(z) = «(z), and for any object ¢ € CE satisfying condition i. we
have an object ¢~, which satisfies condition ii., using this fact we define 5(¢) = a(¢~). For every
morpshim f between objects satisfying condition ii. to objects satisfying condition iii., we again define
B(f) = a(f). For morpshims f between objects satisfying condition i. to objects satisfying condition
ii., we define B(f) = ida(dom(s)) and finally For morpshims f between objects satisfying condition i. to
objects satisfying condition iii. we know that there is an object satisfying condition ii. and a morphism
g s.t. the following diagram commutes

o —— o~

e
ST ()

We define B(f) = a(ST,). The reader can verify that g is actually a functor. We now provide the diagram
of the duality

oL i (o) LU ()
gof lg , o (gﬁ %(gof))
ST(p~) s (F,D)

We turn our attention to a relatively simpler concept class, namely C(Ly [Prop]). Notice that
the concept classes C(Ly ~[Prop]) C(Lyo,~[Prop]) are the same. Every concept ¢ of the concept class
C(Ly g-[Prop]) is of the form

‘P:Ql-uqu
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3

Figure 4.1: The frame of LChain,[S)]

where Q; € {J,0} and ¢ is either a propositional variables in Prop or the negation of some variable in
Prop (we will call such ¢'s as literals). Will call the segment Q1, ..., Qn, the modal part of the formula
o and q the propositional part of the formula .

We firstly introduce a special class of pointed Kripke models, for every S C Prop, called SRPI[S] =
(W,R,V),w), where W = {w}, R = {(w,w)} and w € V(p;) if and only if w € S.

Proposition 4.2.8. For every Q1,...,Qm € {00,0} and every variable p, we have

SRP[S]Ep < SRPIS| = Q1,...,Qunp

Proof. The proof is by induction on the number of modalities in-front of p. In the case the number of
modalities is 0, it is trivial. We assume that our claim holds if the number of modalities is n.

Now consider the formula Q1Q2...Qnt+1p. Assume SRP[S| = p then it follows that SRP[S]
Q2 ...Quy1p from ILLH. We consider two cases now, for the first case let )1 = ¢, then by definition of
satisfiability, SRP[S] = 0Qz2 ... Qni1pif and only if SRP[S] = Q2. .. Qny1p. For the second case let Q1 =
[0, then again by definition of satisfiability SRP[S] = 0Q2 ... Qnt1pif and only if SRP[S] E Q2 ... Qni1p.
So, we can conclude that SRP[S] = Q2 ... Qny1p if and only if SRP[S] E Q1Q2 . . . Qn+1p, which coupled
with the implication provided by I.H. gives us SRP[S] = p implies SRP[S] = Q1Q2 ... Qni1p-

For the other direction, let SRP[S] = Q1Q2...Qn+1p- We have already established in the last
paragraph that SRP[S] = Q2...Qny1p if and only if SRP[S] = Q1Q2...Qn+1p, and now we use L.H.
to obtain SRP[S| E Q2. ..Qn+1p implies SRP[S] = p. Combining all of these implications together, we
get that SRP[S] E Q1Q2 ... Qny1p implies SRP[S] = p. This concludes our proof. O

Corollary 4.2.8.1. For every Q1,...,Qm € {,0} and every variable p, we have
O

Another class of important pointed Kripke models is that of linear chains. For any S C Prop, we put
LChain,[S] = (W, R,V),0) where W = {0,...,n}; aRb holds if and only if b = ¢ + 1 and finally, for any
p € Prop,

V(p):{n ifpe S

@ otherwise

Figure provides a pictorial representation of the underlying frame of LChain,[S]. Similarly, we can
consider the class of frames called loop chains and pointed chains which we will denote by Ochain,[S]
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Figure 4.2: The frame of OChain,|[S]

n—+1
"
o _fr,q Bp, o _Be
Rp

Figure 4.3: The frame of PChain,|5]

and PChain,|[S] respectively. The reader can consult the figures and for a better understanding.
Formally, Ochain,[S] = (Wo, Ro, Vo), 0) has as its set of worlds Wp = {0,1,...,n}, and

aRpb <= b=a+1lora=b=n

The function Vp is the same as in the case of LC'hain,[S]. For the case of Pchain,[S] = (Wp, Rp,Vp),0),
we have as its set of worlds Wp = {0,1,...,n,n+ 1}, and

aRpb <= b=a+1lora=b=n

The function Vp is the same as in the case of LChain,[S]. One interesting property is LChain,[S],
OChain,[S] and PChain,[S] are n—bisimilar.

Proposition 4.2.9. For everyn and S C Prop, we have that LChain,[S], OChain,[S] and PChain,][S|
are n-bisimilar.

Proof. We provide a set of relations Z, ..., Z, between LChain,[S] and OChain,[S] s.t. Zo C --- C Z,
and it satisfies all the conditions for being a n-bisimulation. We simply put Zy = {(0,0)}, and recursively
define Z; = Z;_1 U {i,i} for any i < n. Notice that it is already a n-bisimulation.

The same set of relations gives us a n-bisimulation between LChain,[S] and PChain,[S]. O

Since the formulas we are dealing with in the concept class of C(L¢ o ~[Prop]) are rather simple, we
can define a weaker notion of n-bisimulation.

Definition 4.2.10 (weak n-bisimulation). Two pointed Kripke models (M,s) = (W, Ry, V), s) and
(N,s") = (Wn, RN, VN),s') are weakly n-bisimilar if there exists a set of relations Zy, ..., Z, between
Wy and Wy, s.t.

