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1. Introduction

Algorithmic graph theory —by which we mean graph theory with a focus on the design and analysis of algorithms on
graphs— is a vital component of computing science with diverse practical applications. Within that theory, the twin notions
of acyclicity and strongly connected components play a central role. This paper is about formulating and reasoning about
these notions in a calculational style based on “point-free” relation algebra. Briefly stated, “point-free” relation algebra is
the algebra of fundamental operations on relations: union, intersection, composition and converse; in contrast, “pointwise”
relation algebra is essentially boolean algebra: the algebra of whether or not a relation holds on given values.

The mathematical notion underlying the definition of a strongly connected component of a graph is that of an equiv-
alence relation. Of course, the point-free formulation of the definition of an equivalence relation is well-known. The same
cannot be said for, for example, properties of paths in a graph: although the appropriate algebra —regular algebra— has been
around for more than 50 years, it is still not sufficiently well-known that it is routinely applied in relevant circumstances.

Our contribution is to systematically formulate and prove properties of strongly connected components and acyclicity
of graphs in point-free relation algebra. The properties we formulate are undoubtedly well-known but the same cannot be
said of the calculational techniques we demonstrate. For example, we conclude the paper with a point-free formulation of
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the fundamental decomposition of a graph into its strongly connected components and a pathwise-homomorphic acyclic
graph; our formulation captures the idea of coalescing the nodes in each strongly connected component into one node in a
very concise but nevertheless completely precise formula. A relatively straightforward calculation then establishes how the
decomposition is exploited to facilitate the determination of the existence of paths in a given graph. Similarly, we formulate
and prove properties of paths connecting a pair of nodes in the same strongly connected component of a graph: there is
always such a path and any path must lie entirely within the strongly connected component.

Sections 8, 9 and 10 discuss equivalence relations and partitions, acyclicity of a graph, and components of a graph,
respectively. Full details are given of all calculations in these sections.

Prior to this, a number of sections set the scene. We view a relation algebra as an algebra consisting of three substruc-
tures with interfaces between them. The three substructures are: a lattice —introduced in section 2—, a regular algebra
—introduced in section 3—, and the converse structure —introduced together with the interfaces in section 4—. For brevity,
lemmas and theorems are stated in these sections without proofs.

Sections 5, 6 and 7 introduce a miscellany of topics that are used later. Section 5 introduces the left and right “domain”
operators on relations, whilst section 6 introduces the “all-or-nothing” axiom allowing pointwise reasoning to be mimicked
in point-free relation algebra: some pointwise reasoning is unavoidable but we use it sparingly. Finally, section 7 gives
definitions of notions associated with functions (functionality, injectivity, totality and surjectivity) and concludes with a brief
summary of how the axiom system presented in the initial three sections is extended to include heterogeneous relations.
For brevity, proofs are also omitted in these sections.

For additional explanatory information and examples, full details of proofs and the extension of the methods presented
here to the verification of standard graph algorithms, including depth-first search, see [1]. The current paper is an excerpt;
additional excerpts are in preparation (e.g. [2]).

An Apology It is common to include up-to-date citations in scientific publications. With a small number of exceptions, we
do not do so here for a number of reasons. First, the graph algorithms and properties of graphs discussed in this paper are
now common knowledge having found their way into undergraduate curricula at least forty years ago — so long ago that
we have forgotten where we ourselves learned about them. (See, for example, the classic textbook by Aho, Hopcroft and
Ullman [3] first published in 1982.) Second, the foundations for the calculations presented in the paper were first laid more
than forty years ago [4,5] and completed more than twenty years ago (e.g. [6-9]). That writing the paper would make a
worthwhile contribution to current research, in particular our conviction that point-free calculations are vital to overcoming
some of the challenges faced by modern theorem-proving systems, was inspired by Gliick’s work [10] to which we refer the
reader for more recent literature. (See also the conclusions for additional comments.)

End of Apology

2. Elements of lattice theory

Relation algebra is a rich algebraic structure involving a large number of operators. There is a down-side as well as an
up-side to its richness. On the one hand it is very expressive, on the other hand calculations within the algebra can be
difficult because of the sheer abundance of calculational rules. In order to make the algebra more tractable we present it
as a number of units with interfaces between the units. Each unit is a well-understood and well-documented mathematical
structure of sufficiently small size to be easily comprehended.

2.1. Complete, complemented lattices

A (heterogeneous) binary relation between two sets A and B is a subset of the cartesian product Ax B. In other words,
a relation is an element of the powerset 2AXB,

In general, a powerset (the set of subsets of a set) is partially ordered by the subset relation; it is also “complete” and
“completely distributive”, it has “complements” and its elements (sets) themselves have elements. This section is about
axiomatising such properties of partial orderings. Section 2.2 is about axiomatising properties of the element-of relation.

A complete lattice is a partially ordered set equipped with unrestricted supremum and infimum operators. Let us assume
the set is denoted by A and the ordering is denoted by C. Of course, we assume that the ordering is reflexive, transitive
and anti-symmetric.

That the ordering is complete means that every function f with target .4 has a supremum, denoted by U f, satisfying the

property

(Vx = Uf Cx = (Vu: fucx)) (1)
and an infimum, denoted by N f, satisfying the property

(Vx = xCnNf = (Vu:xC f.u)) . (2)

Properties (1) and (2) specialise to binary suprema and infima, which we denote in the usual way by infix operators. That
is,
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(VX,y,z ;- yUzCx YCXAZCX) 3)

and

(VXx,y,z - xCyNz = xCyAXxCz) . (4)

Aside In many cases, we want to use a function without giving it a specific name. In such cases, we use the notation (x :: E}),
where x is a variable and E is some expression. We also write (©x :: E) rather than the strictly correct @ (x:: E) (where & is
some extremum operator). Typically, we omit type information in quantified expressions relying on the context to make the
types clear. Occasionally we do include type information in expressions of the form (@®x : R : E), where R is some expression.
The advantage of using a consistent notation for quantification is that it is possible to formulate calculational rules based
on assumed properties of the quantifier. We assume that the reader is familiar with the calculational rules.

As the reader may already have surmised, we use an infix dot to denote function application — as in “f.u”. The dot is
omitted when a symbol rather than an identifier is used to denote the function.) End of Aside

A complete lattice has a top (a greatest element, the infimum of the unique function with source the empty set), which
we denote by TT, and a bottom (a least element, the supremum of the unique function with source the empty set), which
we denote by L. That is,

(Vx:: LLCxCTT) . (5)

(We use the notation TT and L rather than the more common T and L because T is easily confused with T.)
A complete lattice is said to be completely distributive iff for all sets ;7 and X and all functions f of type A <« J xK, the
following equality and its dual hold:

(Nj:jed (Uk:kek: f.(jk)) = (Ug:geK<JT:(Nj:jeT: f.G.g.))) .
(The dual equality is obtained by swapping the infimum and supremum operators.)

The reader may want to instantiate the above formula with V as the infimum operator and 3 as the supremum operator;
the resulting formula is a statement of the axiom of choice in predicate calculus.

A powerset ordered by set inclusion is a complete, completely distributive lattice but the full power of the distributivity
property is rarely used; so-called “universal distributivity” most often suffices. Formally, a complete lattice is said to be
universally distributive if

(Vx,f mxUNf)=(NjuxUf.j) A xNUf) = (UjxNf.j)) .

