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Abstract

This thesis studies an algebraic model of computable programs and the if-then-else
operation. The programs here are considered deterministic, but not assumed to be always
halting, so they are modelled by a semigroup of partial functions, with several extra
operations in addition to the original binary operation of the semigroup.

The if-then-else operation involves not only programs, but logical tests too. Hence,
it calls for a separate algebra of tests. Evaluating a test often requires running another
program, so the tests are also possibly non-halting. When tests do not always halt, the
results of conjunctions (logical ‘and’) and disjunctions (logical ‘or’) can differ, depending
on whether sequential or parallel evaluation is applied. The parallel evaluation is what
this thesis adopts.

The overall ‘program algebra’ consists of two sorts, one of programs and the other
of tests. Each sort has its own operations, and there are hybrid operations such as
if-then-else which involve both sorts. This thesis establishes the axioms of all these
operations by building an embedding from the abstract program algebra into a concrete
one. At the end is a discussion on the algebra of tests without the programs, where the

differences between the two evaluation paradigms are explored in detail.
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Chapter 1

Introduction

The 1950s saw the birth of high-level programming languages such as FORTRAN and ALGOL.
These languages contain the conditional statement of if-then-else, a feature which has
prevailed to this day. An if-then-else statement consists of a test (or guard) c, which

is simply a logical proposition, and two programs p and ¢. The statement

if () then {p} else {q}

says that ‘if « is true, apply p; otherwise, apply ¢’, and it will be denoted as «[p, q]
throughout this thesis. This suggests that modelling if-then-else involves bridging the
world of tests and the world of programs. The tests, being logical propositions, have
operations such as ‘and’, ‘or’ and ‘not’. The programs, on the other hand, have the
concatenation operation which executes one program after another.

In the practical setting, programs do not always successfully terminate, and they may
continue running indefinitely. Evaluating a test often invokes another program, so just
like programs, tests may not halt either. Hence, the result of a test may be neither true
nor false, so rather than the classical two-valued logic, algebraic models of programs often
use three-valued tests (which will be explained in detail later).

Not long after the emergence of these programming languages, in 1963, McCarthy
(himself one of the designers of ALGOL) proposed a set of axioms for if-then-else in

[27]. He treated both programs and tests as the same type (i.e. one-sorted), with the



values ‘true’ T" and ‘false’” F' being distinguished elements. This model is rather limited
because it only involves if-then-else , and neither logical connectives on the tests nor
concatenation of programs are treated.

Later on in 1983, Bloom and Tindell picked up this subject in [4], and studied the
axiomatisation of four one-sorted variants of if-then-else . Similar to McCarthy, Bloom
and Tindell only focused on the if-then-else operation. Afterwards, their work was
further generalised and elaborated by Guessarian and Meseguer [13], Melker and Nelson
[28], and Pigozzi [30]. These works all carry a logical flavour, with an emphasis on terms,
proof systems, syntactic consequence (), semantic entailment (F) and so on.

In the 1990s, Bergman [1] and Manes [26] initiated two lines of research. Bergman used
sheaf theory to study the action of a Boolean algebra (tests) on a set (programs), and
Manes used category theory to study if-then-else with both two- and three-valued
tests. Both of these two works focus on how the logical connectives interact with the
if-then-else operation, but do not cover program concatenation.

Around 2000, Kozen [23] and Desharnais et al. [9] took a relational perspective. They
viewed both programs and tests as binary relations, and modelled them by a Kleene
algebra. They not only treated logical connectives and program concatenation; with the
closure operator in a Kleene algebra, they also modelled the iterative while-do construct.
However, this approach yielded no finite axiomatisation.

Finally, there is the two-sorted algebraic approach started by Jackson and Stokes
[17, 19]. These authors first studied a version similar to those of Bergman and Manes,
with logical connectives on two-valued tests but no program concatenation. The novelty
of their works was that they established the axioms purely algebraically. Using the same
method, they also studied a more furnished version, where both logical connectives (still
on two-valued tests) and program concatenation were treated.

More recently, Panicker et al. [29] generalised Jackson and Stokes” work [17] to three-
valued tests, and they viewed the binary connectives ‘and’ and ‘or’ as being evaluated
sequentially.

Sequential evaluation, also known as short-circuit evaluation, starts by evaluating



the first argument, and proceeds to evaluate the second argument only if the first is
not enough to determine the overall value. If the first argument has not halted, the
entire statement would not halt either, even if the second argument alone can deter-
mine the result. Therefore, in the presence of non-halting tests, the result of sequential
evaluation depends on the order of the arguments, and the binary connectives become
non-commutative. This sequential evaluation strategy is the paradigm widely used in
real-life programming languages.

On the other hand, the binary connectives can also be evaluated in parallel. This
strategy looks at both arguments, and the evaluation would finish as soon as one of
the arguments halts and is sufficient to determine the overall result. The order of the
arguments does not matter when parallel evaluation strategy is employed, so the binary
connectives are commutative.

This thesis will follow the algebraic approach by Jackson and Stokes, and generalise
their works to three-valued tests. However, opposite to Panicker et al., this thesis will

view the connectives as being evaluated in parallel.

Organisation of this Thesis This thesis begins with the preliminaries in Chapter 2.
Then, Chapter 3 introduces the algebraic structures and operations which will be studied,
and explains the motivations behind them.

Next come the chief parts of this thesis. Chapter 4 studies the algebra of the programs
alone, and Chapter 5 brings in the tests and the if-then-else operation. Afterwards,
Chapter 6 covers the equality test, a particular type of tests which is commonly seen and
hence deserves attention.

Finally, Chapter 7 ends the thesis by looking at the algebra of tests on its own, without
the presence of the programs. It covers the historical background of different systems of
three-valued logic, and then establishes the type of algebras which correspond to the

commutative three-valued logic used in this thesis.



Chapter 2

Preliminaries

This chapter will begin with some fundamental concepts of relations and functions. Then,
it will outline the basics of universal algebra, semigroups and lattices. At the end, this

chapter will also discuss many-sorted algebras and axiomatisation.

Definition 2.1. A (binary) relation 6 between the sets X and Y is a set of ordered
pairs:

{(z,y) |z € X,y e Y}.

Elements x € X and y € Y are said to be related by 6 if and only if (z,y) € 6, which

can also be written as x 6 y.

A relation on X means that it is defined between X and X. There are two important

special types of relations on a single set X — equivalence relations and partial orders.

Definition 2.2. The relation ~ on X is an equivalence relation when it satisfies the

following three criteria for all x,y, z € X:

° I~ 1 (Reflexive)
e v~ yif and only if y ~ x; (Symmetric)
e v~y and y~ z implies z ~ z. (Transitive)

The most trivial example of an equivalence relation is equality.



When the set X has an equivalence relation ~, the equivalence class of some z € X
is defined to be T = {y € X | x ~ y}. All of the equivalence classes are disjoint, and
their union is the whole of X, so the set of equivalence classes in fact forms a partition
of the original set X:

X/~={z |z e X}.

Definition 2.3. The relation < on X is a partial order when it satisfies the following

three criteria for all z,y, 2z € X:

o v <u; (Reflexive)
o r <yandy<zximply r =y; (Anti-Symmetric)
e r <yandy<zimply z < z. (Transitive)

A set X with a partial order < is called a partially ordered set <X , §>, or a poset.
The most common example of a partial order is the ‘less-than-or-equal-to’ relation on

the set of real numbers.

Definition 2.4. The relation f between X and Y is called a (partial) function from

X to Y when it satisfies the following criterion for all z € X and y;,y, € Y

(z,31) € f and (2,9») € f imply y1 = yo.
When (z,y) € f, this criterion enables y to be unambiguously written as xf. Further-
more, an ordered pair (x,y) in a function is also called a maplet.

Given a function f from X to Y, the domain of f, denoted dom(f), is the following
subset of X:

{reX|yeY : (z,y) € f}.

Definition 2.5. The function g between X and Y is a total function (or transforma-

tion) when dom(g) = X.

Finally, the following are some notes on the notations used in this thesis.



Notation 2.6. Let X be a set. Then,
e P(X) denotes the set of all (partial) functions from X to itself;
e 7(X) denotes the set of all total functions from X to itself.

Consequently, 7(X) C P(X), and in this thesis, the term function includes partial

functions.

Notation 2.7. In this thesis, function applications are written on the right. For example,

xf means ‘f applied to x’, and fg means ‘first f, then g’.

2.1 Universal Algebra

This section summarises the basic concepts in universal algebra which are needed in the
later parts of this thesis. Universal algebra is a rich and deep subject in its own right,
and a detailed exposition can be found in the classic text by Grétzer [12], or in the book

by Denecke and Wismath [§].

Definition 2.8. An n-ary operation p on a set A is a total function which takes n

elements of A and returns a single element of A. This number n is called the arity of p.
Different arities are given different names as follows.
e Nullary: zero argument (constant).
e Unary: one argument (e.g. the ‘inverse’ of a real number).
e Binary: two arguments (e.g. the ‘addition’ of numbers).
e Ternary: three arguments (e.g. if-then-else).

Notation 2.9. In contrast with functions between sets or algebras in Notation 2.7, oper-
ations are written in prefix or infizr notation. For example, an n-ary operation p applied
to xy,...,x, is written as p(z1,...,x,). If the operation ps is binary, then ps(z1, x2) is

also written as xy py s.



Definition 2.10. An algebra is a tuple <A; P1s P2y - - - ,pk>, where A is called the base
set (or the carrier set), and the p;’s are the operations. Each of the operations has its

own arity n;, and the tuple (ny, ng,...,ng) is called the type of the algebra.

Examples A group <G; Ll 1> is an algebra of type (2,1,0), and a lattice <L; A, \/>

is an algebra of type (2, 2).

Subalgebras and Quotient Algebras

Definition 2.11. A non-empty subset B C A is a subalgebra of A when it has the

same type as A, and is closed under every operation, i.e. for every n-ary operation p:

Vri,...,x, € B : p(xl,...,xn)EB.

The beginning of this chapter introduced the concept that an equivalence relation
partitions a set into equivalence classes; in an algebra A with an arbitrary equivalence
relation 6, however, A/6 may not form an algebra because a valid operation may not be

definable. For A/6 to be a well defined algebra, 6 needs to be a congruence.

Definition 2.12. A congruence on an algebra A is an equivalence relation # which
satisfies the following. For every n-ary operation p, and for all ay,...,a, and by,...,b, €

Aifa; 0by,..., a, 0 0b,, then

play, ... a,) 0 p(by,... by).

Definition 2.13. When 6 is a congruence on the algebra A, the quotient algebra is the
algebra which has the same type as A, has A/6 as its base set, and each of its operations

p (assumed n-ary) is defined to be:

VZ1, ..., Tn € AJO : p(T1, ..., Tn) = p(a1,. .., Tp).