1. SZ(]S/.
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it. If sZ,s' then s and s’ agree on propositional variables.
iii. If wZ;w' and wRpu, then there exists v s.t. w' Ryv and uZ;1v (where i+1 <n).
iv. If wZ;w' and w' Ryv, then there exists u s.t. wRyu and uZi1v (where i+ 1 < n).

The difference between this weak version and n-bismulation is the subset clause that we had between
the relations Zy, ... Z,. But this weaker version is enough to make concepts of C(L¢ o -[Prop]) invariant.

Proposition 4.2.11. For every concept ¢ of the concept class C(Ly -[Prop]) with d(¢) = n, condition
1. given below implies condition ii.

i. (M,s) and (N,s) are weakly n-bisimilar pointed Kripke models.

it. (M,s) | ¢ if and only if (N,s) = ¢.

Proof. The proof is by induction on the complexity or depth of the formula (in this case, both of them
coincide). If ¢ is of depth 0, then by condition i of our weak n- bisimulation, the result follows. Now
assume our claim holds for formulas of depth < n.

Let ¢ be a formula of depth n, then either ¢ = Oy or ¢ = O, where d(¢) < n. We analyse the former
case first. Suppose (M, s) = Oy and (M, s) is weakly n-bisimilar to (IV, s’) via the relations Zy, ... Z,. By
definition of satisfaction, for every w with sRy w, we have (M,w) = . But notice that by condition iv.
of weak n-bisimulation for every w’ s.t. s’Ryw’ there is a w” s.t. sRyw” and w’'Z1w”, and furthermore
(M,w") and (N,w’) are weakly n-1-bisimilar via the relations Z1,...Z,. We use the L.H. to conclude
that (N,w’) = ¢, and since w’ was arbitrary we get that (N, s) | . For the other direction we use a
similar argument using condition iii.

We focus on the case where ¢ = (1p. Suppose (M, s) = Op and (M, s) is weakly n-bisimilar to (N, s)
via Zy, ... Z,. By definition of satisfaction, there is a w with sRy/W s.t. (M,w) = 1. Using condition

iii. we conclude that there must exist a w’ s.t. s’Rw’ and wZ;w’. Now notice that Z1,...Z, witnesses
a weak n-bisimulation between (M,w) and (N,w’). Using I.H. we can conclude that (N,w’) = ¢ and
hence (N, s') E 0. O

Lemma 4.2.12. For every n and S C Prop, the pointed Kripke models SRP[S] and LChain,[S] are
weakly n-bisimilar.

Proof. We assume that the underlying set for SRP[S] is {0}. We define the relations Zy,...,Z, as
follows: Z; = {(0,4)}. It easily follows that Zy, ..., Z, witnesses a weak n-bisimulation between SRP[S]
and LChain,[S]. O

Lemma 4.2.13. For every m > n and S C Prop, we have that LChain,[@] is weakly n-bisimilar to
LChaing,[S].

Proof. We again define the set of relations Z, ..., Z, as follows: Z; = {(i,7)}. It is easy to verify that is
a weak n-bisimulation. O
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The previous results will aid us to answer questions on finite characterization of C(Lg - | [Prop]).
Firstly we take into account the formulas of the form ¢ = Q1, ..., Qnp, where Q; € {{J,0} and p € Prop.
Define the set

P
T, " ={(SRP[2], -), (SRP[{p}]. +), (SRP[Prop], +)}

Notice that if ¢ fits (SRP[{p}], +) then the propositional part of ¢ is with p or —¢q, where p # ¢, according
to result Similarly if ¢ fits (SRP[Prop|,+) then the propositional part of ¢ cannot be the negation
of any propositional variables. Hence, every 1 fitting Tglmp must have p as its propositional part. To
manipulate the modal part, we propose the set

T2°? = {(LChain[{p}], +), (LChain, (2], —)}

Suposse 1 fits T%Od U Tsflmp and d(i)) > n, so we can assume ¢ = Q}...Q,Vi...Vip (since v fits

Tflmp , we can assume the propositional part to be p). Now V; can either be [J or ¢. In the former case,

LChainy,[@] would be a positive example for v, a contradiction. In the latter case, LChain,[{p}] will
be a negative example, again a contradiction. By lemma and result ¢1 fits LChain,[{p}]
and (LChain,|[2],—). So any 1 fitting Té\{"d U Tgmp must have d(¢) < n and the propositional part
as p. Infact, T%Od gives us a better bound on d(v¢)), whenever v fits T%Od. Now suppose d(¥)) < n
and ¢ fits TA7od U TgrOp, we can assume again that ¢ = Q}...Q}p, where k < n. By lemma
proposition and the proposition we conclude that LChain,[@] and LChain,[{p}] must be
negative examples of 1, a contradiction! Hence d(¢) = n and the propositional part of 1 should be p,
whenever ¢ fits Té\f od y T(/I,Dlmp .
To finish our finite characterization, we define the following sets for each Q;,

TR — {(LChain;,_1[@],+)} if Q; =0
- {(LChain;_1[2],—)} fQ;=0

Now suppose 1) fits Tg OdUTgimp uT, f;)ll uU---UT, 521". From our previous discussion, since 1) fits T’ (% od T, flmp )
we can assume ¢ = Q] ... Q.p. Suppose Q; # Q; for some ¢ < n, then it follows that ) does not fit Tgf.
It follows that T, é\f “dyT, (flmp U Tf;')l1 U---u Tﬁ" is an unique characterization of ¢;.