We frequently apply universal distributivity without specific reference to the rule. Particular examples that we use frequently
are xN 1L =11 and xUTT =TT.

A powerset ordered by set inclusion is complemented but, as for complete distributivity, the existence of complements
is sometimes unnecessary. The weaker notion of “pseudo-(co)complementation” is a consequence of universal distributivity.

Definition 6. Suppose (A, C) is a partially ordered set with bottom element L, top element TT and finite infima and
suprema. A pseudo-complement of an element p of A is a solution of the equation

x:(Vg:qCx=qnp=_1L) . (7)
A pseudo-cocomplement of an element p of A is a solution of the equation
x: (Vg xCSq=qUp=TT) . (8)

A complement of an element p of A is an element that is simultaneously a pseudo-complement and a pseudo-cocomplement
of p. The poset is complemented if all of its elements have a complement. O

Full details of the properties of pseudo-(co)complements and complements are given in [1].

The properties of complements in a complete, universally distributive, complemented lattice are familiar from set theory.
First, complements are unique. We denote the unique complement of element x by —x. Second, complementation is an
order isomorphism of (A, C€) and (A, D). Specifically, for all x and y in A,

—(—x)=x and (9)

—XCy=x2-y. (10)
It follows that complementation distributes through infima and suprema: for all f,

—(Nx:: fx) = (Ux::—(f.x) A —(Ux:f.x) = (Nx:—(f.x)) . (11)

3



R. Backhouse, H. Doornbos, R. Gliick et al. Journal of Logical and Algebraic Methods in Programming 124 (2022) 100730

Finally, we have the shunting rule: for all x, y and z,

xNyCz = xC—yUz. (12)

Warning: The notation used here for complementation is temporary. Later we need to distinguish between complements in
different lattices, and for each we need to introduce a different symbol. End of Warning

2.2. Atoms, saturation and powersets

A powerset forms a complete, universally distributive, complemented lattice under the subset ordering. However, these
properties do not characterise the properties of the elements of the sets in the powerset. For this, we need the notion of a
“saturated”, “atomic” lattice: elements of a set are modelled by so-called “atoms”. We avoid the use of saturated atomicity
wherever possible. However, there are some circumstances where its use is unavoidable.

Throughout this section, we assume that .4 is a complete lattice. (This means that we can use the supremum and
infimum operators without caveats on their existence.) For brevity, we sometimes omit to say that .4 is complete. Variables

p and q range over arbitrary elements of 4. As always, we use C for the ordering relation on elements of .A.

Definition 13 (Atom and Atomicity). The element p is an atom iff

(Vg 2 q<p = q=p Vv q=1) .

Note that L is an atom according to this definition. If p is an atom that is different from L we say that it is a proper
atom. A lattice is said to be atomic if

(Vq :: q#1L = (Ja:atomarna#1ll :aZq)) .

In words, a lattice is atomic if every proper element includes a proper atom. 0O

Definition 14 (Saturated). A complete lattice is saturated iff
(Vp::p = (Ua:atomanrnaCp:a)) . O

Elsewhere the word “full” is sometimes used instead of our “saturated”. Other authors also sometimes use “atomic” to
mean both atomic (according to Definition 13) and saturated.
The following theorem [6, theorem 6.43] is central to the use of saturated lattices as a model of powersets.

Theorem 15. Suppose A is a complete, universally distributive lattice. Then the following statements are equivalent.

(a) A is saturated,
(b) A is atomic and complemented,
(c) A is isomorphic to the powerset of its atoms. O

We don’t use Theorem 15 directly. We use it indirectly in the sense that our axiomatisation of relation algebra postulates
a complete, universally distributive, saturated lattice. In this section, we consider consequences of the definitions that allow
pointwise reasoning akin to conventional reasoning about sets and, in particular, membership properties. Specifically, for
lattice element p and proper atom a, the assertion aC p effectively means aep. For example, the booleans —(aC p) and
aC —p are equal; this models the commonly used property of set membership: the boolean —(aep) is equal to ae —p. See
Lemma 16. Other lemmas, such as Lemmas 20 and 21, have a similar role. Proofs of the lemmas and Theorem 15 can be
found in [1].

We begin by exploring the notion of saturation. First, the above-mentioned lemma expressing how we mimic the defining
property of the complement of a set:

Lemma 16. Suppose A is a complete, complemented lattice. Then for all elements p of A and all proper atoms a of A,
—(@cp) =a<—-p. O
The universal quantification in the definition of saturated can be eliminated:

Lemma 17. A complete, universally distributive lattice is saturated iff its greatest element is saturated, i.e. iff

T = (Ua:atom.a:a) . O
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Another consequence of T being saturated is the existence of complements:

Lemma 18. Suppose A is a complete lattice, and both pseudo-complemented and pseudo-cocomplemented. Then it is complemented
if its greatest element, T, is saturated. O

Now we turn to the notion of atomicity. The assumption of universal distributivity gives an alternative definition:
Lemma 19. Suppose A is universally distributive. Then A is atomic equivales
(Vq :: q=1L = (Ua:atom.a:a)Ng=1l) . O
Lemma 20. If p# Ll and b is an atom, then p=b=p Cb. Also, if a and b are both proper atoms,a=b = anb#1L. O
Atoms are irreducible in the following sense.

Lemma 21. Suppose A is a complete, universally distributive, saturated lattice and a is a proper atom of A. Then, for all subsets S of
the proper atoms of A,

a C (Ub:beS:b)

(3b:beS:a=b) . O
2.3. Closure operators

We assume familiarity with the notion of a closure operator. This section introduces the notions of “complementation-
fixed” and “complementation-idempotent” closure operators and their properties.

Definition 22. An endofunction f on a partially ordered set A is a closure operator if

(Vx,y = xCf.y = fxZf.y) .

In words, f is a closure operator if, for all y, the set of elements at most f.y is “closed” under application of the function

f. O
Definition 23. The function f is said to be complementation fixed iff

(Vx o fu(=x)=—Xx & f.ux=x) .

The function f is said to be complementation idempotent iff
(Vx: fu(=(fx)=—=(fx). O
Lemma 24. Suppose f is a closure operator. Then f is complementation fixed equivales f is complementation idempotent. O

We use the notation Fix. f to denote the poset of fixed points of f: the partial ordering is the ordering inherited from
the set on which the function f is defined.

Lemma 25. Suppose A is a complete, universally distributive lattice. Suppose f is a closure operator on the lattice A and suppose f is
complementation fixed. Then f.a is an atom of Fix. f if a is an atom of A. O

Theorem 26. Suppose A is a complete, universally distributive, saturated lattice. Suppose f is a closure operator on the lattice A and
suppose f is complementation fixed. Then Fix. f is a complete, saturated lattice. The atoms in Fix. f are given by {b:atom 4.b: f.b}. O

3. Regular algebra

As remarked earlier, the set of binary relations of a given, fixed type forms a powerset. So our first step has been to
axiomatise powersets as complete, universally distributive, saturated lattices. The next step is to introduce the composition
of relations.