Homomorphisms and Embeddings

From now on, let A and B be two algebras with the same type.

Definition 2.14. A homomorphism is a function ¢ : A — B which ‘preserves every

operation’. In other words, for every operation p and xy,...,x, € A,

(pA('Ilv cee ,$n))¢ = pB(xqu: s 7xn¢)

Various special types of homomorphisms are given special names. In this thesis, a

particularly important type is defined below.

Definition 2.15. An embedding is an injective homomorphism.

2.2 Semigroups

The algebraic study of total functions with function composition gave rise to the notion

of the semigroup.

Definition 2.16. A semigroup is an algebra <S ;o > with one binary operation which

satisfies the associativity axiom: for all z,y,z € .S,

o (zy)z = x(yz).

For example, both P(X) and 7 (X) are semigroups, with function composition as
their binary operations. (See Notation 2.6.)

Modelling the identity function gives rise to the notion of a monoid.

Definition 2.17. A monoid is an algebra <S MR 1> with one binary operation and an

identity (nullary operation), which satisfy the following axioms. For all z,y,z € S:
o (xy)z = x(yz);
o rl=1zr=ux.

For example, both P(X) and T (X) are monoids, with function composition as before,

and the full identity function as the identity.



Other than the identity, another very common nullary operation is the zero, denoted
as 0, and it satisfies Vx € S : 20 = 0x = 0.

Finally, if every element of a monoid has an inverse, the result corresponds to the
notion of the group. The elements of a group model bijections.
Definition 2.18. A group is an algebra <S oo, 1>, where - is a binary operation,
-~1is a unary operation called the inverse, and 1 is a nullary operation called the identity.

The axioms of a group are the following. For all x,y,z € S:

o (ry)z = x(yz);

Functions are not the only motivation behind semigroups, and there is the notion of

a semilattice.

Definition 2.19. A semigroup <S ;- > is called a semilattice if it satisfies the following

additional properties. For all =,y € S:
o 1y = yx;
o Ir =1I.

Semilattices are closely related to lattices, which are the subject of Section 2.4.
Earlier in this chapter, Section 2.1 introduced the concepts of sub-algebras and con-
gruences. Here, the remainder of this present section will describe these concepts in the

context of a semigroup S.

Definition 2.20. A subsemigroup H is a non-empty subset of S which is closed under
the semigroup operation, i.e. for all z,y € H, (xy) € H. This ensures that H is itself a

semigroup.

Rephrasing Definition 2.12 in the context of semigroups, a congruence on a S is an

equivalence relation 6 which satisfies

val,dg,bl,bg es : ai 0 by , Q9 0 b — ajas 0 b1ba.
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Similarly for Definition 2.13, when € is a congruence on S, the set of 6-classes forms

a well-defined semigroup, with the operation defined to be

VT, y € S/0 : T -y=7ay,

and this semigroup S/6 is called the quotient semigroup.

2.3 Left Restriction Semigroups

There is also a special type of semigroup which has a unary operation representing the
domain. In P(X), this domain operation D takes a function f to the restriction of the

identity function to dom(f), i.e.

D(f) = {(x,z) [ = € dom(f)}.

A semigroup with such a domain operation is called a left restriction semigroup.

Definition 2.21. A left restriction semigroup is an algebra <S D D> where - satisfies

the associativity law, and D satisfies the following axioms. For all z,y € S.
(R1) D(x)z =

(R2) D(x)D(y) = D(y)D(x)

(R3) D(D(x)) = D(x)

(R4) D(zy) = D(x)D(zy)

(R5) D(y) = D(xy)x

The concept of left restriction semigroups has many different guises; these guises, in
addition to the generalisation of the left restriction, are explored by Gould in [11].

The notation and results in this thesis originate from the paper An Invitation to
C-Semigroups [16] by Jackson and Stokes, and this approach is also followed in these

authors’ other works [18, 19].
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As the title of [16] suggests, the object studied there is the C-semigroup. It is a
semigroup equipped with a unary operation C, which satisfies axioms similar but different
to those of the left restriction semigroup. However, a left restriction semigroup <S R D>
is in fact equivalent to a twisted C-semigroup <S X, C> (see [16, Section 3]) by letting
a-b=0bxaforallabels.

The next proposition contains some useful properties which can be further derived

from these axioms. These properties have been previously established in [16, Proposition

1.2].

Proposition 2.22. Let S be a left restriction semigroup, then the following are true for

all 2,y € S.

(R6) D(x)D(y) = D(D(x)D(y))
(R7) D(z)D(z) = D(x)

(R8) D(x)D(y) = D(D(x)y)
(R9) D(zy) = D(zD(y))

An important subset of a left restriction semigroup is the set of domain elements:

D(S) ={D(x) | x € 5}

={y eS| Dy =y}

These two definitions are equivalent due to (R3).

Proposition 2.23. For a semigroup S, the subset D(S) forms a subsemigroup, which is

a semilattice.

This subsemigroup of domain elements has also been previously established in [16].
If the left restriction semigroup has 0 as one of its operations, then the following

additional axiom is required:

(RO) D(0) = 0.
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This axiom asserts that 0 € D(S), which is true in the cases of P(X) because the empty
function is the restriction of the identity function to the empty set.

On the other hand, if the left restriction semigroup contains the identity 1, then

1=D(1)-1 (R1)

= D(1), (identity law)

so 1 € D(S) follows directly.
The next two propositions are useful in a later part of this thesis.

Proposition 2.24. Let x,a,b € S with a,b € D(S). Then, D(xab) = D(za) - D(zb).

Proof. Starting from the right-hand side:

D(xa) - = D(D(za) - zb) - D(za) (R5)
= D(D(za)z - b) - D(za)
= D(zD(a) D(za) (R5)
— D(zab) - D(za) (because D(a) = a)
— D(za) - D(zab) (R2)
— D(zab) (R4)
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Proposition 2.25. Let x,y,a,b € S same as above. Then,

D(zay) - D(zby) = D(xzaby).

Proof. Starting from the left-hand side:

D(zay) - D(xby) = D(D(zay) - D(zby)) (R6)
= D(D(zay) - zby) (R9)
= D(D(zay)z - by)
= D(«D(ay) - by) (R5)
= D(z - D(ay)b - y)
= D(z-bD(ay) - y) (R2)
— D(zb- D(ay) - )

Now, note that

D(ay) = D(a- D(y)) (R9)

— D(D(a) - D(y)) (because @ = D(a))
= D(a) - D(y) (R6)
—a-D(y). (because a = D(a))

So, back to the main argument:

D(zb- D(ay) - y)

D(zb-aD(y) - y)

(:cba . D(y)y)

(zaby) (R2) on ab and (R1)

D
D
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2.4 Lattices

This section outlines the theory of lattices, covering the basic definitions and standard
results required in the later parts of this thesis. More detailed discussions on lattices can

be found in the book by Davey and Priestley [7].

Definition 2.26. A lattice is an algebra <L; /\,\/> with two binary operations, and

satisfying the following axioms. For all x,y, 2z € L:

(L1) (zAy)ANz=xA(yA=z); (Associativity)

(xVy)Vz=xV(yVz);

(L2) xANy=yAux; (Commutativity)
zVy=yVux;

(L3) s ANz =ux; (Idempotence)
TVr=ux;

(L4) z A (zVy) = (Absorption)
zV(rAy)=ux.

The operation A is called meet, and V is called join.

Note that each of the above axioms contains two equations. One of the two equations
is called the dual of the other. Given one equation, the dual can be obtained simply by
replacing each A with V, or vice versa.

Note that <L;/\> and <L; \/> are both semilattices. Hence, if <S; /\> and <S; \/> are
semilattices which satisfy Va,y € S: o A (zVy) =2V (z Ay) =z, then (S;A,V) is a
lattice.

Lattices are not only purely algebraic structures, but are also closely related to par-
tially ordered sets which were introduced in the beginning of Chapter 2.

Given a poset <L7 < >, the least upper bound of x,y € L is denoted as lub{z,y}, and
is the smallest element in L which satisfies < lub{x,y} and y < lub{x,y}. On the other

hand, the greatest lower bound, glb{x,y}, is defined dually. If every pair of elements in a
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poset L has a least upper bound and a greatest lower bound, then this poset is a lattice
by defining

Ay = glb{z,y} and z Vy = lub{x,y}.

A routine check can easily verify that this definition of A and V fulfills the axioms of a
lattice.
Conversely, any lattice has an intrinsic partial order, as demonstrated by the following

connecting lemma [7, Lemma 2.8, page 39].

Lemma 2.27. Let L be a lattice and x,y € L. Then the following are equivalent:

(i) = <y;
(i) x Ny = x;
(111) xVy=y.

In a partially ordered set, there can be elements which are not comparable. However,

when every two elements are comparable, the relation is called a total order.

Definition 2.28. A total order on a set L is a partial order < which satisfies

Ve,y € L : (x,y) € Lor (y,z) € L.

A totally ordered set is also called a chain.
We often encounter lattices with additional properties, and below are some of these.

Definition 2.29. A lattice is bounded when it has a top element 1 and a bottom

element 0, which satisfy the identity laws c A1 =2z and £ V0 = x for all z € L.
Using the absorption law (1.4), the above identity laws are equivalent to the following

alternative rules.

zV1=(zxAl)vVe=1and

zANO=(zVO)Az=0.
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Definition 2.30. A distributive lattice is a lattice L which satisfies one of the following

distributivity laws. For all x,y,z € L:
(DL1) x A(yVz)=(zAy)V(TxAz);
(DL2) 2V (yAz)=(zVy A(zV=2).

In fact, these two distributivity laws are equivalent in the presence of the absorption

law, as the following proposition shows [7, Lemma 4.3].
Proposition 2.31. A lattice L satisfies (DL1) if and only if it satisfies (DL2).

Two of the most commonly-met lattice-like structures are sets with intersection and
union, and propositional logic with ‘and’” and ‘or’. Other than join and meet, both of

these have an additional operation of complement.

Definition 2.32. Let L be a bounded lattice. An element b € L is a complement of

a€ L whenaAb=0and aVb=1.

This is the most general definition, where an element of a lattice may have no com-

plement. The following is a stronger notion.

Definition 2.33. A complemented lattice is a bounded lattice in which every element

has at least one complement.
Complements are unique in the presence of the distributivity laws.
Proposition 2.34. In a distributive complemented lattice, complements are unique.

Now, we can finally define the notion of Boolean algebras, which captures the prop-

erties of classical propositional logic and the algebra of sets.