We analyse the case for the formulas of form w9 = Q1 ...Q,—p. Firstly, for every pointed Kripke model
(M,s) = (W,R,V),s) over the set Prop, we define (M, s)* = ((W,R,V*),s), where V*(p) = W\ V(p).
We have this nice result

Proposition 4.2.14. For any n, S C Prop and a formula ¢ of C(Lo~[Prop]) with d(¢) < n, the
following holds:
LChain,[S] = ¢ <= LChain,[S]" = —¢

Proof. The proof is again by induction on the depth of the formula ¢. If the depth is 0, then our claim
follows straight from the way LChain,[S]* is defined. Suppose our claim holds for any formula ¢ with

d(¢) <n.
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Assume ¢ = Qv is a formula with d(¢) = n. Suppose LChain,[S] = ¢, then by definition
(LChain,[S],1) = ¢E| Now since (LChain,[S],1) is weakly n-1 bisimilar to (LChain,—1[5],0), get
that LChain,—1[S] | ¢. Using L.H. we get that LChain,_1[S]* = v¢. Again, (LChain,—1[S]*,0) is
weakly n-bisimilar to (LChain,[S]*,1) and finally we have (LChain,[S],1)* | 1, which immediately
gives us LChain,[S]* | 0.

For the converse direction, just notice that ((M, s)*)* = (M, s), for every pointed Kripke model (M, s).
This closes the induction argument and completes our proof. ]

Notice that —po is equivalent to a formula of the form ;. We already know that 1 has an unique
characterization, T, say. We define

T, = {((M, 5)",u) : (M, 5),u) € Ty, } U{(SRP[Prop], =)} U{(SRP[2], +)}

Since every v that fits T,,, should fit (SRP[Prop|,—), it follows that the propositional part of 1 cannot
be T, similarly T, should fit (SRP[Prop|,+), which means the propositional part of ¢ cannot be L.
Therefore, if 1 fits T;,, then 1 is a concept of C(Lg ~[Prop]). By the previous proposition it follows that
{((M,s)*,u) : ((M,s),u) € Ty, } distinguishes p from all the other concepts of C(Ln ~[Prop]), hence T,
is an unique characterization of ys.

We consider the formulas of the form ¢35 = Q1...Q, T. Since we have the equivalence T < T, we
can assume ), = ¢. Notice that every formula 1) fitting the set

TE? = {(SRP[Prop],+), (SRP[2],+)}

must have T as its propositional part, following result Now for determining the modal part, we
propose the set
T%Od = {(PChain,[2], +), (LChain,[2], +)}

Suppose a formula ¢ = Q}...QLV1... VT fits T%Od and 1) is not equivalent to a formula v’ with
d(¢") < n. Therefore, atleast one of V; is ¢. Suppose Vi = ¢, then ¢ cannot fit (LChain,[<],+). On
the other hand let j be the least index s.t. V; = ¢ and for all ¢« < j, V; = 0. We consider the pointed
Kripke model PChain,[&], we consider the path (n,...n,n+ 1) of length i — 1, where we loop around n
for i — 2 and then take the path n + 1. It is clear that PChain,[&],n = Vi ... Vi T and we know that

PChaing,[2],0 E ¢ <= PChain,[2],n E=Vi... Vi T

hence ¢ cannot fit (PChain,[@],+). So we have that any 1 fitting Té\gf"d, must have d(y)) < n. On
the other hand if for some concept ¢ of C(L-, 1 | [Prop]) with the propositional part of ¢ being T and
d(¢) < n, it trivially follows that PChain,[@] |= 1. Since n was arbitrary and ¢3 was not used in the
previous description, we can extend our observation

“This is abusive notation what we actually mean by (LChain,[S],1) is the pointed model ((W,R,V),1) where
LChain,[S] = ((W,R,V),0). We will abuse notation for this particular proof, but the reader can figure it out from
the context.
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Proposition 4.2.15. For every concept ¢ of C(L- o 1 [Prop]) with the propositional part of 1 being T,
and for every m, the following equivalence holds:

PChaing[2] E ¢ & LChaing,[2] E¢ < d(¢) <m

Keeping this result in mind we define the following sets

TQi _ {(LChain;—1[@], —), (PChain;—1[2],+)} i Q; =9
- {(LChain;—1[2],+), (PChain;,—1[@],—)} if Q; =0

Finally we claim that T, % U T2t U TE U UTE is an unique characterization of ¢3. It follows
from our discussion that every concept 1 of (L | [Prop]) that fits Tgmp urT, é\;[‘)d must have T as its
propositional part and d(¢) < n. If ¢ fits T, S%, by the previous proposition, it follows that d(¢) > i — 1.
Therefore, we can assume ¢ = @, ..., Q) T. Now it follows that if ¢ fits T@Qg", then Q; = Q,. This gives
us 1 = .