Restricting attention to homogeneous relations, the binary relations on some fixed set form a monoid under composition.
We denote composition of homogeneous relations R and S (of the same type) by RS and the identity relation by I. Being
a monoid means that composition is associative



R. Backhouse, H. Doornbos, R. Gliick et al. Journal of Logical and Algebraic Methods in Programming 124 (2022) 100730

(RoS)oT = Ro(SeT) , (27)

for all relations R, S and T, and I is a left and right unit of composition

Rol =R =1IR , (28)

for all relations R.

Extending composition to heterogeneous relations means that relations form a category: the composition of relation R of
type A~B and S of type B~C is the relation RoS of type A~C. For each type (“object” in category-theory parlance) there
is an identity relation I4 of type A~A. We assume familiarity with such elementary concepts of category theory.

Definition 29 (Regular Algebra). A regular algebra with carrier set A is the combination of a monoid (A, <, ) and a complete
lattice (A, C€) such that, for each element R of A, the endofunctions (Ro) and (oR) are both lower adjoints in Galois
connections between (A, C) and itself. A regular algebra is said to be universally distributive if the underlying lattice is
universally distributive. The elements of .A are sometimes called events. O

(We assume familiarity with Galois connections and fixed-point calculus. See [11] for a tutorial presentation.)

Although Definition 29 uses the symbol “C” to denote the partial ordering relation in a regular algebra, it should not
be assumed that regular algebras are invariably powersets and the ordering relation is the subset relation. Many practical
applications of regular algebra involve other orderings. See [4,5,12] for examples. Our use here of the symbols “C” and
“o” and the identifier “R”, is because the primary application in this paper of a regular algebra is as a vital, but often
overlooked, component of relation algebra. However, the properties stated in this section have much wider applicability
than just to relation algebra.

The assumption that the endofunctions (Re) and (oR) are both lower adjoints in Galois connections is equivalent to the
existence of two binary operators \ and / satisfying the properties, for all events R, S and T,

RoSCT = SCR\T , (30)
and
ReSCT =RCT/S . (31)

These two operators are called the factoring, or division, operators; (for all R) the events R\T and T/R are right and left
factors of T, respectively. Although these operators are important, we don’t use them directly here; we use only the fact
that they exist.

Our definition of a regular algebra does not postulate the existence of a star operator. A universally distributive regular
algebra is what Conway [13, p.27] calls a “standard Kleene algebra”.

There are several different definitions of the star operator in a regular algebra. Possibly the best known definition is

R*:(ui:Ogi:R"> . (32)
Another definition? is

R* = (ux:: TURUxex) . (33)

This definition states that R* is the reflexive, transitive closure of R.
Two other commonly used definitions are in terms of left and right iteration. Specifically, left iteration is defined by

R* = (ux :: IURox) (34)
and right iteration by
R* = (ux:: IUxoR) . (35)

It is easily shown that all of these definitions are equivalent. Choosing one or other definition gives different induction rules;
deciding which to use in specific circumstances requires some practice. We use all four different definitions at some stage
below.

The transitive closure of R is denoted by R™. Like the reflexive, transitive closure it has several equivalent definitions, the
most common being:

R+=<Ui:l§i:Ri> (36)

2 The symbol p denotes the least-fixed-point operator.
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and

RT = (ux:: RUxox) = (ux:: RUXoR) = (X :: RURoX) . (37)

Important properties of the star operator are as follows:

(@) RoS* CT*oR < RoS C ToR

(b) T*oR € RoS* < ToR C RoS

(€) Ro(SeR)* = (ReS)*oR

(d) (RUS)* = S*o(RoS*)* = (S*oR)*oS*

Properties (a) and (b) are called leapfrog rules (because R “leapfrogs” from one side of a star term to the other). Both have
the immediate corollary that * is monotonic. Properties (c) and (d) are called the mirror rule and star-decomposition rule,
respectively. The mirror rule and star-decomposition rules were identified as vital to the derivation of so-called elimination
algorithms for path-finding problems in graphs in [4,5,14]. They play an equally important role below.

There are many other properties of the star operator that we use without further ado.

3.1. Starth roots

This section is a preliminary to our proof in section 9 that the so-called “reflexive, transitive reduction” of an acyclic
graph is the least “starth root” of the graph. Whereas in section 9, the subject of interest is relations, and more specifically
graphs (i.e. binary relations on a finite set), the results in this section are more general and applicable to, for example,
labelled graphs where the labels are themselves elements of the carrier set of a regular algebra.

Definition 38 (Starth Root). Suppose U is an event of a regular algebra. A starth root of U is any event V that satisfies
V*=U*, it is minimal if no smaller event has this property. It is least if it is at most all starth roots. Formally, V is a
minimal starth root of U if

VE=U* A (YW WSV AW*=U*: W=V)
and V is the least starth root of U if
V¥=U* A YW :W*=U*:VCW). O

Definition 39 (Reflexive and Transitive Reduction). Let A and B be events in a complemented regular algebra with unit I.
Suppose the complement? of event U is denoted by —U. Then AN—I is called the reflexive reduction of A and BN—(BoB™")
is called the transitive reduction of B. The transitive reduction of the reflexive reduction of A is called the reflexive-transitive
reduction of A. O

We denote the reflexive-transitive reduction of A by red.A. That is,

red.A = AN=IN=((AN=D)o(AN=D') . (40)

If G represents the edges of a graph, the reflexive-transitive reduction red.G “reduces” G by eliminating self-loops and edges
connecting distinct nodes that are subsumed by paths of edge-length two or more and not involving self-loops. (Self-loops
are edges from a node to itself. The multiple occurrences of “N—I" in (40) serve to eliminate such edges, leaving only edges
connecting distinct nodes.)

The reflexive-transitive reduction of a relation is an important concept. For example, it underlies the display of (small,
finite) posets by means of a so-called Hasse diagram: the relation displayed in such a diagram is not the partial ordering but
its reflexive-transitive reduction. The concept is important in other applications. For example, the basis of the Knuth-Morris-
Pratt pattern matching algorithm (and its generalisations [15-17]) is the “factor graph” of a regular language defined by
the pattern, and the “factor graph” is the reflexive-transitive reduction of Conway’s “factor matrix” of the language [18,19].
Definitions 38 and 39 abstract from Brzozowski's study of roots of star events [20].

A couple of lemmas on reflexive reduction prove useful later:

Lemma 41. Let X be an event in a complemented regular algebra with unit I. Then

X = (XN=D* .

(In words, the reflexive reduction of X is a starth root of X.)

3 In order to comply with later usage, this is the point at which we need to introduce a different symbol for complementation. The symbol “—" has been
chosen because it fits with conventional practice. That it is the same symbol as the symbol we use for negation of booleans should not cause any confusion.
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Proof.
X*=(Xn=D*
&= { X 2 XN—I, monotonicity of star }
X* < (Xn=D*
= { * is a closure operator }
X< (XNn=n*
& { IUYCY*withY :=XNn=I }

X CluXn=I)

= { absorption rule

X CIuX
= { suprema

true . O

Lemma 42. Let X and Y be events in a complemented regular algebra with unit 1. Then

X*cy*

X*=Y*

Proof. First,

Xn=-n* c(yn-n*

= { T isaclosure operator

XN=I € (YN=DT
= { complements

X <c((n=-ntul

Xn=Dtc(yn=-nt,

Xn=-DT=n=-n* .

}

}

= { forallz, Ztul=Z*withZ:=YN-lI,

Lemma 41 with X:=Y

Xcy*

= { * is a closure operator

X*CYy* .