Definition 2.35. A Boolean algebra is a complemented distributive lattice. In other

words, it is an algebra <B; AV, —, 0, 1> where
° <B; A,V 0, 1> forms a distributive lattice, and

e —satisfieszV—2z =1 and z A =z = 0.
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2.5 Filters and Ideals

Filters and ideals are special kinds of sublattices which are useful in the applications of

lattice theory. Let <L; A, \/> be a lattice.
Definition 2.36. A filter F' C L is a non-empty subset which satisfies:
(F1) for all a,b € F,aNb € F;
(F2) for alla € F and x € L, a < z implies x € F.
‘Ideal’ is simply the dual concept of ‘filter’.
Definition 2.37. An ideal J C L is a non-empty subset which satisfies:
(I1) For all a,be J,aVbeF,
(I2) For alla € J and z € L, x < a implies = € J.

Since filters and ideals are dual concepts, it is sufficient to investigate one or the other,
so the remainder of this section focuses on filters only. In any case, only filters are used
in later parts of this thesis. There are several special and important types of filters, and

these are introduced below.

Definition 2.38. For any specific element a € L, the principal filter generated by «a
is defined to be

ta={reLl|z>a}

This notion can be generalised from a single element to a subset of the lattice, although

in the latter case, the resultant set may not be a filter.

Definition 2.39. For a subset () C L, the up-set generated by () is defined to be

TQ={rel|3qgeQ:x>q}.

Here is a lemma for a later part of this thesis.
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Lemma 2.40. Let F be a filter of a lattice L. Given some a € L\ F, define G = 1

{aANc|ce F}. Then, G is a filter which includes a and properly contains F.

Proof. Firstly, we show that G is a filter. Let z,y € G, i.e. + > aAd,; and y > a A d, for

some d,d, € F. Then,

z Ay > (aNdy)N(aNdy)

=a A (dy; N\dy).

As (d, Ndy) € F, z Ay indeed belongs to G.

In addition, let z € G and z > x. Then, as ©* > a A d,, transitivity of our partial
order directly implies that z > a A d,, and this simply means that y € G.

Finally, every f € F satisfies f > a A f, so f € G and hence F' C G. Moreover,
a>aAgforany g € F,soa € G. Since a ¢ F, it follows that F' is a proper subset of
G. O

Definition 2.41. A maximal filter F' in L is a filter which satisfies the following: if
G is a filter which strictly contains F', then G = L. A maximal filter is also called an

ultrafilter.

Definition 2.42. A prime filter P in L is a filter which satisfies the following: for all

a,be L,aVvVbe Pimpliecsae Porbe P.

In distributive lattices, the maximality and primeness properties of filters are closely
related, and the following theorem explores this connection. (See [7, Theorem 10.11, page

233].)

Theorem 2.43. Let L be a distributive lattice with bottom element 0. Then, every

mazimal filter in L is prime.

Zorn’s lemma is a vital tool for inferring the existence of maximal filters, and it often

requires the following theorem, with which this section closes.
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Theorem 2.44. Let L be a lattice, and C a chain of filters in L, ordered by set inclusion.

Then, the set

v=Jr

FeC

is still a filter of L.

Proof. Let x,y € U. Then, there are some Fj, Fy € C such that x € F; and y € Fs.
Since C is a chain, it can be assumed without loss of generality that F} C F5, and hence
x,y € Fy. As F5 is a filter, x A y is contained in F5; therefore, x Ay € U.

Let x € U and z € L with z > x. Then, there is an F' € C which contains x. Since F’

is a filter, z is contained in F' and hence in U.

Therefore, U is indeed a filter. n

2.6 Many-Sorted Algebras

The program algebra studied in this thesis is two-sorted, as it has a test sort K and a
program sort S. Each of these two sorts has its own operations: K has the usual logical
connectives, and S has functional composition. In addition, there are hybrid operations
such as the ternary if-then-else, which has type K x S x § — S.

Another familiar example of a two-sorted algebra is the vector space. One of its sorts
is the field of scalars IF, which has the usual operations and axioms of a field. The other
sort is the vectors V', whose operations include vector addition V' x V' — V. The scalar
multiplication is a hybrid operation, which has type F x V' — V. All of these operations
satisfy a certain set of axioms.

The two examples above belong to the theoretical framework of many-sorted (or
heterogeneous) algebras, which is the generalisation of the single-sorted (or homogeneous)
universal algebra briefly summarised in Section 2.1. Nevertheless, as Birkhoff and Lipson
laid out in [3], the concepts of single-sorted algebras carry over into many-sorted ones in

a natural way.
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2.7 Axiomatisation

An abstract algebra is often a model of some concrete objects in the real world, and
the deducible theorems in the abstract algebra should correspond to truths about the

concrete objects. For instance:
e a group is a model of a set of permutations with composition and inversion,

e a left restriction semigroup is a model of a set of partial functions with composition

and domain, and

e a Boolean algebra models a set of subsets of a set with union, intersection and

complementation [7].

As an example, how are the axioms of a group determined? Firstly, a set of permuta-
tions satisfies the axioms, i.e. the set of permutations is itself a group. This step merely
involves routine checking. Next, we show that every group is a permutation group by
constructing an embedding from any group G to the group of permutations on some set.

This is in fact the well-know Cayley’s Theorem.

Theorem. Fvery group G is isomorphic to a subgroup of Sym(G), the symmetric group
acting on G. (Alternatively, G is embeddable in Sym(G).)

The isomorphism map ¢ : G — Sym(G) required to prove this theorem is defined by
Vge G : gp =1y, where ¢, : G — G and Vo € G : 27, = xg. Then, it remains to be

shown that:

e Each 1), is really a permutation;

Vg,he G : go-ho = (gh)o;

1¢ is really the identity in Sym(G);

Vge G i (g o= (99)

¢ is injective.
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This definition of ¢ mapping g to ‘right-multiplication by ¢’ is called the Cayley-style
representation. This same representation also works for semigroups with identity, and it
embeds every semigroup S into P(S).

In the more general setting of relational algebras, the steps required to axiomatise are

outlined by Schein [31, page 53]:

‘At first, one must “gquess” the right axioms (the guess is not quite arbi-
trary, and a good method simplifies the task very considerably). Secondly, one
must verify the necessity of the axioms. This step is the easiest: one checks
the azxioms on proper relation algebras. The most difficult step is the third
one: the proof of sufficiency. There is given an algebraic system satisfying
the axioms, and one must construct a proper relation algebra of the given

class isomorphic to the given system.’

Most generally, how do we determine the set of axioms of a particular algebra? The
axioms are what ‘characterise’ the abstract algebra, so they should enable a direct corre-

spondence between the abstract and the concrete algebras. This involves two directions:

1. the concrete algebra satisfies the axioms of the abstract algebra,

i.e. concrete = abstract;

2. the abstract algebra is isomorphic to a concrete algebra,

i.e. abstract = concrete.

The first direction is sometimes called the soundness of the axioms, and the second the
completeness. Moreover, in the second point, the isomorphism from the abstract to the

concrete is called a representation.



Chapter 3

Operations

This chapter will introduce the algebraic structures and operations which will model the
programs and the tests. At the end, it will give a preview of all the axioms which will be

studied in the later chapters.

3.1 Programs as Functions

Every program takes a start state from the state space, and arrives at an end state if
the program is well defined on this input. In this thesis, programs are assumed to be
deterministic, so the end state is unique if it exists. This suggests that programs can be
viewed as functions.

Given certain inputs, a program may continue running indefinitely without halting.
When a program is viewed as a function, this situation will be considered as the function
being undefined at these inputs. Since a program may not be defined for every possible
input, programs will be viewed specifically as partial functions.

Another possible bad situation is when a program terminates without completing a
valid computation, i.e. the program ‘crashes’ or ‘aborts’. This thesis will not consider

the situation of ‘abort’, and will focus only on non-halting programs.
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3.2 Operations Purely on Programs

An important operation on programs is concatenation, which executes one program
straight after another. Since programs are viewed as functions, this operation is sim-
ply the usual function composition, which is associative by nature. Hence, programs
with composition form a semigroup.

In addition to composition, there are two nullary operations which represent the
special programs of skip and loop. The skip program is the one that always outputs
the same value as its input. It makes no effect when composed with other programs, so
it will be the identity element which satisfies 1 -p = p-1 = p for all programs p. On
the other hand, the loop program is the one that never halts. A possible form of such a
program is

while (true) { }.

When loop is composed with other programs, no matter the order, the resulting program
is still always non-halting, so 1oop behaves like the zero constant 0, which satisfies 0-p =

p -0 =0 for all programs p.

3.3 Tests

Now, logical tests will be brought into the picture.

A halting test is a predicate on the state space X, and a (total) predicate is a total
function from X to the truth set {7, F'}. Extending this idea, a possibly non-halting test
is a partial predicate, which is a partial function from X to {7, F'}, and the states at
which a partial predicate is undefined represent where the evaluation of a test has not
halted. Partial predicates possess all the usual operations which total predicates have,
namely the connectives ‘and’ A, ‘or’ V and ‘not” —, as well as the constants ‘true’ T and
‘false’ F.

When the tests have the possibility of not halting, the results of binary connectives A
and V become dependent on how these connectives are evaluated: whether sequentially

or in parallel. The differences between these two evaluation strategies were introduced in
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Chapter 1, and will be explained in more detail in Chapter 7. Meanwhile, the following
tables show how the connectives are defined under parallel evaluation, which this thesis

employs. Note that U denotes the situation when a test ‘has not halted’.

ANIT|F|U VIT|F U -
T\|\T|F|U T(|\T|T|T T
F\\F|F|F F\T|F|U F
Ul\v|F|U Uul\T|U|U U

A convenient means to specify partial predicates is the notion of disjoint pairs. A
partial predicate o has a ‘true’ part ap = {x € X | xza = T}, as well as a ‘false’ part
arp = {x € X | xa = F}. Both of these are subsets of X, and ar N ar = () because

nothing can be both true and false at once.

Definition 3.1. The set of disjoint pairs over a set X is

{(A,B) |AABC X ; AnB =10},

and the operations on these are defined as follows.
e (A, B)N(C,D)=(ANC,BUD)
e (A,B)V(C,D)=(AUC,BND)
o ~(A,B) = (B,A)
o T=(X,0)and F = (0, X)

Furthermore, two disjoint pairs <A, B > and <C, D> are equal if and only if both A = C
and B=D.

Since the algebra of subsets of a set correspond directly to a Boolean algebra, a set
of disjoint pairs can also be defined on a Boolean algebra.
There is in fact an isomorphism between partial predicates and disjoint pairs, stated

as the next proposition.
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Proposition 3.2. Let I be a mapping from the set of partial predicates on X to the set

of disjoint pairs, and define I' by al’ = <AT, AF>, where

Ar={zr e X |za=T} and

Ap={zr € X |za=F}.

Then, this mapping I is an isomorphism.

This can be verified by very routine checking, so the proof is omitted.