Our final analysis is of the formulas of the form ¢4 = Q1 ...Q, L. Due to the equivalence ¢ L1,
we can assume that ), = 0. Notice that, any formula ) fitting

TEr? = {(SRP[Prop],-), (SRP[2],-)}
must have | as its propositional part. To manipulate the modal part we propose the set
TMo = {(PChain,|@], ), (LChain,[2], —)}

Any formula 9 fitting Témp U Té\ff °d must be of the form ¢ = Q... QL Vi ... Vi L. Let’s assume, aiming
for a contradiction, that d(¢)) > n. It follows that atleast one of V; is O, if V} = ¢ then ¢ would not fit
(LChain,[@], —). On the other hand let j be the least index s.t. V; = 0. We take the path (n,...,n,n+1)
of length i — 1, where we loop around n for ¢ — 2 times then use R to reach the node n + 1. As it turns
out ¢ does not fit (LChain,[2], —), a contradiction in both cases. Lastly, we define a collection of sets

TQi _ {(LC’haini_l[Q], +), (PChaini_l[Q], —)} if Qz =0
o {(LChain;_1[@], =), (PChain;_1[@], +)} if Q; =0

We claim that T, U Thed U TE U---UTE is an unique characterization of ¢4. It follows from our
discussion that every concept 9 of (£L-, o | [Prop]) that fits Tgimp UT% °d must have L as its propositional
part and d(¢) < n. Now if a formula 1 fits Tgimp U T%Od u Tgll U---u Tﬁ" we assume it to be of the

form ¢ = Q) ... Q) L, notice that since ¢ fits T& as well we get that Q; = Q). Finally we conclude that
4 = 1. This finishes our proof gives us the following result.
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n+1
2
0(p) —2 1(2) -5 2(p) 1 ...~y n(o)

.

Figure 4.4: Diagram of PChain,[{0,2},{p}|, here V'(p) = {0, 2}

Theorem 4.2.16. The concept class C(L_ | [Prop]) admits finite characterization. O
Infact this result can be extended further to Polynomial sized unique characterization.

Corollary 4.2.16.1. The collection C(L- 1) admits PSUC. O

Proof. Notice that for any Prop, and any concept ¢ of C(L- g | [Prop]), there is an unique characteriza-
tion, T, say, of ¢ s.t.
|T,| < 2d(p) + 10

Now as d(¢) < |¢|, we can conclude that the polynomial 2|¢| 4 10 witnesses the PSUC of C(L-5 ;). O

4.2.2 The negative results

The next concept class we focus on analysing the fragments C(L¢ 3xor[Prop]), C(Ly amp[Prop]) and
C(Ly,0oxor[Prop]) and its O counterparts. The difference between these concept classes from the others
we have discussed so far is that they do not admit finite characterization. To prove this formally, we
take the help of PC reductions. The main observation behind the proof is that the modal Logic K is not
locally tabular i.e. given a finite set of variables, there are only infinitely many non-equivalent formulas.
For example the sets

{p,0p,00p,...0'p...}  {p,Op,00p,...0Op...}

are infinite sets where no two formulas are equivalent. The idea is to replace/mimic each variable p; by
the formula (’p or O, for any formula of the concerned concept classes.

We firstly generalise our class of models PChain,|[S]. For every n, S C Prop and S C {0,1,...n},
we define a class of pointed Kripke models PChain,,[S, S]. The underlying frame of PChain,[S, S| is the
same as PChain,[S], the only difference is the valuation function. Formally, assume that PChain,[S] =
((W,R,V),0), then PChain,[S,S] = ((W,R,V’),0), where

ieV'(p) < i€eS
for every p € S. Similarly we define the class LChain,[S, S|, the reader can check the figures and

for a better intuition. The following result is immedaiate.
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0(p) —2 1(2) -5 2(p) L ... L n(2)

Figure 4.5: Diagram of LChain,[{0,2},{p}], here V'(p) = {0, 2}

Proposition 4.2.17. For every pointed Kripke frame PChain,[S, S|, we have the following equivalence
PChain,[S,S] EDip «—= icS & pe S
O

Proposition 4.2.18. For every pointed Kripke frame LChainy,[S, S|, we have the following equivalence
LChain,[S,S] EQip <= icS & pe S
O

The next step is to define, for every set of propositional formulas Pr, two concept classes, namely
Rdy(Pr) and Rdg(Pr). Remember that C(Lp,[InfProp]) is the concept class which has all the proposi-
tional formulas formed using the infinite set of variables InfProp, as concepts. The example space is the
set of all variable assignments over InfProp. We define Rdy(Pr) = (C, E, ) as follows: For every concept
©(Piy, - -, piy,) of C(Lpy[InfProp]) with it’s free variables displayed we define,

C = {gp((}ilp/pil, e Oikp/pik) : o(Piy, - - - pip) is a concept of C(Lp,[InfProp])}

E is again the set of all pointed Kripke models, and A(¢)) = {(N,s) € E: (N,s) = ¢}.
The concept class Rdg(Pr) is also defined similarly. The concepts of Rd¢(Pr) is the set

{o(@p/piy, ..., O%p/pi,) = @(piy, - - - i) is a concept of C(Lp,[InfProp))}

The example space of Rdg(Pr) is same as that of Rdy(Pr), and the assignment function for each concept
¢ of Rdm(Pr) is also the same as in Rdy(Pr). It is easy of infer that Rdy(Pr) and Rdg(Pr) are sub
concept classes of C(Ly pr[{p}]) and C(Lo, pr[{p}]), respectively.