}

}

The second property follows immediately from the anti-symmetry of set inclusion. O

Theorem 43. Let A be an event in a complemented regular algebra with unit 1. Then

A*=(red.A)* = (VX :X*=A":redACX).

That is, if the reflexive-transitive reduction of A is a starth root of A, it is the least starth root of A.

Proof. Assume that A* = (red.A)* and X*=A*. We have to prove that red.A C X.
Let B=AN=I, C=BN=(BoB*") and Y = XN—I. By applying Lemma 41 and including the two assumptions, we have

A*=B*=C*=X*"=Y" .

Next we note that
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C

{ definition of C and B }
AN—=IN—(B-B™)

{ idempotency and symmetry of infimum }
(AN=IN—=(BoB")) N =l

{ definition of C and B }
cNn-=l .

It follows that we can apply Lemma 42 with X,Y:=A,C and X,Y :=C,X to deduce that
Bf=Cct=Y*.
We can now proceed with the calculation.
BN—(B-BT)C X
= { BN=(BoBhH=C=Cnct=cCcny*t
BN—=(BoBHNY"T C X
= { shunting rule }
BNY" € XUBoB™

= {  BNY'tCYT™, transitivity }
YT € XUBoB™
= { Yt=YUYoYt }

YCX A YoYT C BoB™
= { Y=Xn=I }
Yoyt C BoB*
= { XoXT=XtoXTforall X
(well-known property, simple proof left to reader) }
Ytoyt € BToB™
= { BT=YT:seeabove }

true . O

Theorem 43 postulates a candidate for a least starth root. In some cases, the candidate is indeed a least starth root, but
this is not always the case. For example, the reflexive-transitive reduction of the universal relation on a set with at least
three elements is the empty relation, which is not a starth root of the universal relation. Fortunately, the candidate is indeed
a starth root in the case relevant to the current discussion: when A is a finite acyclic graph.

The converse of Theorem 43 is not valid as demonstrated by the following counterexample.

Suppose R is the relation {(1, 2),(2, 1)}. Then R* is the universal relation on {1,2} and red.R is the empty relation. Thus,
for all X, red.R C X; however, R* # (red.R)*. Indeed, the least starth root of R is R itself.

4. Relation algebra

We are now in a position to present the axioms of relation algebra. As announced earlier, the axiomatisation is point-free
as opposed to pointwise. A pointwise axiomatisation defines the operators of a relation algebra in terms of Boolean values
XRy; the variables of the axiomatisation are thus relations, R, and points, x and y. This is the more conventional means
of defining operators on relations. A point-free axiomatisation omits the points; the variables in the axiomatisation are
exclusively relations.

The advantage of a point-free axiomatisation is increased concision. This is invaluable to the goal of establishing general
properties of relations. A disadvantage is that when one comes to apply such general properties to particular relations,
like the at-most relation, it is particular Boolean values, like m <n, that are of interest. In addition to the axioms we
therefore give a pointwise interpretation of each of the operators. That is, we say, for each operator that we introduce, how
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the operator defines a set of pairs. Such an interpretation is often called a (set-theoretic) model of the axiom system. In
giving the interpretation we use the notation [E] to mean “the interpretation of E”. Thus we write x[R]y instead of xRy;
this enhances readability and also emphasises the difference between the objects of an abstract relation algebra and the
interpretation of such objects as binary relations. Note that the expression E is most often a relation, but is sometimes an
ordering between relations.

The first unit in relation algebra is a lattice structure. Specifically, let (A, C) be a partially-ordered set. We postulate that
A forms a complete, universally distributive lattice. The infimum and supremum operators will be denoted by N and U,
respectively. The top and bottom elements of the lattice will be denoted by TT and L, respectively. We will call elements
of A relations and denote them by variables R, S and T.

As suggested by the choice of notation, the interpretation of C is the subset ordering, the interpretation of N is set
intersection, and the interpretation of U is set union. Formally,

[RSS] = (vx,y:x[R]y:x[S]y)
x[RNS]y = x[R]y Ax[S]y , and
x[RUS]y = x[R]y Vvx[S]y .

Universal distributivity is the familiar distributivity property of set union over set intersection and, vice-versa, set intersec-
tion over set union.
The lattice structure is the most complicated unit in the framework but one which should be familiar to the reader.
Atomicity properties will be introduced later: see section 6.
Every binary relation has a converse. At the point level the converse operator, denoted by a postfix “U” symbol, is defined

by

x[R"]y = y[R]x

for all x and y. At the point-free level we postulate the existence of a (total) unary function from relations to relations such
that, for all relations R and S

RVCS = RcsY . (44)

The Galois connection (44) is all that is necessary to define the converse operator and its interface with the lattice structure.
Its being a Galois connection makes it so attractive.
The set of homogeneous binary relations over some universe includes the identity relation, I, defined at the point level

by

X[y = x=y

for all x and y. Relations may also be composed via the binary composition operator, o, defined at the point level by

x[ReS]z = (Ay:x[R]y Ay[S]z) .

We capture these two notions in our algebraic framework by demanding the existence of a relation I and a binary operator,
o, mapping a pair of relations to a relation, such that (A, o, I) is a monoid.

There are two interfaces to be specified. The interface with the converse operator is soon dealt with. Bearing in mind
the intended relational interpretations of converse and composition we postulate

(RoS)Y = SYoRY | (45)

for all relations R and S. For the interface with the lattice structure we postulate that a relation algebra is a regular algebra.
In particular, we postulate that for all relations R the functions (Re) and (oR) distribute universally over suprema.

4.1. Operator precedence

We have now introduced quite a large number of operators. In order to reduce the number of parentheses in formulae
we should agree on a precedence between the different operators.

A general rule we use throughout is that all prefix and postfix operators as well as subscripting and superscripting take
precedence over infix operators and infix operators in turn take precedence over multifix operators. When both prefix and
postfix operators are applied to an expression, we use parentheses to clarify the order of evaluation. Thus we only need to
discuss the relative precedence of the infix operators.

For infix operators, the general rule is that metaoperators (operators like = and A) have the lowest precedence. Next
come relations like < and C. The operators of relation algebra have the next highest precedence, and function application
has the highest precedence of all. Among the infix operators of relation algebra the precedence is: intersection and union
have the same, lowest precedence, and the highest precedence is given to composition.

10
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4.2. Modularity rule and cone rule

We have postulated that composition distributes through suprema. We have not postulated that composition distributes
through infima. Were we to do so then the binary relations would not form a model of our algebraic framework. The lack
of such a law, however, poses severe problems. We know that, for each R, the function (Ro) is monotonic and hence

Ro(SNT) € RoSNRoT .

Thus we are in a position to reason with infima of compositions so long as they appear on the bigger side of an inclusion.
But we have no means of working with such a term when it appears on the smaller side of an inclusion. Something more
is needed to afford the manipulative freedom we need.

The rule we now introduce to overcome this difficulty acts as an interface between all three units of the framework.
We call it the modularity rule. (J. Riguet [21] called it “la relation de Dedekind” because of its resemblance to the modular
identity, a property of normal subgroups discovered by Dedekind. Freyd and S€edrov [22] call it the law of modularity,
possibly for the same reason as Riguet.)