3.4 The if-then-else Operation

The first hybrid operation which involves both tests and programs is if-then-else,
which was introduced in the very start of Chapter 1. Formally, if S denotes the programs

and K denotes the tests, then the if-then-else is a ternary operation
[, ] KxSxS—=8.
When the test halts and produces either T" or F', the behaviour of if-then-else is

T[p.q] = p, and

Flp,ql = q.

If the test does not halt, the if-then-else statement would be trying to evaluate the

test indefinitely, so the whole statement behaves like 1oop. Hence, Ulp, q] = 0.

3.5 The Halt Test and the Domain Operation

Since a program may be undefined at certain inputs, it is natural to ask ‘whether a
program terminates’. This is the halt test, denoted H, and it takes a program p as input

and returns a test H(p) as output. When p halts, the result H(p) will be T'; however,
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when p has not halted, there is no way to tell whether or not p will halt at a later time,
so H(p) will continue running indefinitely. This is one instance of how a non-halting test
can arise.

Note that this halt test can never return false. Asking whether H(p) is false is the
same as asking whether p is non-halting. This is exactly the halting problem, which is
well known not to be computable. Since this thesis models computable programs, such
non-computable statements must not be expressible.

In the language of functions and partial predicates, for a function f on the set X, the

halt test is defined as follows for all z € X:

(

T if zf is defined;

x(H(f)): F' nowhere;

U if zf is undefined.

\

The halt test H(p) gives rise to the domain operation on programs via the expression
(H(p))[1,0], which represents ‘the restriction of the identity function to where p is de-
fined’. The domain operation D(p) is thus defined by (H(p))[L,0]. Conversely, H can be
implicitly expressed in terms of D: H(p) is exactly the test o which satisfies a[1,0] = D(p)
and «[0, 1] = 0. Therefore, in order to study H, investigating D is necessary.

Now, given two programs p and ¢, both H(p) A H(q) and H(p) V H(q) are also
tests, and (H(p) A H(q))[1,0] and (H(p) V H(g))[1,0] should represent the restriction
of the identity function to ‘where both p and ¢ are defined” and ‘where either p or ¢ is
defined’ respectively. This brings the need of lattice operations join and meet on the set
of identity restrictions. In the previous chapter, Proposition 2.23 showed that meet on
identity restrictions is exactly functional composition. On the other hand, however, join
needs to be studied as an additional operation. Hence, the algebra of programs will have

an extra operation V called the domain join.
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3.6 Testing for Equality

Very often, the test used in an if-then-else statement involves testing the equality of
two values, both of which can be results of other programs. This brings about the equality
test, which takes two programs p and ¢ and results in a test (p = ¢). The equality test
determines whether two programs produce the same output, given the same input. If both
programs halt, we can proceed to test the equality between the two outputs. However, if
one of the programs does not halt, then the equality test would not halt either.

In terms of functions and partial predicates, the equality test of functions f and g on

the set X is defined as follows for all z € X:

§
T if both xf and xg are defined, and zf = xg;

z(f =9) =14 F if both xf and zg are defined, but xf # zg;

U if either xf or zg is undefined.

\

3.7 Summary

To summarise, the programs are modelled by an algebra <S ;- LV, D, 1,0>, and this

algebra satisfies:
e (S; -,1)is amonoid (Definition 2.17);
e (S; -,D)is a left restriction semigroup (Definition 2.21);
e 0 is the zero element (after Definition 2.17).
Moreover, <S DLV, D> satisfies the following. For all a,b,c € D(S) and x,y € S:
(D1) (avb)Ve=aV(bVec)
(D2) avb=0bVa
(D3) aVa=a

(D4) aV (ab) =a-(aVb)=a
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(D5) aV (be) = (aVb)-(aVc)
(D6) D(x(a Vb)) = D(xa)V D(xb)
(D7) az = ay and bz = by imply (a V b)z = (a V b)y

Then, let <K;/\,\/,—|,T,F> be the algebra of tests, and - [ -, -] : K xS xS —= S
the if-then-else operation. Together, the two sorted algebra which consists of S, K
and the if-then-else operation is called the program algebra in the remainder of this

thesis, and it satisfies all the axioms of S above, plus the following.

(T1) (aV B)[1,0] = «f1,0] V B[1,0]
(a A ﬁ)[LO] = 04[170] ) 6[170]

(T2) (aV)[0,1] = al0,1] - 5[0,1]
(Oz A ﬁ)[ov 1] = a[()? 1] \ 5[07 1]

(T3) (=a)[s,t] = aft, s] for all s,t € S

(T4) a[1,0]-a[0,1] =0

(T5) a[1,0],[0,1] € D(S)

(T6) a[1,0] = 8[1,0] and a[0,1] = 5[0, 1] implies that o = 3

(G1) «[1,0]-s =a[l,0] - afs, ]

al0,1] - t = 0, 1] - afs, ]
(G2) (a[1,0]V a[0,1]) - afs, 1] = afs, ]
These axioms will be proven sound and complete in the subsequent two chapters.
Chapter 4 will deal with axioms (D1) to (D7), and Chapter 5 will study (T1) to (T6)

and (G1) to (G2).

The equality test will be treated in isolation later in Chapter 6.



Chapter 4

Programs

This chapter will study the algebra of programs S, which is a left restriction semigroup
with domain join, 1 and 0. It will establish the soundness and completeness of the axioms
(D1) to (D7) in Section 3.7 by constructing a representation from this algebra of programs

to an algebra of functions.

4.1 Domain Join

Earlier, Section 3.5 explained the need for an additional operation V, called the domain
join. Let V : D(S) x D(S) — D(S) be a binary operation on D(S), which satisfies the

following axioms. For all a,b,¢ € D(S) and ,y € S:
(D1) (aVb)Ve=aV(bVe);

(D2) aVb="bVa

(D3) aVa=a;

(D4) aV (ab) = a- (aVb) = a;

(D5) aV (be) = (aVDd)-(aVe);

(D6) D(z(aV b)) = D(za)V D(zb);

(D7) ax = ay and bx = by imply (a V b)x = (a V b)y.
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This partial operation on D(S) can then be extended into a total operation on the
whole of S, by setting x V y to be D(z) vV D(y) for any two =,y € S.

Identity restrictions, being functions, can be viewed as sets of maplets. However,
compared to arbitrary functions, the maplets of an identity restriction have the special
form of (x,z). Hence, every identity restriction f can be mapped to the subset dom(f),
and every subset A can be mapped to the identity restriction {(z,z) | x € A}. This is
a direct correspondence between identity restrictions and subsets, so the existing facts
about sets establish the soundness of the first five axioms.

The axiom (D6) is a stronger version of distributivity in D(S), and is required in a
later proof. Let a and S be identity restrictions, and f an arbitrary partial function,
all of which operate on some set X. Since both sides of the fourth axiom are identity

restrictions, it is enough to show that the domains of both sides are equal, i.e.

dom(f («a \/B)) = dom(fa) Udom(fﬂ).

Given two partial functions g and h, x € dom(gh) if and only if x € dom(g) and

xg € dom(h). Using this fact,

v €dom(f-(aVp)) < € dom(f) and zf € dom(aV B) = dom(a) U dom(p)
= (v e dom(f) and af € dom(a))
or (€ dom(f) and af € dom(8) )
< z € dom(fa) or x € dom(fp)

<« z € dom(fa) Udom(fp),

and this justifies the soundness of (D6).
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In fact, (D6) implies the following simpler version of distributivity:
(D6’) VYa,b,c € D(S) : a(bVc)=abV ac,

and using (D1) to (D5), together with (D6’), it follows by definition that D(S) forms a
distributive lattice.

Moreover, by taking the constants 1 and 0 into account, <D(S) SV O> forms a
bounded distributive lattice.

Finally, for (D7), let « and § be identity restrictions, and f and g arbitrary partial
functions on X. Suppose (z,y) € (aV B)f; then, x € dom(a) U dom(B) and zf = t.
Without loss of generality, assume that © € dom(a); then (z,y) € af. Now, by one of
the premises af = ag, it must be the case that (z,y) € ag too, and then it follows that
(z,y) € (aV B)g.

Using the same argument for the other direction, the soundness of (D7) can be estab-

lished.

4.2 Determinative Pair in General

The goal of this chapter is to construct a representation of the algebra of programs, which
at its core is a semigroup. Earlier, Section 2.7 introduced the Cayley-style representation,
which works for groups and semigroups with 1. However, this representation technique
does not always work when the semigroup (with 1) has additional operations, such as D
and V in this thesis, or other operations which arise from different studies of function
semigroups. To deal with this obstacle, a new representation technique of determinative
pairs was developed by Schein in [32].

This section introduces the principle of determinative pairs, and demonstrates that
general determinative pairs preserves the semigroup operation, 1 and 0. The remaining
operations D and V will be treated in the next section, which studies a specific determi-
native pair.

First, below are some basic notions on a semigroup S.
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Definition 4.1. A relation ~ on a semigroup S is right-regular when it satisfies the
following;:

a~b << VreS:ax=bx.

A right-regular equivalence relation is called a right congruence, as in [15, p.22].

Definition 4.2. A right ideal is a subsemigroup J C S which satisfies the following:

Va e JyxeS:ar e J.

Then, a determinative pair is defined in terms of these basic notions.

Definition 4.3. Let S be a semigroup. A determinative pair is of the form <e, W>,

where
e c is a right congruence on S, and
e IV C S is a union of e-classes, and is also a right ideal.

Now, a general determinative pair induces a semigroup homomorphism from an arbi-

trary semigroup S to a semigroup of partial functions on a quotient semigroup of S.

Theorem 4.4. Let S be a semigroup, and <e, W> a determinative pair. Then, define the
base set X to be (S\ W)/e. For every x € S, define 1, € P(X) by

ST if sx ¢ W,
Vse X : sy, =

undefined otherwise.

Then, the map ¢ : S — P(X) which maps x to 1, is a semigroup homomorphism.

Proof. First, given = € S, we show that 1, is a well defined function. Consider s,t € S

such that s = ¢. Hence, s € t, and by the right-regular property, sz ~ t.

51, = 5T = tx = t,.

Hence, the function 1, is indeed well defined.
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Next, we show that f is a homomorphism, i.e. Vz,y € S : (zy)¢ = x¢ - y¢. By the
definition of f, this is equivalent to showing 1, = 1;1,.

Suppose ¥, is undefined at 5 € X, and this means either that 5 is undefined for
Yy, or that 59, = 57 is undefined for ¢,,. Thus, either sx € W or (sz)y € W. In the first
case, since W is a right ideal, sz € W implies that (sz)y € W. Then, given sxy € W,
we can conclude that 5 is undefined for 1),,.