For every set of propositional formulas Pr, there is a natural bijection from the concepts of C(Lp,[InfProp))
to the concepts of Rdy(Pr). We define the bijection, denoted by NDiap,, as follows:

NDiap, (¢(piys- -+ pin)) = (0" D/Diys - 0% p/piy)

Analogous to NDiap,, we define the function NBoxp, from the concepts of C(Lp,[InfProp]) to the concepts
of Rdo(Pr),

NBOXPT(SO(pilv o 7p’Ln)) - @(Dllp/pna ey lep/plk)
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which is again a bijection. Our original goal is to define PC reductions from the concept class C(Lp,[InfProp])
to the concept classes Rdo(Pr), and Rdy(Pr). Following that we want to define a function TDiap,, on
each pair (c,t), where ¢ is a concept of Rdy(Pr) and t = (e, q) is a labelled example of Rdy(Pr) that fits
c. We define TDiap, in the following way: TDiap,(c, (e,q)) = {(a, q)} where,

alpm) =1 <= e E=0"p

Similarly, we define TBoxp,, on a pair (¢, (¢/,¢')). Here ¢ is a concept of Rdo(Pr) and (¢/,¢’) is a labelled
example of Rdp(Pr) that fits ¢. Define TBoxp, (¢, (¢/,¢")) = {(c’, q)} where,

Apm) =1+ =0

Notice that TBoxp, and TDiap, is invariant of the concepts (¢, ¢ respectively) and just depend on the
example of the labelled example pairs ((¢/,¢), (e, q) respectively). Furthermore, since for every Pr, the
example spaces of Rdp, are identical, we get that TBoxp,(c, (€,q)) = TBoxp,(c, (e,q)) where (e, q) is a
labelled example of Rdg(Pr) and Cl(Pr') C CI(Pr). We can say the same thing for TDiap,, TDiap,s. As

a result of the previous definitions, we can prove the following claim:

Lemma 4.2.19. For every set of propositional formulas Pr, and every concept ¢ of C(Lp,[InfProp]) we
have the following:

i. For any example e of Rdy(Pr), NDiap,(v) fits (e, q) if and only if ¢ fits TDiap, (¢, (e,q)).
ii. For any example e of Rdg(Pr), NBoxp,(¢) fits (e,q) if and only if ¢ fits TBoxp,(¢p, (e,q)).

Proof. Notice that it is sufficient to prove the theorem for the set of propositional formulas {—, A}. Since
every set of boolean connectives Pr, any concept ¢ of the concept class C(Lp,[InfProp|) can be expressed
as a DNF formula, ¢’ say. We get that NDiap,(¢) fits (e, q) iff NDiag, 3(¢') fits (e, ¢), on the other hand
o fits TDiap, (i, (e,q)) iff ¢’ fits TDiag, 3(¢', (€,¢)). A similar statement hold for NBoxp,., NBoxp,.

We focus on i. first and proceed by induction on the complexity of ¢. Suppose that (e, q) is a labelled
example and ¢ is 1(0), additionally let ¢ = py is a propositional variable i.e. a formula of complexity 0.
Assuming TDia(e, q) = (o, q), ¢ fits (o, q) if and only if a(p) = 1(a(px) = 0). By definition, a(py) = 1 if
and only if e = OFp. But notice that (*p = NDia(py). This closes the base case.

Now assume for any formula of length < n, our claim holds. Let ¥ be any formula of length n.
either of the form ¢ = =6 or ¢y = n A 6. For the former case, NDia(¢) fits (e, q) if and only if NDia- A (6)
fits (e,1—¢). Using L.H. we get that NDiag, »,(0) fits (e, 1 —q) if and only if 6 fits TDia;-, A1 (0, (e,1—q)).
Notice that TDiag, Ay(0, (e,1 — q)) = ({a,1 — q}), if and only if TDiag, A3(=0,(e,q)) = ({a,q}) and
by the definition of satisfaction we have that 6 fits TDia;- A1(6, (e, 1 — ¢)) if and only if =0 = ¢ fits
TDia;-, }(=0, (e,q)). The chain of equivalences gives us our claim.

For the latter case, we see that NDiay, 1} (%) fits (e,q) depends on the value of g. Firstly, we assume
q = 1, then we have that the last condition happens iff NDia; 1y(¢) and NDiaj Ay(n) both fits (e, q).
Using I.H. we get the last condition happens iff 6 fits TDia;- A1(6, (e,q)) and n fits TDiag-, Ay(n, (e,q))-
Again following the definition of the satisfaction relation, we conclude 6 fits TDia;, 1}(0, (e, ¢)) and 7 fits
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TDiag- Ay (n, (e,q)) iff & A =) fits TDiag o} (n A0, (e,q)). This closes the induction case and our claim
is proven.

For the case of ii., we reuse the above proof. The reader can verify that the above proof changes to
a proof of ii., just by changing ¢ to [J and the functions NDias, Ay, TDiag A} to NBox -, a1, TBoxi- Ay
respectively. O

The previous theorem shows us that NDiap, and TDiap, satisfy the second and fourth requirements
of PC reduction from C(Lp,[InfProp]) to Rdy(Pr). Similarly, the previous theorem again shows us that
NBoxp, and TBoxp, satisfy the second and fourth requirements of PC reduction from C(Lp,[InfProp]) to
Rdo(Pr). in both the cases the constant polynomial p(z) = 1 satisfy the third condition of our reduction.
We focus on the fourth condition.

Definition 4.2.20. We call a variable assignment u : InfProp — {0, 1} eventually zero, if there exists an
i s.t. for every j <i, u(p;j) =0.