The modularity rule is that, for all relations R, S and T,

RoSNT C Ro(S N RYoT) . (46)

At first sight, this is a difficult rule to appreciate and to use. A little analysis of its structure helps. Note that the term on
the smaller side of the inclusion is an infimum of two terms and the term on the larger side is a composition of two terms.
None of the rules given so far cater for either of these situations. Note also that R is the only repeated variable on the larger
side. Viewing composition as a multiplication operator and infimum as addition, it is as if RV is the inverse of R, it being
cancelled when R is multiplied through on the righthand side in order to obtain the lefthand side.

An additional rule, sometimes called “Tarski’s rule”, is called the cone rule below: for all relations R,

TToReTT =TT v R=1L . (47)

The cone rule expresses the universality of the relation TT. Its significance becomes evident in section 6 where it is used in
combination with the “all or nothing” rule to model reasoning about relations as sets of pairs.

Axiom systems for relation algebra often include a complementation (negation) operator and, instead of the modularity
rule, the so-called Schréder rule is postulated. Our formulation of Schréder’s rule is slightly different from standard accounts,
as we now explain.

Suppose we consider an algebra that obeys all the axioms of relation algebra except for the modularity rule. Suppose
that the algebra is complemented (i.e. every relation has a complement); we denote the complement of relation R by —R.
Then the middle-exchange rule:

Ro—=XoS C =Y = RYoYoSY C X (48)

is equivalent to the modularity rule.

The middle-exchange rule gets its name from the fact that the middle term in a composition is exchanged with the right
side of an inclusion. It has an attractive, symmetric form, making it easy to remember in spite of having four free variables.
The standard rule is the conjunction of the two equivalences obtained by instantiating R and S to the identity relation.

4.3. Summary

This concludes our discussion of the algebraic framework. In a few sentences, a relation algebra is a complete, universally
distributive lattice on which is defined a monoid structure and a unary converse operator. Composition on the left and on
the right both have upper adjoints, the division operators. Converse is a lattice isomorphism that preserves the unit of
composition and distributes contravariantly through composition. Finally, the lattice structure, converse and the monoid
structure are all interrelated via the modularity and cone rules.
5. Coreflexives and the domain operators

5.1. Coreflexives

In relation algebra there are several mechanisms for viewing sets as relations, each of which has its own merits. One
is via “conditions” and another is via “coreflexives®”. Axiomatically these have the following definitions. First, we say that

4 “Coreflexives” are also called “monotypes” [6,23,9] or “tests” [10], depending on the intended interpretation; the name “partial identity” is also used
(e.g. [24]). We now prefer the application-neutral terminology used by Freyd and Stedrov [22].
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relation R is a coreflexive if and only if R CI. Second, we say that relation R is a right condition if and only if R="TToR.
Finally, we say that R is a left condition if and only if R=RoTT.

We choose to represent sets by coreflexives, the most compelling reason for doing so being the dominant position
occupied by composition among programming primitives. Introducing a guard on the left, in the middle, or on the right
of a sequential composition of relations is a frequent activity that is easy to express in terms of coreflexives but clumsy
to express with conditions. Moreover, coreflexives have simple and convenient properties. Specifically, for all coreflexives p
and q,

p=INp=p“=pop A poq=qop=pngq .

Occasionally we use the fact that the lattice of coreflexives is isomorphic to the lattice of left (or right) conditions, as
expressed by the rule, for all coreflexives p and q,

pEq = pollcqell .
5.2. The domain operators

In this section, we introduce two operators mapping relations to coreflexives, the so-called domain operators. They play
an extremely important role in the theory to follow.

We call the two operators the left-domain operator and the right-domain operator. We might have chosen to call one of
them the “domain operator” and the other the “range operator”, but this would have introduced an unwelcome direction
in the interpretation of relations. (One of the elements in a pair satisfying a given relation would have to be designated
the input and the other the output.) We prefer to make no commitment about the “direction” of a relation for as long as
possible. The left- and right-domain operators are denoted by the postfix symbols “<” and “>", respectively.

Definition 49 (Right Domain). The right domain of a relation R is the coreflexive denoted by R> and defined by

R>=INTTeR .

Dually, the left domain of a relation R is the coreflexive denoted by R< and defined by

R<=INR-TT . O

We restrict our attention here to the right-domain operator. The reader is requested to dualise the results to the left-
domain operator.

The intended interpretation of R> for relation R is {x|<E|y::y[[R]]x)}. Two ways we can reformulate this requirement
without recourse to points are formulated in the following theorem.

Theorem 50. For all relations R and coreflexives p,
(R>Cp=RCTTep) A (R>Cp=R=Rop). O

Theorem 50 predicts a number of useful calculational properties of the right-domain operator. We list some that we
exploit later below; for brevity we omit their proofs. We also often give the hint “domains” in calculations, omitting specific
mention of the rule. This includes cases where one or more of the variables is instantiated to the identity relation. (For
example, an instance of Theorem 51(f) is the property that, for all R, R> = (R>)>.)

Theorem 51. For all relations R, S and T, and all coreflexives p,

(@) TToR> = TToR,

(b) RN SoTToT = S<oRoT>,
(c) (RY)>=R<,

(d) (RNSoT)> = (SYsRNT)>,
(€) (ReTToS)>=5> < R#£1L,
(f) (RoS)> = (R>0S)>,

(g) p>=p. O

For modelling programming statements, in particular conditionals, complemented domains are necessary. We assume that
the lattice of coreflexives is complemented and let R>e denote the complement of R>. That is,

R>UR>e =] and R>NR>e= 11 .
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Then, for relations R and coreflexives p,

R>Dp = Rop=11 . (52)

Moreover, for all R,

(R>)>e = R>e = (R>e)> . (53)

Note that (52) is a slightly disguised Galois connection since the right side can be rewritten as RC 1l /p. (See (31).) The
equation defines R>e as the largest coreflexive p such that restricting the right domain of R to p yields the empty relation.
A consequence is the distributivity property

(RUS)>e = R>eNS>e .

Just as for the non-complemented domain operator, it is difficult to simplify (RNS)>e.
6. All or nothing

In this section, we add axioms that postulate that relations are sets of pairs. The two properties we assume are:

1. The poset of coreflexives is a complete, universally distributive, saturated lattice.
2. The all-or-nothing rule:

(Ya,b,R : AC.anAC.b : acRob= 11 Vv acRob=aoTT ob)

where AC abbreviates “atomic and coreflexive”.

An immediate consequence of the all-or-nothing rule is the following lemma.

Lemma 54. Suppose a is an atomic coreflexive. Then

aoclToa =a . (55)

Also, if a and b are proper atomic coreflexives, then
aoTTobC I =a=b. O (56)

We use Lemma 54 frequently below (sometimes without specific mention).

The all-or-nothing rule is equivalent to the postulate that the lattice of relations is atomic and saturated. The proper
atoms are events of the form aoTTob where a and b are proper atomic coreflexives; such an event models the pair (a, b) in
conventional pointwise formulations of relation algebra [25,24].