Now we have shown that the domains of 1,, and v,1, are equal, we can consider

s € X where 5 is defined for both sides. Then,

S5ty = s(zy)

= (sz)y
= (5T)1hy
= (5¢2)¢y
= SUztly,

so indeed (xy)¢ = x¢ - y¢, and this completes the proof. O
In fact, the map ¢ in the previous theorem preserves the constants 1 and 0 too.

Corollary 4.5. If 1 is the identity in S, then 1¢ = 1y is the total identity function on
X.

Proof. Note that a right ideal such as W never contains 1: if 1 € W, we can let x &
(S\W). As 1.2 =z ¢ W, the condition of a right ideal is violated, so it must be the
case that 1 ¢ W.

Using this fact, for any 5 € X (i.e. s ¢ W), s-1=s¢& W, so 1 is defined at every

5 € X. Then, 59, = s1 =5, so v, is indeed the total identity function. O
Corollary 4.6. If 0 is the zero in S, then 0¢ = 1)y is the empty function on X.

Proof. Note that a right ideal such as W always contains 0: if 0 ¢ W, then let a € W
and 0 € S. Asa-0=0¢ W, the condition of a right ideal is violated, so it must be the

case that 0 € V.
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Using this fact, for any s € X, s-0 =0 € W, so ¢y is undefined at any s € X.

Therefore, 1y is indeed the empty function. O

So far, a general determinative pair provides a homomorphism which preserves com-
position, 1 and 0, but not V and D. Also, the homomorphism induced by a general
determinative pair is not necessarily injective. The operations V and D, as well as injec-
tivity, depend on which specific determinative pair is used, and this is the subject of the

remainder of this chapter.

4.3 Determinative Pair in Context

After the general principle of determinative pairs was introduced, this section applies it
to the current context by specify a suitable right congruence and right ideal. It turns out
that the determinative pair used by Jackson and Stokes in [19] works well in the context
of this thesis, so the definitions and results in this section and the next are adopted from

[19] and included for completeness.

Definition 4.7. Let F' be a proper filter of D(S). Define a binary relation 6 on S by

xOpy < deec F:ex=ey.

In addition, define Wr ={a € S| D(a) ¢ F'}.

Notation 4.8. For the purpose of clarity, the using of symbols will follow the convention

below. Given a left restriction semigroup S and a filter £ C D(.5),
e x,y,z and s,t denote general elements of S,
e a,b,c denote elements of D(S), and

e ¢, g denote elements of F.
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Lemma 4.9. (0p, Wg) forms a determinative pair.
Proof. The following statements need to be established:
(1) OF is an equivalence relation.
(i1) O is right-regular.
(111) W is a union of equivalence classes in S/0p.
(iv) Wp is a right ideal.

And these will be proven one by one.
(i) Since every £ € F and every x € S satisfy fx = fz, it is true that x 0 x, so O is
indeed reflexive. Also, the symmetry of equality directly implies the symmetry of 0.
Finally, for transitivity, suppose that xfry and yfrz. This means that there exist
some f,g € F such that fr = fy and gy = gz. Now, as the semigroup operation is

associative, and is commutative in F' C D(S),

(fg)r = g(fz)
= g(fy)
= 1(gy)
= 1(g2)

= (fg)2,

But F' being a filter means that (fg) € F, so x0pz.

(ii) Let x,y € S such that z0py, i.e. fo = fy for some £ € F. For any s € S5,
(fz)s = (fy)s, and by associativity, f(zs) = £(ys), so xsOrys.

(171) This statement is the same as the following: Given x,y € S, if x ¢ W and x0ry,

then y ¢ Wrg.
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Suppose that * € Wy and hence D(z) ¢ F. Assume also that ex = ey for some
ecrl.

D(y) > eD(y) the property of meet
= D(e)D(y) because e € D(S)
= D(ey) (R4)
= D(ex) by assumption
— D(e)D(x) (R4)
=eD(x) because e € D(S)

Both e and D(z) belong to the filter F', so eD(x) € F. Hence D(y) € F too, and this is
equivalent to y ¢ Wp.

(iv) Let a € Wg, and this means that D(a) ¢ F. Now, take any = € S and consider
D(ax). By Axiom (R4), D(ax) = D(a)D(ax), so D(ax) < D(a).

If D(ax) € F, this inequality would imply that D(a) € F because F is a filter.
However, D(a) ¢ F', so it must be the case that D(ax) ¢ F. Therefore, ax € Wy, which

means that Wr is indeed a right ideal. O

This section shows that a proper filter of D(S) gives rise to a particular determinative
pair, without much detail on the filter itself. The next section is devoted to the specifics

of how such a filter is chosen.

4.4 Separating Congruences and Filters

Earlier, Theorem 4.4 established a homomorphism from a semigroup (with 1 and 0) into
P(X) for some set X. However, this homomorphism may not be injective. Hence, this
section provides a remedy by introducing the notion of the (s,t)-separating property,

which turns out to be crucial to achieving injectivity.

Definition 4.10. Let A be an algebra, and s,t € A with s # t. Then, an (s, t)-separating

equivalence relation o is one that satisfies (s,t) ¢ o.
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In Definition 4.7, the right congruence is specified by a filter. If an (s, t)-separating
right congruence is to be specified using a filter in the same way, then what properties

must this filter have? This leads to the definition of an (s, t)-separating filter.

Definition 4.11. Let S be a left restriction semigroup, and s,t € S with s # t. Then, a

filter F'in D(S) is (s, t)-separating when
e D(s) € F, and
e ~Jdec F:es=et.

Then, it immediately follows that given an (s, t)-separating filter F', the corresponding
Or is an (s,t)-separating right congruence.

For conciseness, an (s, t)-separating congruence or filter will be simply referred to as
a separating congruence or filter, when no ambiguity can arise.

After defining the correct concept of separating filters, we must also show that these
filters do exist. This is the next lemma, which is adopted from the passage preceding [19,

Lemma 2.4].

Lemma 4.12. Let S be a left restriction semigroup, and s,t € S with s #t. Then there

exists an (s,t)-separating filter in D(5).

Proof. Since s # t, we can let s £ ¢ without loss of generality. Consider the principal

filter generated by D(s):

1D(s) ={e € D(S) | D(s) < e},

where the order is induced by viewing multiplication as meet, i.e. z <y <= zy = x.
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Is this filter (s,t)-separating? Suppose for contradiction that it is not, which means

that there exists an e € 1D(s) such that es = et. Then,

s=D(s)-s (R4)

= (D(S)e) -8 e c TD(S) - e > D(S)

and this means that s < ¢, which contradicts our assumption of s € t. Hence, T D(s) is

indeed an (s, t)-separating filter, and this finishes the proof. O

In addition, the maximality of these separating filters turns out to be a crucial property

that enables the representation to work.

Definition 4.13. A mazimally (s,t)-separating filter is an (s, t)-separating filter which

is not properly contained in any other (s,t)-separating filter.

Note that a maximally separating filter is not necessarily a maximal filter. A max-
imally separating filter may well be contained in another proper filter, with this other
proper filter not separating.

Building on Lemma 4.12 and using Zorn’s lemma, we can infer the existence of a
maximally separating filter. Like Lemma 4.12, the next lemma is also adopted from the

passage preceding [19, Lemma 2.4].
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Lemma 4.14. Let S be a left restriction semigroup, and s,t € S with s # t. Then there

erists a maximally (s, t)-separating filter in D(S).

Proof. Using the fixed s and ¢ mentioned in the statement, consider the set F of all
(s,t)-separating filters in D(S), ordered by set inclusion. Zorn’s lemma will be employed,

and it requires that
e this set is non-empty, and
e cvery chain has an upper bound in F.

The first statement is already covered by Lemma 4.12.

Secondly, let C be a chain in F. Consider the union of all filters in C,

v=\Jr.

FeC

By Theorem 2.44, the set U is certainly a filter. Since all of the filters in C are (s,t)-
separating, by definition, none of them contains D(s). Also, none of them contains any
element e such that es = et, so their union U cannot contain such an element. Therefore,
U is (s,t)-separating.

Moreover, every I’ € C is a subset of U, so U is indeed an upper bound of the chain

Therefore, as both criteria (i) and (ii) are satisfied, Zorn’s lemma implies that the set

F has a maximal element, i.e. a maximally (s, t)-separating filter does exist. O]

This section culminates in the following lemma, which demonstrates the importance
of the maximality of separating filters: maximally separating filters are prime. (See

Definition 2.42.)

Lemma 4.15. Let S be a left restriction semigroup, s,t € S with s £ t, and F C D(S)

a mazimally (s,t)-separating filter. Then, F is prime.

Proof. Let a,b € D(S), and assume for contradiction that a Vb € F with a ¢ F and

b¢ F. Since a ¢ F, we can consider G, = T{af | £ € F'}. According to Lemma 2.40,
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G, is a filter which properly contains a and F. Hence, G, cannot be a maximally (s, t)-
separating filter because F' already is one, and F' C (. This means that there exists
some g, € G, such that g,s = g,t. Moreover, g, > af, for some f, € F', so af, = af,g,,

and

(afa)s = (afag,)s
= af,(g,s)
= af,(g,t)
= (af,g,)t

= (af,)t.

Similarly for b, we can obtain (bf,)s = (bf,)t for some £, € F.

Then, multiplying both sides of (af,)s = (af,)t by f;, and dually for b, we get

(afqfp)s = (af £t

(bfafb)s = (bfafb)t

Now, consider af,f;, V bf,f,. By distributivity of (D6’), this equals to (a V b)f, £,
which is in F' because all of (a V' b), f, and £, are in F.

However, (D7) implies that

((aVb)fats)s = ((aVb)f.f)t,

and this contradicts our assumption of F' being (s, t)-separating.
Therefore, given a V b € F, at least one of a and b must be in F'| so F' is indeed a

prime filter. O
Finally, Lemmas 4.14 and 4.15 combine to give the following concise statement.

Corollary 4.16. Given s,t € S with s £ t, there exists a prime filter F' of D(S) which

is mazimally (s, t)-separating.
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4.5 Final Embedding

This section is the crux of this chapter. Bringing the previous sections together, it
defines the ultimate mapping, which is later proven to be injective and preserves all of
the operations.

Let F' be a prime filter of D(S). By Definition 4.3, this F’ induces a determinative pair.
Then, by Theorem 4.4, this determinative pair gives rise to a semigroup homomorphism
from S into P(XF) for some set Xp. Denote this semigroup homomorphism by letting it

take every x € S to %, where

zz if D(zx) € F;
VZe Xp @ ol =

T

undefined otherwise.

Then, define ¥, to be | J Fprime I the union of all ¥f" where F' ranges through all the
different prime filters.

An intuitive picture of this potentially obscure concept is the following. Given a prime
filter F, every x € S is taken to ., which is a set of maplets on a set of blocks Xp.
Given another prime filter G, every x € S is taken to ¥¥, which is another set of maplets
on another set of blocks Xg.