The interesting thing about eventually zero assignments is that they form a critical set of the for
every concept class C(Lp,[InfProp]). In other words, if ¢ and 1 are two non-equivalent concepts of
C(Lpy[InfProp]) then there is an eventually zero variable assignment, t say, s.t. t = ¢ <> 1. Fortunately
for us, we can represent eventually zero variable assignments as pointed Kripke models. We define a
collection of functions RDiap, and RBoxp;, from the example set of C(Lp,[InfProp]) to the example set
of Rdy and Rdg respectively. Let ¢ denote an eventually zero variable assignment, where ¢ witness the
index s.t. for every j > 14, t(p;) = 0 let S be defined as follows: S = {m : t(py,) = 1}. Now we define,

RDiap,(e) = LChain;[S, {p}]

RBoxp,(e) = PChain;[S, {p}]
The next result is immediate following propositions [.2.17 and [{.2.18]

Lemma 4.2.21. For every concept ¢ and example e of C(Lp,[InfProp|), we have the following
i. e = ¢ if and only if RDiap,(e) = NDiap,(¢).
ii. e = ¢ if and only if RBoxp,(e) = NBoxp,(¢).

Proof. Tt is enough to prove the theorem for the set {—,A}. Firstly, the definitions of RBoxp, and
RDiap, are independent of Pr. So, for any e, RDiap,(e) = RDiaj- 1(e). Again, notice that NDia;_, 5}, is
distributive i.e. NDia;-, A1(¢) A @) = NDiay-, o1(¥)) A NDiag 23(#), and NDiay-, oy (—%) = —NDia;- A1 (¢)).
We know what every concept class C(Lp,[InfProp]) is a sub concept class of C(L-, r3[InfProp]), and so
every concept ¢ of C(Lp,[InfProp]), is also a concept of C(L- ry[InfProp]). Hence, from the definition,
NDiapr(go) = NDia{TA}(gp).

We start by proving ¢ and proceed via induction. The base case is simply given my the proposition
4.2.19] Now let our claim hold for any formula of complexity < n. Now assume that ¢ is a formula of
complexity n, therefore ¢ is either of the form —) or of the form A 6.
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For the former case, e = ¢ if and only if e £ ¥. Now the latter case happens if and only if
RDia;- 1(e) = NDiag, 23(¥), using L.H. Now the latter case happens if and only if RDiaj ry(e) =
—NDiag- 2} (%). But notice that =NDiay, 3 (1) = NDiag- A3 (—).

For the latter case, e = ¢ if and only if e = ¢ and e | 6. Using I.H. the latter statement holds
iff RDia;- Ay(e) = NDiag, 23(v)) and RDiag r3(e) = NDiag, A3(6). Now notice that NDiag- Ay(¢) A
NDia{ﬂ’/\}(H) = NDia{_\,/\}(Q/)/\Q). Therefore, RDia{i/\}(e) ): NDia{ﬂ’/\}(w) and RDia{j/\}(e) ): NDia{i/\}(e)
iff RDiag ry(e) = NDiag- A} (¢ A ). This closes the induction case and our claim is proven.

The proof for ii. is analogous. Again, just change NDia to NBox and RDia to RBox. O

Theorem 4.2.22. For every set of propositional formulas Pr, the concept class C(Lp,[InfProp]) is PC
reducible to the concept class Rdy(Pr), and to the concept class Rdg(Pr)

Proof. For the reduction from C(Lp,[InfProp|) to Rdy(Pr), we use the maps NDiap,., TDiap,, RDiap, and
the function p(z) = 1. Lemma tells us condition 2 and 4 of the reduction is satisfied by our chosen
maps, and lemma tells us condition 1 of the reduction holds as well. p(z) = 1 trivially satisfies
condition 3.

For the other reduction from C(Lp,[InfProp|) to Rdo(Pr), we use the maps NBoxp,., TBoxp,, RBoxp,
and the function p(x) = 1. The previously mentioned lemmas work here as well, and so does p(z) =1. O

Theorem 4.2.23. For any set of propositional formulas Pr, if C(Lp.[InfProp|) does not have finite
characterization, then C(Ly pr[{p}]) and C(Lo pr[{p}]) does not have finite characterization as well.

Proof. The proof is trivial, suppose C(L¢, p,r[{p}]) has finite characterization then Rd¢(Pr) has finite char-
acterization as well. Now from the previous theorem and using theorem it implies C(Lp,[InfProp])
have finite characterization. The contraposition is the statement of the theorem.

The same argument works for C(Lo p,[{p}]) as well, just change Rd¢(Pr) to Rdn(Pr). O

Corollary 4.2.23.1. For every set of wvariables Prop # &, the concept classes C(Ly 3xor[Prop)),
C(Loy,amvmp[Prop]) and C(Ly oxor|[Prop]) does not admit finite characterizations.

Proof. Directly follows from the results [3.3.7.2| and [3.3.26.2| and the previous theorem. O

4.2.3 The Main Results

We are now equipped with all the necessary tools to provide the main results of this section. The first group
of results provide complete characterizations of all the modal concept classes of the form C(Ly p,[Prop])
and C(Ly, pr[Prop|), based on finite characterization. We exploit the structure of the lattices .#n and
A, remember that they are both isomorphic to Post’s Lattice.

Theorem 4.2.24. For any set of propositional formulas Pr, the following are equivalent:
i. The concept class C(Ly, pr[Prop]) has finite characterization, where Prop is finite and non-empty.

it. Cl(Func(Pr)) is a subset of (i) Cl(A,V, T,L) or (ii) Cl(—, L)
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The above theorem is indeed a full classification of the sub-lattice .#;. To see this, suppose M(S)
denote any fragment from the sub-lattice .#. It is the case that M(S) = M ({0} UPr), where Pr is a set
of propositional formulas and Cl(Pr) should correspond to a clone in the Post Lattice (following theorem
4.1.16|). Hence the above theorem is truly a complete classification of the sub-lattice ..