Theorem 57. Suppose the lattice of coreflexives is a complete, universally distributive, saturated lattice. Then, if the all-or-nothing rule
is universally valid, the lattice of relations is also a saturated, atomic lattice; the atoms are elements of the form aoTT ob where a and b
are atoms of the lattice of coreflexives. It follows that the lattice of relations is isomorphic to the powerset of the set of elements of the
form aoTT ob where a and b are atoms of the lattice of coreflexives. O

Henceforth, we assume that the lattice of coreflexives and the lattice of relations are both complete, universally dis-
tributive and saturated. In view of Theorem 15, we use C for the ordering relation and ~ for the complement operator on
coreflexives. We use — for the complement operator on relations. Thus, for coreflexive p, ~p = IN—p. The proper atomic
coreflexives are variously referred to below as points and later, when the relations represent graphs, as nodes. Standard prop-
erties of powersets —the properties of set union, intersection and complementation— will be assumed, sometimes without
specific mention and sometimes with the hint “set theory”.

We use p and g to range over coreflexives and a and b to range over atomic coreflexives. A crucial property is, for all
points a and coreflexives p,

—(@cp) =ac~p .
See Lemma 16.
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7. Functions and heterogeneous relations
7.1. Functionality and totality

A subset of the relations is formed by the functions, which can be seen as deterministic relations. The characterising
property of a function is that it is single-valued (also known as Leibniz’s rule), i.e. if y[f]x and z[f]x then y is equal to z.
This is written as:

(Vy.z: (3xzy[fIx A z[f]x): y[1]z)

After rewriting the existential quantification using relation composition and subsequently the universal quantification using
the definition of relation inclusion, we obtain (the much more concise):

feflcr. (58)

The notion dual to functionality, viz. injectivity, is now of course easy to define: f is injective if and only if fV is functional.
The standard notion of a partial function is a relation that defines a unique output value for each input value in its
domain. In our axiom system we have the following theorem.

Theorem 59. Suppose relation R has type A~B. Then

RoRY C1s = (vb:bCSR> :point.(RebeRY)) .

Moreover, if f is a relation of type A~B and f o f¥ C I4, the relation fobo fV is a point of type A and

(Va,b : bS f> :aoTTob S f = a= fobof").

(Recall that a point is a proper atomic coreflexive. The convention we use is that point denotes the predicate “is a point”.) O

In words, Theorem 59 states that f is functional iff, for all points b in the right domain of f, the relation fobo fY
defines a unique point of type A. This is the point that we denote by f.b. The defining property of f.b is thus

(Va,b : bCf> : aeTTobC f = a=f.b) . (60)

A consequence of the unicity property expressed by (60) is the property that, for all functional relations f of type C~A and
g of type C~B, and all points a and b,

aoTTob C fYog = aC f>A fa=gbAblg> . (61)

When introducing the modularity rule in section 4.2, we emphasised the importance of distributivity properties. A distribu-
tivity property that possibly goes unnoticed in pointwise calculations but must be used explicitly in point-free calculations
is the distributivity of functions over intersection: for all relations R and S and all functional relations f,

(RNS)of = RofNSof . (62)

Besides functionality and injectivity, there are two other dual notions which relations may enjoy: totality and surjectivity.
Relation R is total means that it can accept every element of the universe as an input. Formally, relation R is total iff
I € RYoR. Relation R is surjective iff its converse RV is total.

7.2. Heterogeneous relations

A heterogeneous relation R has a type given by two sets A and B, which we call the target and source of R. We use the
notation A~B to denote the type of a relation. Formally, a relation of type A~B is a subset of AxB. (Equivalently, it is a
function with domain Ax B and range Bool.) A homogeneous relation is a relation of type A~A for some A.

The target and source of a relation should not be confused with its left domain and right domain. If R has type A~B
then its left domain R< has type A~A and its right domain R> has type B~B. As always, R< and R> are coreflexives,
but this property is expressed formally as R<C1I4 and R> C g, where 14 denotes the identity relation of type A~A (and
similarly for Ip).

The operators in the algebra of heterogeneous relations are typed. For example, the composition of two relations R and
S, denoted as always by RoS, is only defined when the source of R equals the target of S. Moreover, the target of RoS is
the target of R and the source of RoS is the source of S. That is, if R has type A~B and S has type B~C then ReS has type
A~C. We assume the reader is familiar with such rules.
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As mentioned earlier, the rules of the untyped calculus are applicable in the typed calculus, with some restrictions
on types. For example, the rule R = R<oR remains valid without restriction. Restrictions are necessary on types for, for
example, the middle-exchange rule (see section 4).

Care must be taken with the overloading of notation. This is exemplified by the rule

RoTl = R<oT .

Recall that, if R has type A~B, R< has type A~A. Thus the notation “TT” on the left side of the equation denotes the uni-
versal relation of type B~C, for some type C; on the other hand, the notation “TT” on the right side of the equation denotes
the universal relation of type A~C. Rather than overload the notation in this way, we could decorate every occurrence of
TT with its type. For example, we could rephrase the rule as

RogTl¢c = R<o4T1lc .

We prefer not to do so because the type information is usually easy to infer. An exception is that we occasionally decorate
the identity relation I with its type: I4 denotes the identity relation of type A~A.

Care must also be taken to distinguish between coreflexives and the sets that they represent. This is particularly relevant
when defining functions since, in our formal system, a function maps a point to a point. In informal statements, less care
is needed. For example, when discussing partitions of equivalence relations in section 8.2: it is necessary to introduce a
so-called “cast” in order to make the type distinction between coreflexives (which are not points) and the sets that they
represent (which are points).

Typed relation algebra, as briefly summarised above, extends category theory to what has been called allegory theory. See
Freyd and S¢edrov [22] for more details.

8. Equivalence relations and partitions

This section recalls some general properties of equivalence relations. Section 8.1 introduces the so-called “existential
image” function; the main theorem in this section is Theorem 67 which states that the existential image function defined by
an equivalence relation is a complementation-fixed closure operator. Section 8.2 formulates the well-known correspondence
between partitions of a set and equivalence classes.

8.1. (Left- and right- )existential image

This section is about exploring the properties of the endofunction (p:p C1:(Rep)<). We show that, if R is reflexive and
transitive, it is a closure operator; we also show that, if R is an equivalence relation, it is complementation fixed.

To avoid clutter, we use the convention that lower case identifiers p and q range over coreflexives. So the function of
interest is (p::(Rep)<). The function (R :: (p::(Rep)<)) is essentially the same as what Bird and De Moor [26] call the
existential image functor. Temporarily for brevity, we use the notation £R for the function (p::(Rep)<).

The following is easily proved.

Theorem 63. The function £ maintains identities and distributes over composition. That is, for all A, R and S (of appropriate type),

Ep) = Icora AN E(ReS) = ERES .

(The infix operator “»” denotes composition of functions; Cor.A denotes the type of coreflexives of type A~ A.) Moreover, for all relations
R, ER is the lower adjoint in a Galois connection of the coreflexives (ordered by the subset relation) with itself. (This is because it is
the composition of two lower adjoints: the function (Ro) and the left-domain operator <.) Thus, for all relations R, ER distributes
universally over unions of coreflexives; in particular, it is monotonic. Indeed, £ is also (pointwise) monotonic. So £ is monotonic in both
its arguments. That is,

ERpCESq <« RSSAp<q. O
Next we explore when the function R is a closure operator.
Lemma 64. If R is reflexive and transitive, the function ER is a closure operator.

Proof. Instantiating Definition 22 of a closure operator, we have to show that, for all p and g,

qCERp = ERGQCERp .