By ‘pasting’ the functions z +— ¥ and x — ¢ together, the resulting function is
one that takes every x € S to ¢f U 9%, which is itself a set of maplets on the combined

set of blocks X U Xg.

This combined set of maplets on Xr U X remains a valid function because:
1. each of ¥ and ¢¢ is itself a function;
2. Xr and X are disjoint.

When we need to show that a statement holds for ¥, it is enough to show that the same
statement holds for &, where G is any arbitrary prime filter of D(S).
Finally, define our ultimate embedding candidate ® : S — Upime P(Xr) by letting

it map every x € S to VU,.
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This map @ is in fact the same one used in [19], and some parts of the proofs below

are adopted from the proofs of [19, Lemma 2.6 and Theorem 2.7].

Theorem 4.17. The above map ® is a homomorphism of a semigroup with VvV, D, 1 and

0.

Proof. The following need to be shown. For all z,y € S:
(i) 2@ y® = (2y)®;
(if) 2@V y® = (zVy)P;

(iii) D(x®) = (D(x))%

(iv) 1@ is the full identity function on the base set (Jp,,ime P(XF);
(v) 09 is the empty function on the base set.

The first statement is equivalent to ¥, - ¥, = ¥,,, and as mentioned earlier, it is enough

to show that - wf = fy for an arbitrary prime filter F. This principle applies to the

other statements too.

(i,iv,v) These statements are the same as 1! preserving the semigroup operation, 1

and 0, which was already established by Theorem 4.4 and Corollaries 4.5 and 4.6.

(iii) To prove that 1/Jg(x) = D(yI), firstly their domains must be equal. This is true

because

zZe dom(zbg(x)) < D(zD(z)) € F
<= D(zx)€F

< zedom(¢l) =dom(D(L)).

x xT

Then, note that D(1f) is an identity restriction; what does 1/15@) do as a function? Let

Vb be defined at z € Xp; then Z¢,, = 2D(x) and D(zz) € F. Now, focusing on the
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relationship between Z and zD(z),

D(zx) -z = zD(x) (R5)
= D(zD(z)) - 2D(z) (R1)
= D(zz) - 2D(x). (R9)

The above reasoning shows that z 0 2D(z), so Z = zD(x). As zyf = zD(x) = %,
fﬂg(x) is an identity restriction.
Therefore, since ¢g(x) and D(¢f) have the same domain and are both identity re-

strictions, these two functions are indeed equal.

(ii) Firstly, recall that = V y is defined to be D(x) V D(y) when x and y are arbitrary
elements in S. Hence, let a denote D(x) and b denote D(y), where both a,b € D(S).

Then, the left-hand side of (ii) can be rewritten as

xdVyd = D(xCI)) Vv D(yq))
- (D(x))q) Vv (D(y))(ID (item (iii) above)

=ad Vv bo.
Similarly, the right-hand side of (ii) can be rewritten as

(V)@ = (D(x) v D(y)) @

= (a V).

Therefore, in order to prove (ii), we must show that Va,b € D(S) : a®Vbdd = (a V)P,
which in turn requires us to prove ¢t , = I U [

Since both sides of this latest statement are identity restrictions, it is enough to show
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that the domains of both sides are equal.

zZc dOm(anb) = D(z(a V b)) eF

— D(za) V D(zb) cF. (D4)

Here, F' is a prime filter, so D(za) U D(zb) € F means that either D(za) € F or

D(zb) € F. Therefore, either Z € dom (@Da) or Z € dom (wb); in other words,

zZ € dom (¢a) U dom (%)

= dom (wa U wb).

The above argument works in the reverse direction too, so we can now conclude that

dom(Yavy) = dom(1p, Uy), and hence ¥qvp = g U ¥p. O

Now that a homomorphism is achieved, the next theorem establishes injectivity.
Theorem 4.18. The above map ® is injective.

Proof. Let s,t € S with s € ¢ (and hence s # t), where the order is induced by viewing
the semigroup operation as meet, i.e. a < b if and only if a-b = a. Also, let F' be a prime
filter which separates s and ¢. Use this F' to define I where x € S. It will be shown
that for this F', ¢ # F, and hence s # V.

Firstly, D(s) € F' by Definition 4.11, and

so ¢! is defined at D(s), and hence ¢ (D(s)) = 5.

Now, we show that ¢! is not equal to .
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Case 1: Assume D(t) € F, and note that

D(D(s)-t) = D(D(s) - D(t)) (R9)
— D(s)- D(t) (R6)
€F,

so ¢ is defined at D(s). Then, are I (D(s)) and ¢/ (D(s)) equal? Assume (for

contradiction) that they are, and this leads to

5= D(s)t.

By the definition of our congruence 0, there would be an e € F' which satisfies

e-s=-e-D(s)t.

However, e - s = e - D(s)s, so we have

eD(s)s = eD(s)t,

where eD(s) € F because both e and D(s) are in F. This would contradict the premise
that F is an (s, t)-separating filter, so it must be the case that ! # I as they disagree
on D).

Case 2: Assume D(t) ¢ F.
The property of filters implies that any element ‘smaller’ than D(t) cannot be in F. We
know from the Case 1 that D(D(s)t) = D(s)D(t) < D(t), so D(D(s)t) cannot be in F,
and hence {" is undefined at D(s). Therefore, 1" # ¥F.

In conclusion, as ¥ is a subset of ¥, for all z € S, the above has shown that

YF #£4pF | which implies s® # t®. Therefore, ® is injective. O]
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Finally, Theorems 4.17 and 4.18 together lead to the following corollary.

Corollary 4.19. The above map ® is an embedding from the algebra of programs (i.e.
a semigroup with V, D, 1 and 0) into a same algebra of partial functions (i.e. P(X) for

some set X ).

This statement, being the culmination of this entire chapter, asserts that there is a
representation of the algebra of programs. On this important note, this chapter con-

cludes.



Chapter 5

Tests

After the previous chapter established a representation for the algebra of programs, this
chapter will proceed to study the tests and the if-then-else operation by proving that
the axioms (T1) to (T6) and (G1) to (G2) are sound and complete.

In this chapter, let S be a semigroup (with V, D, 1 and 0) as before, and let K be an

algebra of tests with the operations A, V, =, T and F'.

5.1 Components of a Test

Earlier, Section 3.3 showed that non-halting tests are partial predicates, which can be
written as disjoint pairs. The components of a disjoint pair are subsets of the state set,
which correspond directly to identity restrictions, as Section 4.1 explained. Therefore, a
disjoint pair can in fact be represented by mapping its components to domain elements
(i.e. elements of D(S)), and then the existing semigroup embedding ® of Corollary 4.19
can be used.
Firstly, the ‘true’ and ‘false’ parts of an arbitrary test are identified using the if-then-else

operation. The ‘true’ part of a test av is «[1, 0], and its ‘false’ part is &[0, 1]. The following

are the axioms involving these parts.
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(T1) (a Vv B)[1,0] = afl,0] v B[1,0]
(a A 6)[17 0] = a[lv 0] ) 6[17 0]

(12) (v B)[0,1] = al0, 1] B0, 1]
(a A B)[07 1] = a[07 1] N B[07 1]

(T3) (=a)[s,t] = alt, s] for all s,t € S

(T4) a[1,0]-af0,1] =0

(T5) a[1,0],[0,1] € D(S)

(T6) «[1,0] = 8[1,0] and a[0,1] = 5[0, 1] implies that o = 3

Note also that these axioms are all sound under our functional interpretation: (T1)
to (T3) follow from the discussion at the end of Section 3.3, (T4) ensures that «[1, 0] and
a0, 1] do form a disjoint pair, (T5) asserts that these parts are indeed domain elements,
and (T6) enables us to uniquely identify a test by its two parts.

Before venturing forth, we define a new notation for conciseness.
Notation 5.1. For every a € K, let ar = «[1,0] and ap = [0, 1].
Now, we define the representation of K.

Definition 5.2. Extend the mapping ® from Chapter 4 to cover the tests K, and for all
a € K, define a® to be <aT<I>,aF<I>>.

Since @ is already a semigroup homomorphism (Theorem 4.17),

OéT(I) . OéFq) = (OéT . OéF)(I)

= 0® (T4)

so ar® and arp® are disjoint, and hence the extended ® does map K to a set of disjoint

pairs. Next comes the main theorem of this section.
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Theorem 5.3. The extended mapping ® on K in Definition 5.2 is an embedding from

K to a set of disjoint pairs.

Proof. Note that
(anB)® = {((aAB)r)®, ((aAB)p)®), and

(@)@ A (B)® = ((ar)®, (ap)®) A {(Br)®, (Br)®)
((ar)® - (Br)®, (ap)® U (Br)D).

In order to show that these two are the same, both of their components will be shown
equal.
For the first component, we show (ar)® - (87)® = (( A 8)r)®, which amounts to

OCfT N ng = ngB)T, where G is any prime filter in D(S). Suppose that T € dom( ¢n

aT

@/JgT) This is equivalent to

T € dom(ng) and T € dom(d)gT) <= D(zar) € G and D(zfr) € G

<= D(zar)- D(zfr) € G.

But, D(zar) - D(zfB7) = D(zarfBr)

=D(z-(aAB)r).

So, D(zar) - D(zfr) € G < D(z-(aApP)r) € G

— T E dom(wocfw).

The above reasoning established that dom( ST N ng) = dom (zp(% AB)T)’ and since these

functions are all identity restrictions, it follows that wST N ng = ¢(C; AT
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On the other hand, for the second component, we show ng Ung = w(%v B)p- Suppose

that T € dom (¢(G

aVp

)F), which is equivalent to D(z - (a V B)r) € G.

D(z-(aVB)r)=D(z- (apV Br)) (T2)

= D(zap) V D(zfFp), (D5)

so D(zap) V D(zfr) € G. Since G is prime, either D(zar) € G or D(zfr) € G,
which means that T € dom (wa) U dom (1/)5’;). The above showed that dom (w(Ga /\/B)F) =
dom( SF) Udom (ng), and as these functions are all identity restrictions, it follows that
aGF U dgp - wﬁvAﬁ)F'
Now that the case of (aw A §)® is done, the dual case of (a V )@ can be established
in a similar way.

What about (—a)®? Note that

(ﬁOé)q) = <1/)(Cia)T7¢(G—|a)p> and —\(aCID) = <¢SF7 5T>7

so we need to show ng = @Z)(Cia)T. Again, as both of these are identity restrictions, it is

enough to consider their domains. Starting from the right-hand side,
T € dom(wga)T) — D(z-(-a)r) €G.
However, = - (-a)r = x - ap by extending (T3), so
D(z-ap) €G < T € dom(yS,).

afp

Therefore, it is indeed true that 5 = ¢

(ma)r-



o1

As for the constants T and F*:

T® = (19,09) = (1,0)

Fo = (09,19) = (0,1),

so these are correctly represented too.
Finally, we prove that the test homomorphism & is injective. Let o, 8 € K such that

ad = &, Then,

{ar®, ap®) = (Br®, Bpd).