This is

Proof of theorem |4.2.24): Our proof strategy is the same as the propositional case: We carefully pick out
a splitting pair in the Post Lattice and analyse each of the fragments corresponding to the lattice. The
splitting pair we choose is the following:

{{M, U} {PTF,PT{°,AP}}

First suppose Cl(Func(Pr)) is a subset of M= CI(A,V, T, L) or U= Cl(—, L), which means C(L, p,[Prop])
is a sub concept class of either C(Ly a1 1[Prop]) or C(Ly - | [Prop]). From the theorems and
and it follows that C(L¢y, pr[Prop]) has finite characterization.

On the other hand if Cl(Func(Pr)) is a superset of PTg® = CI(AIMP),PT{® = CI(OXOR), AP =
Cl(3XOR), then C(Ly aimp[Prop]), C(Ly amvmp[Prop]) or C(Ly amp[Prop]) is a sub concept class of C(Ly, pr[Prop]).
Now from corollary we can infer that in any of the cases C(Ly, p,[Prop]) does not have finite
characterization. This closes the proof. O

We state a similar result for the fragment .#5. The proof is essentially the same, we just need to
change every ¢ to [J in the above proof.

Theorem 4.2.25. For any set of propositional formulas Pr, the following are equivalent:
i. The concept class C(Lo,pr[Prop|) has finite characterization, where Prop is finite and non-empty.

it. Cl(Func(Pr)) is a subset of (i) Cl(A,V, T, L) or (ii) Cl(—, L) O

In the spirit of theorems [4.2.24] and [4.2.25, we can provide a classification of the sub-lattice .#Zy . As
we described earlier, the sub-lattice .#(, o is again isomorphic to the Post’s lattice and hence our proof
strategy is effectively the same. Our proof again depends on Cate and Koudijs” work in [tCK24], where
they prove that the fragment C(Ly A v[Prop)).

Theorem 4.2.26. For any set of propositional formulas Pr, the following are equivalent:
i. The concept class C(Ly o, pr[Prop]) has finite characterization, where Prop is finite and non-empty.
it. Cl(Func(Pr)) is a subset of (i) CL(A,V) or (ii) Cl(—, L) O
Proof. We consider the splitting pair
{{MP, U}, {Py,VP1,AP}}

First suppose Cl(Func(Pr)) is a subset of MP = CI(A, V) or U= Cl(—, L), which means C(L¢, p,[Prop])
is a sub concept class of either C(Ly v, [Prop]) or C(Ly o~ 1 [Prop]). From Cate and Koudijs’s work
in [tCK24], theorem 4.2.16{and [2.5.1] it follows that C(L o pr[Prop]) has finite characterization.
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On the other hand if CI(Func(Pr)) is a superset of Py = Cl(A, L),VP, = Cl(V, T),AP = CI(3XOR),
then C(Ly a1 [Propl), C(Ly,y,7[Prop]) or C(Ly sxor[Prop]) is a sub concept class of C(Ly, pr[Prop]). Now
from corollary and results [2.5.1]and [2.5.2.2) we can infer that in any of the cases C(L¢, p,[Prop))
does not have finite characterization. This closes the proof. O

The next group of results is focused on dedicability. We would like to remind the reader that for a
set of propositional formulas Pr, F(Pr) denotes the propositional formulas described by the elements of
Pr. Notice that given two sets of formulas of the form {Op} UPr; and {Op} U Pry where Pr; and Pry are
propositional, the following holds

M({Op} UPr1) € M({Op} UPra) <= CIU(F({Op} U Pr1)) € CU(F({Op} U Pra))

Since the right hand side of the above equivalence is decidable, it is also decidable whether or not {Op} U
Pr; C {Op} UPra. We build upon this result to have the following theorem

Theorem 4.2.27. Given a set of formulas of the form {Op} U Pr, where Pr is a set of propositional
formulas, it is decidable whether or not M({Op} U Pr) has finite characterization.

Proof. We describe an algorithm that takes in an input {Op} U Pr and outputs yes or no depending
on whether or not M({Op} U Pr) has unique characterization. The algorithm simply asks whether
CI(F(Pr)) € ClUA,V,T,L) and CI(F(Pr)) C Cl(—,L). In the case both of the two queries is no,
the algorithm returns no, otherwise it returns yes. O

We can provide a similar analysis of the formulas of the form {p}U Pr and of the form {Op, Op}UPr.
This would in turn give us the following decidability results:

Theorem 4.2.28. Given a set of formulas of the form {Op} U Pr, where Pr is a set of propositional
formulas, it is decidable whether or not M({Up} U Pr) has finite characterization. g

Theorem 4.2.29. Given a set of formulas of the form {Op, Op} U Pr, where Pr is propositional, it is
decidable whether or not M({Op, Op} U Pr) has finite characterization. O

Following the results on unique characterizations, we want to focus on the learnability aspect. Since
we are concerned with finite characterizations we focus on effectively learnability.