The equivalence is established by mutual implication. For the implication, we have:
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ER.q

- { assume g € £R.p, monotonicity of ER }
ER.(ER.D)

= { distributivity (Theorem 63) }
E(RoR).p

- { assumption: R is transitive; Theorem 63 }

ER.p

and, for follows-from, we have:

qCSERp

&= { assume ER.q C ER.p, transitivity of C }
q<ERg

<= { assumption: R is reflexive, i.e. | CR;

monotonicity (Theorem 63) }
qcflqg
&= { & preserves identities (Theorem 63) and reflexivity of C }

true . O

Recalling Definition 23, we explore conditions on R under which it is complementation-idempotent, i.e.

ER.~(ER.p) = ~(ER.p)

for all coreflexives p. Noting that, for all relations R, Re< =~(R<), we consider the more general property

(Ro(RoS)e<)< = (RoS)e<

for arbitrary relations S, beginning with the inclusion.

Lemma 65. For arbitrary relations R and S,

(Ro(RoS)e<)< C (RoS)e< <« RYoRCR .

Proof. Note how the calculation below is used to determine simpler conditions on R for which the more complicated
inclusion holds. The use of the isomorphism between conditionals and domains in the first step is driven by the fact that
the negation of a condition is a condition. The use of middle-exchange then becomes obvious.

(Ro(RoS)e<)< C (RoS)e<
= { Theorem 50 }
Ro(RoS)s<oTT C (RoS)e<oTT
= { property of negated left domain }
Ro—(RoSoTT) C —(RoSoTT)
= { middle-exchange rule (48)
with R, X,S,Y := R, RoSoTT , I, RoSoTT }
RYoRoSoTT C RoSoTT
&= { monotonicity of composition }

RVeaRCR. O
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Corollary 66. If R is an equivalence relation then, for all S,

(Ro(RoS)e<)< = (RoS)e< .

That is, if R is an equivalence relation, (RoS)e< is a fixed point of the function ER.

Proof. We have:

(Ro(RoS)e<)<
C {  Risan equivalence relation, so R“eR € R, Lemma 65 }
(RoS)e<
= { I is unit of composition;
(Re<)<=Re< for all R, with R:=RoS }
(Io(RoS)e<) <
- { R is an equivalence relation, so | CR,

monotonicity of composition and domains }
(Ro(RoS)s<)< .

The equality thus follows by the anti-symmetry of C. O
To conclude, we have:

Theorem 67. If R is an equivalence relation, the function ER is a complementation-fixed and complementation-idempotent closure
operator.

Moreover, if R is an equivalence relation on a complete, universally distributive, saturated lattice, the set of coreflexives Fix.ER is a
complete, saturated lattice, its atoms being the set of coreflexives (Roa) < where a is an atom of the lattice of all coreflexives.

Proof. An equivalence relation R is reflexive (I CR), symmetric (R=R") and transitive (RoR CR). So the function is a
closure operator by Lemma 64 and, hence, complementation idempotent by Corollary 66. It is thus also complementation
fixed by Lemma 24.

If R is an equivalence relation on a complete, universally distributive lattice, the completeness and saturation properties
are given by Theorem 26. O

8.2. Partitions

As is well known, an equivalence relation partitions the set on which it is defined into a number of so-called equivalence
classes. More formally, if R is an equivalence relation on a set A, there is a set C and a surjective function f of type C<A,
such that, for all a and b in A,

a[R]b = fa=fb. (68)

(It is common to use square brackets to denote the function f. So, instead of writing f.a, one writes [a], or [a]g if it is
thought necessary to make the equivalence relation explicit.)

Conversely, given sets A and C and a total function f of type C<«A, we can use equation (68) to define a homogeneous
relation R on A. The relation R is then an equivalence relation.

Equation (68) is expressed more succinctly by the equation

R=fYof . (69)
The converse proposition is that if R is an equivalence relation on set A, the function AR of type 24 <A defined by
AR = {(a :: Set.(Reca)<)

maps proper atoms a to equivalence classes of R (where Set “casts” a coreflexive of type A~A, for some A, to the atom of
type 24 representing the same subset of A). That is, for all equivalence relations R,

R = (AR)“oAR . (70)
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In general —i.e. for arbitrary R and not just equivalence relations— AR is called the power transpose of R [26]. If R has type
A~B, AR has type 24<B. In order to define the power transpose, Bird and De Moor [26] postulate a number of axioms
relating it to membership. (Their axiomatisation is based on the one formulated by Freyd and S¢edrov [22].) We refer the
reader to [27] for an elegant account of how this axiomatisation is used to prove (70). We choose not to add further axioms
but instead present our own proof.

We exploit the properties of £ER proved in section 8.1. This we may do because an atomic coreflexive a is a special case
of a coreflexive p. So the function that Bird and De Moor denote by AR is the restriction of £R to atomic coreflexives.

Lemma 71. For all relations R, all coreflexives p and all points b,
p g (Rob)< = pOROb = po—|_|—ob .

Proof. The proof is by mutual implication:

p < (Reb)<

= { p and (Rob) <are coreflexives }
peo(Reb)< =p

= { Leibniz }

po(Rob)<oTTob = poTTob

= { Theorem 51(a) ; b is an atomic coreflexive, so boTTob=b }
poRob = poTTob

= { I D p ; monotonicity }
(Rob)< 2 (poTTob)<

= { b is proper, domains: Theorem 51(e) }

(Reb)<2p . O
Corollary 72. If R is an equivalence relation, then for all points a and b,
(Roa)< = (Rob)< = aoRob = aoTTob .
Proof. By Lemma 71 with R,p,b:=R,a,b,
a C (Rob)< = aoRob = aoTob .
But, by Lemma 64, with p,q:=b,a (and instantiating the definition of £R),

a C (Rob)< = (Roa)< C (Rob)< .

(Note that application of Lemma 64 only requires R to be reflexive and transitive.) By transitivity of equivales, we get, for
all points a and b,

(Rea)< C (Rob)< = aoRob = aoTTob .

Swapping the roles of a and b, for all points a and b,
(Rob)< C (Roa)< = boRoa = boTTea .

Now we exploit the fact that R is symmetric, i.e. R=R". We have, for all coreflexives a and b,
boRoa = boTToa = aoR“ob = aoTTob .

Exploiting the equality R=RV, the transitivity of equivales, and anti-symmetry, we conclude that
(Rea)< = (Rob)< = aoRob=acTTeb . O
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Theorem 73. Suppose R is an equivalence relation. Let the function f be defined to be

(a :: Set.(Roa)<) .

(Recall that Set casts a coreflexive of type A~A, for some A, to the atom of type 24 representing the same subset of A.) Then

R=fYsf .

Proof. Suppose R is an equivalence relation on set A. By the definition of f, for all points a of type A and points c of type

2/\

cofoa# 1l = ¢ = Set.(Rea)< .

(74)

Thus, with dummies a and b ranging over points of type A, and dummy c ranging over points of type 24, we have:

R
= {
and all-or-nothing rule (section 6)

(Ua,b : acRob=a>TT ob : a-TT ob)

(Ua,b : (Rea)< = (Rob)< : aoTTob)

(Ua,b : Set.(Rea)< = Set.(Rob)< : aoTTob)

fYof . o

saturation assumption: Theorem 57

}

{ assumption: R is an equivalence relation, Corollary 72 }

{ Set casts a coreflexive of type A~A to a point of 2 }

{ definition of total function f : (74), and (61) }

The final property in this section expresses the property that every proper atom is in an equivalence class of the equiv-
alence relation R. For this, it is inevitable that we must assume that the lattice of coreflexives is saturated.