By the definition of equality of disjoint pairs (Section 3.3), the above equation is equivalent
to

Q/T(I) = /BT(I) and OéFq) = BFCI)

These latest equations only involve programs, and since ® is a program embedding, it

follows that

ar = Br and ap = Bp.

Now, by axiom (T6) and Notation 5.1, we can conclude that o and 8 are equal, and

hence @ is a test embedding. O]

5.2 General if-then-else

This section defines how ® acts on if-then-else expressions, and proves that ® preserves
the if-then-else operation.

An expression like afs,t] contains both a test and programs, so it is convenient to
recast such an expression into one which contains only programs. Intuitively, a|s, t|] should
be the same as (ar-s) ‘or’ (ap-t), where ar, ap, s and t are all programs. However, the
abstract program algebra does not have an ‘or’ or ‘union’ operation between two arbitrary
functions, as functions are not closed under union in general. Hence, the rule of evaluating

if-then-else expressions is only defined in the image of the representation. Only after
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the representation maps the abstract program algebra into the realm of concrete functions
can we use the set-theoretic union operation.

In short, the first goal of this section is to establish the following equation.
(als, t])P = (ars)® U (apt)® (5.1)

Here, even though U is not generally well defined for arbitrary functions, the above
equation turns out a special case where the union is in fact valid. To prove the above

equation, we show its equivalent:

ars apt)

g[s,t]: $ L Uvs (5.2)

where G is any prime filter in D(5).

The required axioms for this section are:

(Gl) ar-s=ar-als,t]

ap -t = ap - afs,t]
(G2) (ar Vap)-als,t] = als, t]

The justification of these axioms’ soundness is as follows. The first equation of (G1)
means that ‘restricting the partial function afs,t] to where a is true’ is the same as
‘restricting the partial function s to where « is true’. In other words, let x be an element

of the state set such that za =T, i.e. zar = x. Then, z(ar - s) = (zar)s = xs, and

z(ar - afs, t]) = (zar)als, t]
= z(als, 1))

= xIS.

On the other hand, if y is an element of the state set such that ya = F', then ag is
undefined at y, and hence both sides are undefined at y. Therefore, ar-s = ar - als, t] is

true under our functional interpretation. The soundness of the second equation of (G1)
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can be achieved using the same argument.

As for (G2), the term (a7 V ap) denotes ‘the identity restricted to where « is defined’,
so the whole equation means that ‘restricting als,t] to where « halts’ is the same as
als, t] itself. This is again clearly true under our functional interpretation. Therefore,
both (G1) and (G2) are sound.

Now, a useful proposition can be further derived from these two axioms.
Proposition 5.4. D(a[s,t]) = D(ar-s)V D(ap - t)

Proof. Apply the D operator on both sides of (G2).

D((ar Var)-afs,t]) = D(ar - afs,t]) V D(ar - afs, t]) (D67)

= D(ars) V D(art) (G1)

To show that Equation 5.2 holds, the next three lemmas are established first.

Lemma 5.5. dom(yS ) Ndom(v§ ) = 0.

Proof. Assume that 7 is in dom (¢S ) Ndom(¢)¢ ), which means that both D(zars) and

arTs apt

D(zapt) are in G. Consider their product:

D(zars) - D(zapt) = D(z - D(ars)) - D((z - D(art))  (R9)
= D(z - D(ars) - D(art)) Proposition 2.24
= D(z-arD(s) - arD(t)) (R8) and ap = D(ay)
= D(x- D(s)- (ar - ar) - D(t))
= D(z-D(s)-0- D(t)) (T4)

The above reasoning shows that 0 € G. However, G is assumed to be a proper filter,
so it cannot contain 0. Therefore, it must be the case that both D(zars) and D(zapt)

cannot be in G at once. O]
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Lemma 5.6. dOm(l/JS[s,t]) = dom(¥% ) Udom (v ).

arTs apt

Proof. Consider the join of D(zxars) and D(zxagt).

D(zars) V D(zapt) = D(zD(ars)) V D(zD(axt)) (R9)
- D(x(D(aTs) v D(aFt))) Distributivity
= D(zD(a[s,t])) Proposition 5.4
= D(vols,1) (R)

Finally, D(zars) V D(zapt) = D(zals,t]) means that D(zars) is in G if and only if

either D(xzars) or D(zapt) is in G, and this is exactly the lemma statement. O

Lemma 5.7. If T € dom(v& ) Udom(yS ), then T(VS ,UYS.,) :wa[s’t].

ars ars apt

Proof. Firstly, assume that T € dom (S ). We prove that 7¢9¢ | = fwf[s g I-€ TOrs =

aTs arTs
x - afs, t], by finding some d € G such that d-(zags) = d-(x-afs, t]). Infact,d = D(zar) is

G

ars) means that D(zars) € G. Moreover,

a suitable choice. The assumption of T € dom(
D(zar) - D(xars) = D(zars),

so D(zar) > D(zars), and hence D(zar) € G. Now,

D(zar) - (zars) = (D(zar) - zar)s

=zar-s (R1)
=z - arals,t] (G1)
=z - D(ar) - afs, ] (because D(ar) = ar)
= D(zar) - x - afs, t], (R5)

so indeed zars is related to zals, t].
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Finally, assume that T € dom(wgﬂ), and we prove that EwSFt = Ews[s g- However,
this can be established simply using the same argument as above, and therefore the proof

is now complete. O

The three lemmas above culminate in the following theorem.
Theorem 5.8. The embedding ® satisfies (als,t])® = (ars)® U (apt)®.

Proof. As discussed at the start of this section, this theorem amounts to proving Equation

5.2:

G G G
afs,t] — ¢aTs U wapt'

Firstly, Lemma 5.5 showed that the two functions on the right-hand side have disjoint
domains, so that the functional union is valid.

Then, Lemma 5.6 proved that the domains of both sides are equal, and Lemma 5.7
demonstrated that the functions on both sides ‘do the same action’.

Therefore, the functions on both sides of Equation 5.2 are indeed equal, so the theorem

statement follows. O

Next comes the second goal of this section, which is to show that & preserves the
if-then-else operation. Let « € K and z,t € S. Then, the expression (a®)[sP, D]
is legal because ® is a representation of both tests and programs. Furthermore, using
Definition 5.2, (a®)[s®, t®] can be written as (ap®, ap®)[sP,t®]. From this, we make

the following definition.

Definition 5.9. The expression (ar®, ap®)[s®, tP] is equal to
(OzTCI) . SCI)) U (aFCI) . t<I>).

The validity of this definition is justified as follows. Firstly, since ® is a semigroup

homomorphism (Theorem 4.17),

(ar® - s®) U (ap® - t@) = (ar - 5)P U (ap - t)D.
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Secondly, for the right-hand side of the above equation, Lemma 5.5 implies that the union
is well defined because the domains are disjoint, so Definition 5.9 is indeed correct.

At last, we state the main theorem of this section.

Theorem 5.10. The mapping ® preserves the 1 f-then—else operation. In other words,
(afs, 1))@ = (a®)[sP, tD].

Proof. Starting with the left-hand side:

(afs,8])® = (ars)® U (apt)® Theorem 5.8
= (ar® - s®) U (ap® - tP) (because @ is a homomorphism)
= (ar®, ap®)[sP, (D] Definition 5.9
= (a®)[sP, tD]. Definition 5.2

[]

In conclusion, this chapter established the soundness and completeness of the axioms
(T1) to (T6) and (G1) to (G2). Section 5.1 started by arguing that the axioms (T1) to
(T6) are sound, and went on to build a representation from the tests to disjoint pairs,
using the existing representation from Chapter 4. Then, Section 5.2 defined the repre-
sentation of if-then-else expressions, and demonstrated that this definition preserves
the if-then-else operation.

Overall, up to this point in the thesis, Chapters 4 and 5 culminated in a two-sorted
representation ® of the program algebra, as this ® injectively maps both abstract pro-
grams and abstract tests to their concrete counterparts, while preserving every operation.

Therefore, the set of the axioms listed in Section 3.7 is indeed sound and complete.



Chapter 6

Equality Test

As introduced in Chapter 3, one of the most common tests in if-then-else statements

is the equality test:
(=) : SxS—K.

Given two functions f and g on X and x € X, the equality test of f and g is the partial

predicate defined by:

)
T if both zf and xg are defined, and zf = xg;

z(f=g) =14 F if both xf and zg are defined, but xf # zg;

U if either xf or zg is undefined.
\

Just like general tests, the equality test is studied by identifying its true and false

parts. This further gives rise to two operations on the semigroup S:

(f*g)=(f=g)[1,0] and

(f #g)=(f=9)0,1],

so (f * g) is the identity restriction to where f and g are both defined and equal, and
(f # g) is that to where f and g are both defined but not equal.

The above shows that * and # can be defined in terms of the = operation. In fact,
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the other direction is also true. Given the operations % and #, the equality test (f = g)

is implicitly defined to be the operation whose ‘true’ and ‘false’ parts are (f * g) and

(f # g) respectively.

Therefore, axiomatising the equality test simply involves studying these two new
operations, which in fact was already done by Jackson and Stokes [19, Sections 2.2 and
2.3]. The next two sections respectively list the axioms of both these operations, and the

proofs are outlined using stepping stones from [19].

6.1 Operation of Agreement

As briefly mentioned in the beginning of this chapter, ‘the restriction of the identity to
where both functions are defined and equal’ corresponds to a binary operation % on a
left restriction semigroup S, and this operation satisfies the following axioms. For all

2y, 2w € S:
(Al) (z*2)z = o;

(A2) 24y =yxa;

(A3) (z+y)z = (z +y)y;

(Ad) (zxy)(z*w) = (2% w)z*y;
(A5) a(y *2) = (zy * 22)z.

Note that the domain operation D can be expressed in terms of x by D(x) = x x .
The proof of completeness requires the following two lemmas, which are [19, Lemma

2.10 and Lemma 2.11] respectively.

Lemma 6.1. For every x,y € S, the element (z xy) is the mazximum of all a € D(S5)

(with respect to the ordering induced by the semilattice meet) such that
 a< D(x)- D(y);

e ar = ay.
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Lemma 6.2. If F' is any filter of D(S) and x,y € S, then the following are equivalent:
e D(x)€ F and 3f € F : fo = fy;
e (zxy)€F.