Following the results [2.4.18| and [2.4.17] it is evident that eventual learnability and finite character-
izations coincide. It is easy to see that for every finite Prop, the concept class C(Ly o pr[Prop]) has
countably many concepts. We would like to point out to the reader that in the paper [tCD22|, it is
proven that the concept class C(L3 4 v, 1,1 [S]) has effective finite characterization (for any signature S),
via Alg, () say. Additionally, the translation from a S-structure (4, a) to a pointed Kripke model (M4, a)
is also effective, i.e. there is an algorithm that can return (M#,a) upon the input (A4,a), let’s assume
this is done by Algy(z). Therefore, for each concept ¢ of C(Ly v, 1 T[Prop]) we first change it to a
formula ¢’ of C(L3 v, 1, T[SProp]). Now we get the unique characterization T, of ¢’ using Alg(¢") and
then emulate Algy (A, a) for each (A, a) € T,s. Therefore, we have an effective unique characterization for
C(Lo,nv,L,T[Prop]).
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Moreover, the proof of obtaining an unique characterization for C(Ly - 1 T[Prop]) in theorem
can be done by an algorithm. Hence we have that C(L -, | [Prop]) has effective finite characterization.
On the other hand if we consider any other concept class of the form C(Ly, p,[Prop]), where Pr is a set
of propositional formulas and CI(Pr) is not contained in CI({0,A,V, T, L}) nor CI({Q,—, T,L}) then
C(Ly, pr[Prop]) does not have finite characterization (following theorem . We use the theorems
[2.4.17 and [2.4.18] to reach the following result.

Theorem 4.2.30. Let Pr be a set of propositional formulas, then the following equivalence holds:

C(Ly,pr[Prop)) is effectively learnable <= C(L¢y, pr[Prop]) has finite characterization

Proof. Following the discussion above and theorems|2.4.17|and [2.4.18] we immediately get our result. [J

Theorem 4.2.31. For a set of propositional formulas Pr, the following are equivalent:
i. The concept class C(Ly pr[Prop)) is effectively learnable, where Prop is finite and non-empty.
it. Cl(Func(Pr)) is a subset of (i) CL(A,V, T, L) or (ii) Cl(—, L) O

Let ¢ be a concept of the concept class of C(Lm p,[Prop]), where Pr is a set of propositional formulas.
Remember that we can construct an unique characterization of ¢ from the unique characterization of its
negation translation ¢~. Now remember that ¢~ is a concept of the concept class C(Ly, p,[PExt]), which
has effective characterization and we can effectively translate each element of the unique characterization
of ¢~ to form an unique characterization of ¢. Hence, C(Ln p,[Prop]) has effective characterization, so
it is learnable. This allows us to extend the previous result.

Theorem 4.2.32. For a set of propositional formulas Pr, the following are equivalent:
i. The concept class C(Lo,py[Prop]) is effectively learnable, where Prop is finite and non-empty.
it. Cl(Func(Pr)) is a subset of (1) CL(A,V, T, L) or (ii) Cl(—, 1) O

Proof. The proof is basically the same as in theorem [4.2.31] We again just change ¢ to [J and we are
done. O

In addition to showing that C(L¢ oA v ([Prop]) has finite characterization, Cate and Koudijs in their
work [tCK24] showed that the concept class C(L¢ o v[Prop]) has effective finite characterization. We
build upon this result to provide the last result of this chapter.

Theorem 4.2.33. For a set of propositional formulas Pr, the following are equivalent:
i. The concept class C(Ly n pr[Propl) is effectively learnable, where Prop is finite and non-empty.

it. Cl(Func(Pr)) is a subset of (i) Cl(A,V) or (ii) Cl(—, 1) O
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Chapter 5

Conclusion and Future Work

To summarize, we provided six classifications for the propositional case. Three of those classifications
were about unique characterizations based on various upper-bound we considered; the other other were
the exact learnability notions stemming from those characterizations.

Similarly, in the modal case we provide six more classifications. Unlike the propositional case, in these
characterizations we consider three sub-lattices of the lattice all the possible modal fragments. We classify
the three sublattices based on finite characterizations, giving us our first three results. The latter three
results are characterizing these lattices based on effective learnability.

While providing the characterizations we have noticed that the results pertaining to the propositional
cases are in-fact stronger. Indeed the propositional classifications take into account all the fragments,
whereas the modal classifications are restricted to a particular sub-lattice of .#Z. This gives way to the
first problem we encounter

1. Provide a complete classification of ., i.e. the lattice of all modal fragments.

This is a formidable task since the modal fragments are not investigated upon, and the lattice of infinite
clones has a complex structure.

The next question comes from the modal expressivity problem. Given a formula ¢ and a set of modal
formulas Md, we say ¢ is expressible in M(Md) if ¢ € M. The modal expressivity problem asks: Is there
an algorithm that takes as input ¢ and the set of modal formulas Md and return whether ¢ is expressible
in M(Md) or not? M.F. Ratsa proved that in the case of the logic S4, the answer is no (see [Rat89] in
Russian). B. Ten Cate’s work [tC09] proves that it is undecidable for K4 as well. So our next question is:

2. What is the answer to modal expressivity problem in the case of modal Logic K7

In the case of propositional logic, the answer was given by the fact that given a set of propositional
variables, there can only be finitely many non-equivalent formulas of it. The case where this property
doesn’t hold is yet to be investigated.

Out last set of questions is aimed at connecting our study to yet another branch of algebra, namely
varieties. The questions in this part is more speculative/non-rigorous due to the lack of literature con-
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necting these topics. The connection between hypervarieties and clones have been somewhat investigated
in the works [Tay73] and [Wis95].

3. What is the connection between varieties and the theory of clones?

4. If such a connection is established, can it be used to understand more about the fragments of modal
logic?

The existence of these connections would help us to use the pre-exisiting literature on varieties to under-
stand the structure of modal clones further.
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