Note that in the context of determinative pairs (Section 4.3), the first statement in

this lemma is the same as ‘F' not (z,y)-separating’, or ‘z and y are not related by 6z’

Theorem 6.3. The mapping ® is a homomorphism with respect to x, i.e. z® x y® =

(xxy)D.

Proof. As before, it is sufficient, to show that ¢f «ip) = ¢ £, for any prime filter ' C D(S).

T*Y

Let z € dom(yF,

1ey); equivalently, D(z(z *y)) € F. Now,

D(x(x # y)) = D((z2 * 21)2) (A5)
= (2z * 2y) - D(2) (RS)
= (D(2)2) * 2y (Ad)
— 21 % 2y, (R1)

so (zx % zy) € F.

Furthermore, by Lemma 6.2, (zz % 2zy) € F is equivalent to

D(zx), D(zy) € F and z% = Zy

< z € dom(y)) and z € dom(v)) and ZpL =z

< 7 & dom(yf *77/}5)7

and this shows that the domains of (¢ * @D?f ) and 9L, are the same. Since both of these

T*xY

two functions are identity restrictions, they are indeed equal. O]
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6.2 Operation of Disagreement

Contrary to the previous section, ‘the restriction of the identity to where both functions
are defined but not equal’ corresponds to another binary operation # on a left restriction

semigroup S with 0, and it satisfies the following axioms. For all z,y, z € S and a € D(S):

(21) D(z #y) = (z # y);

(22) aly # 2) = (vy # x2)x;

(Z3) (zxy)(x #y) =0;

(Z4) a(z # y) = (ax # ay);

(Z5) (z%y) < aand (z £y) < a imply D(z)D(y) < a.

(These axioms are labelled with the letter Z because this operation of disagreement is
antithetical to the operation of agreement in the previous section.)
The proof of this section’s main theorem requires the following lemma, which is ex-

tracted from the proof of [19, Theorem 2.17].

Lemma 6.4. Let s,t € S with s # t. If F is a mazimal filter in D(S) with respect to
(sxt) ¢ F, and x,y € S with D(z),D(y) € F, then (zxy) ¢ F < (x#£y) € F.

Finally, the next theorem establishes the completeness of the axioms (Z1) to (Z5). Its

proof uses a similar argument to [19, Theorem 2.17].
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Theorem 6.5. The mapping ® is a homomorphism with respect to #, i.e. x® # yd =
(z #y)®.

Proof. As before, it is sufficient to show that ¢l # ) = ¢f,, for any prime filter

F c D(95).

= € dom(u 4 0%)

z € dom(¢))) and z € dom(vp)) and ZL # zZ¢,
D(zx), D(zy) € F and z% # Zy

(zx* zy) ¢ F Lemma 6.2
(zx # zy) € F Lemma 6.4

D(z(z #y)) € F (Z1) and (Z2)

rt1117171

z € dom(¢L.,)

The above reasoning shows that the domains of both (£ # ¢5 ) and wf;éy are equal, and

since both of these are identity restrictions, the proof is now complete. O



Chapter 7

Three-Valued Logic

This thesis will conclude with a study of three-valued logic on its own, for the algebra of
commutative three-valued tests is interesting in itself. In Chapter 5, the tests were studied
in the presence of programs, and the laws satisfied by the tests alone were never explicitly
stated, as these laws must follow from the laws of the program algebra. However, what
are the axioms of the tests in the absence of programs? This is the subject of this chapter.

This chapter will begin with a brief historical survey on the various generalisations
from two-valued to three-valued logic, with an emphasis on the differences between the
non-commutative and commutative three-valued logics. These two systems stem from
the sequential and parallel evaluation paradigms, respectively. Finally, this chapter will

establish an algebraic representation of the commutative three-valued logic.

7.1 Earliest Generalisations

The study of three-valued logic emerged at the beginning of the 20th Century, and the
earliest work was the 1920 paper [25] by Lukasiewicz. Not long afterwards, Kleene also
introduced his three-valued logic in his 1938 paper [21], and later, he elaborated his study
of three-valued logic in his 1952 book [22].

The basic logical connectives in Lukasiewicz’s logic are identical to those in Kleene’s
logic, as shown in the following tables. The way these connectives are defined is the same

as the parallel evaluation strategy.
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ANIT|F|U VIT|F U -
T(|\T|F|U T(|\T|T|T T
F\|\F|F|F F\T|F|U F
Ul\U|F|U ul\T|U|U U

Despite the same basic connectives, Lukasiewicz’s and Kleene’s logics differ in their
interpretations of logical implication. Lukasiewicz’s logic defines U =— U to be T,
while Kleene’s logic defines U = U to be U. In this thesis, U = U is considered
equivalent to =U V U, as in the classical two-valued logic. Since —~U V U evaluates to U,
Kleene’s logic is adopted by this thesis.

This branch of generalised logic has now grown into a number of vast subject areas
such as many-valued logic and fuzzy logic, and a more detailed history and survey can

be found (for example) in the book [2] by Bergmann.

7.2 Conditional Logic

Another branch of generalisation of Boolean logic was initiated by McCarthy in his 1963
paper [27]. In this paper, he not only presented some axioms of if-then-else, but
also gave an interpretation of the three-valued logical connectives using the short-circuit
evaluation strategy, which is common in most mainstream programming languages.

The following tables show the behaviour of these short-circuit logical connectives.

AN|T|F U vVIT|F|U -
T|\T|F|U T\|\T|T|T T
FI|F|F|F FlT|F U F
v|\v|U|U v|\v|\U\|U U

The main differences between Kleene’s logic and conditional logic are the expressions
UVT and U A F. Using the former as an example, suppose that p and ¢ are programs
which should return Boolean values, and that p does not halt and ¢ returns 7. When a

computer with sequential strategy evaluates p V ¢, it evaluates p first, and since p does
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not halt, the evaluation of the entire expression does not halt either. Hence, U VT is U
under the sequential strategy. On the other hand, using parallel strategy on the same
pVq, both p and ¢ are evaluated; as soon as ¢ returns 7', the value of the entire expression
is straightaway determined to be 7', even though p has not returned an answer. Hence,
UV T is T under the parallel strategy.

The algebraic equivalent of this non-commutative conditional logic is the C-algebra,
where the ‘C’ here stands for ‘conditional’. The paper [14] by Guzman and Squire studied
C-algebras on their own, and a number of papers on the algebra of programs (such as

[26] and [29]) incorporated the C-algebra as their algebra of tests.

7.3 Kleene Algebras

Just like two-valued logic corresponds to Boolean algebras, and conditional logic to C-
algebras, the commutative three-valued logic adopted in this thesis should have an alge-

braic parallel too. Such an algebraic parallel turns out to be the Kleene algebra.

Definition 7.1. A Kleene algebra is an algebra <K; A VLL0, 1> of type (2,2,1,0,0) such
that <K A\, V0, 1> forms a distributive bounded lattice, and the pseudo-complement ’

satisfies:

1. (anb) =d Vvl (De Morgan’s Laws)

(aVvbd) =d ANV
2.d"=a (Involution)
3.and <bVl (Kleene Property)

(1t is important to note that this Kleene algebra has no relation to the Kleene algebra
of reqular languages!)

This very algebraic object has in fact been extensively studied, albeit under many
different guises. In 1958, Kalman called this the normal i-lattice [20]. The 1991 book by
Cleave [6, Chapter 7] and the 1982 paper by Dunn [10] both term it the normal quasi-

Boolean algebra. On the other hand, the 2008 book by Bergmann [2] and the 2017 paper
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by Kumar and Banerjee [24] both use the name Kleene algebra. This thesis adopts this
latest, most recent name.

The main difference between the Kleene algebra and the Boolean algebra is that the
law of excluded middle (z A 2’ = 0 and x V 2’ = 1) may not hold in a Kleene algebra.
Still, a Kleene algebra still satisfies all the properties which hold in a bounded distributive
lattice.

In fact, both Kleene algebras and Boolean algebras can be placed in the following

chain of generalisation.
Boolean algebras C Kleene algebras C De Morgan algebras C Ockham algebras

A more thorough explanation of these various generalisations of Boolean algebras can be

found in the book Ockham Algebras by Blyth and Varlet [5, pages 4-5].

7.4 Representation of Kleene Algebras

This section shows that the Kleene algebra just described can be represented by the
disjoint pairs from Section 3.3. Here, let B” denote the set of disjoint pairs over a
Boolean algebra B.

In [24], Kumar and Banerjee has shown that for any Kleene algebra K, there is always

a Boolean algebra Bk such that K can be embedded into Bg, where
B ={a,b]|a,be By ; a<b}

and its operations are
e [a,b]A[e,d]=[aNec,bAd
e [a,b]V[e,d=[aVe bV
e —[a,b] = [-b,d]

e T =][1,1] and L = [0,0]
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Although B? and our goal B” are different, they bear a strong similarity. Intuitively,
the disjoint pair <a, b> identifies a partial predicate by its ‘true’ part a and ‘false’ part b,
while an element [c, d] € B identifies one by its ‘true’ part ¢ and its ‘non-false’ part d.

This motivates the following isomorphism.

Theorem 7.2. Let B be a Boolean algebra. Then, the set of disjoint pairs B is isomor-
phic to BP! just defined above, using the isomorphism p : B" — BP which maps every

{a,b) € B" to [a,~b] € B

Proof. We first show that all operations are preserved. Let <a, b>, <c, d> € B”. Then,

((a,b) Ae,d))p=(aNec,bVd)p
=laAc,—(bVd)]
= [a A c,=bA —d]
= [a, =] A [c, ~d]

= <a, b>,u A <c, d>p,

so A is preserved, and the same reasoning applies to the dual V too.

As for negation,

(—(a.0))u = (b, a)
= [b,~a]

= —[a, ~b]

= ~((a.b)n).

Furthermore, (1,0)p = [1,-0] = [1,1] and (0,1)p = [0,—1] = [0,0], so the top and
bottom elements are preserved.

Next, we show that p is bijective. Firstly, suppose <a1,a2>u = <bl,b2>u. Then,
[a1, ~as] = [b1, —bs], s0 a; = by and as = by. Hence, <a1,a2> = <bl,b2>, so p is indeed

injective.
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Also, given [ay, as] € BB it follows from definition that a; A as = a;, and hence

a; N ay = (a3 Aag) ANay (replacing a; by a; A a)
= a; A (az A ay)
= AO

= 0.

This shows that (a;,d}) belongs to B, and (a1, —as)p = [a1, as), so p is surjective.

Therefore, this completes the proof of B = B*, m

As K is embeddable into Bg] and B = B", we can at last conclude that our algebra
of partial predicates is indeed a Kleene algebra!

The axioms of a Kleene algebra were not needed by the algebra of test studied in
Chapter 5, since other laws were used to construct the representation. Nevertheless, the

laws of a Kleene algebra must be consequences of the previous laws.
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