Lemma 75. Suppose R is an equivalence relation on a saturated atomic lattice. Then

(Ua:: (Rea)<) =1 .

(As always, dummy a ranges over points.)

Proof.
(Ua :: (Rea)<)
= {
and so are universally distributive

(Ro(Ua::a))<

(Rel)<

= { R<ClI, forall R;

the functions <and(Ro) are lower adjoints

}

{ the lattice of coreflexives is saturated, i.e. (Ua::a) = I }

R is reflexive, i.e. | C R; < is monotonic and I <=1. }
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8.3. Left and right duals

This section has established a number of properties of the functions (R :: (p::(Rep)<)), where p ranges over arbitrary
coreflexives, and (R : {a::(Rea)<)), where a ranges over atomic coreflexives. As we have observed, these functions are
sometimes called, respectively, the existential-image functor and the power-transpose function [26,22].

One of the most significant beauties of relation algebra is that many operators and their properties are very easily
dualised by exploiting the properties of the converse operator. The properties we have established of the existential image
and power transpose are, intrinsically, properties of the left-domain operator; these are very easily dualised to properties
of the right-domain operator: we could just as easily have defined the “existential image” of relation R to be the function
(p::(peR)>) and the “power transpose” of R to be the function {(a::(acR)>). The choice we have made is arbitrary; other
authors might —and sometimes do— make a different choice.

In this paper, we use both the left- and right-domain operators without bias. In particular, we use both the “left”
existential-image/power-transpose functions and the “right” existential-image/power-transpose functions. See, for example,
the definition of left- and right-definite, Definition 76, and the subsequent discussion of well-foundedness of relations and
the acyclicity of graphs.

The terminology that one chooses can often be very helpful to explain the relevance of a theory in a particular appli-
cation. For example, in section 9.3 we use the terminology “reachable” for a particular instance of the (right-)existential
image function in order to relate our theorems to path-finding problems in graphs. The terminology “existential image”, on
the other hand, emphasises a view of relations as set-valued functions, a view that is not relevant here. We hope that, by
introducing the terminology, the reader is enabled to more easily recognise correspondences between our presentation and
other accounts; however, from now on we no longer refer to the “existential image” or “power transpose” of a relation. We
also no longer use the abbreviation ER.

9. Acyclicity and definiteness

This section begins our presentation of algorithmic graph theory. From now on, a graph G is simply a homogeneous
“edge” relation of type Node~Node where Node is a finite set. A proper atom a in the lattice of coreflexives of type Node is
a node of the graph. Then, if a and b are both nodes, the boolean a-Gob# 1l represents the existence of an edge from a to
b; if indeed aoGob# 11, the edge itself is the atom aoTT ob (in the poset of relations of type Node~Node). The existence of a
path from a to b is represented by the boolean aoG*ob # 1L. (The path itself is a sequence of nodes.) In this way, relation
algebra is the appropriate vehicle for a study of the algorithmic properties of the existence of paths in graphs. (Regular
algebra is the appropriate vehicle for studying more general properties of paths in graphs.)

Acyclic graphs (graphs without cyclic paths) form an important subclass of graphs. This is not just because they naturally
occur in practical problems —they correspond to partial orderings on finite sets— but also because all graphs comprise a
collection of so-called “strongly connected components” that are connected by an acyclic graph. This structural property of
graphs —formalised in Theorem 143— is important in path-finding algorithms as well as the seemingly unrelated problem
of efficiently representing the inverse of a real matrix. (See the discussion following Theorem 143 for further discussion.)

Subsection 9.1 defines acyclicity in the conventional way in terms of paths. At the same time, a less well-known prop-
erty, which we call “definiteness” is introduced. Whereas acyclicity is particularly appropriate to reasoning about graphs,
definiteness is more general. For finite graphs, the two notions coincide, as shown in this section.

Subsection 9.2 is about showing that the reflexive-transitive reduction of a definite relation is its least starth root. Equiv-
alently, every partial ordering on a finite set has a unique so-called “Hasse diagram”.

Subsection 9.3 develops a formal proof of the following fact from graph theory: in an acyclic graph, the nodes reachable
from set A coincide with the nodes reachable from the “minimal” elements of A. The theorem is a corollary of a much more
general theorem about “right-definiteness” of a relation. In more conventional terminology, it is the theorem that, given a
well-founded relation on a set S, every non-empty subset of S has a minimal element (with respect to the well-founded
relation).

The final subsection in this section, subsection 9.4, is about how a so-called “topological search” of an acyclic graph
assigns to the nodes of the graph a “topological ordering”. The definition of a topological ordering and the algorithm for
topological search are formulated in point-free relation algebra.

Many properties we prove are valid for arbitrary relations and not just for graphs. That is, the assumption of finiteness is
not required. Nevertheless, we often use graph terminology because this is the primary application here. In order to make
the level of generality clear, we use R to denote an arbitrary relation and G to denote a graph — that is, a relation over a
finite set of nodes.

9.1. Definiteness and acyclicity
We have to define the meaning of a graph being acyclic. Obviously, a cycle gives rise to an infinite path in the graph.
Conversely, an infinite path in a finite graph contains a cycle (because the number of vertices is finite). Therefore, acyclicity

in finite graphs is the same as the absence of infinite paths, to which we give the name “(left or right) definite”.
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Definition 76 (Right/Left) Definite. Relation R is said to be right-definite if and only if it satisfies

(Vp:pCSll &< p S (peR)>) . (77)

It is said to be left-definite if and only if it satisfies

(Vp:pCll & p S (Rop)<) . (78)

It is said to be definite if it is both left- and right-definite. O

Informally, right-definiteness means the absence of infinite “descending” paths. That is, there is not a non-empty set of
atoms, represented by the coreflexive p, such that, for all atoms a in p, it is always possible to find an atom b in p such a
is in the set represented by (boR)>, i.e. b[R]a. Were this possible, the process can be repeated ad infinitum; in graphs, this
means the existence of paths comprising an infinite number of edges. (See Lemmas 91 and 93 for the formalisation of this
argument.)

Note that R is right-definite equivales that its converse R" is left-definite. So left-definiteness means the absence of
infinite “ascending” paths. A hint on how to remember which is that left-definiteness is defined in terms of the left-domain
operator and right-definiteness in terms of the right-domain operator.

The importance of the concept of definiteness is what we have called the unique extension property (UEP) of relation
algebra.

Theorem 79 (UEP of Relation Algebra). Suppose R is a right-definite relation. Then, for all coreflexives p and q,

p=(q°R")> .

p = (peR)>Uq
Also, for all relations X and S,
X = XoRUS = X = SoR*.
Dually, if R is a left-definite relation, for all coreflexives p and q,
p = (Rep)<Uq = p= (R*oq)<,

and, for all relations X and S,

X = RoXUS = X=R*S. O

A proof of Theorem 79 can be found in [9, section 7]. Note that [9] uses the terminology “well-founded” rather than
“right-definite” in order to fit with the standard terminology of the principle application considered in the paper. (In fact,
[9, theorem 16] establishes an equivalence rather than just the implication stated in Theorem 79. The converse implication
is straightforward and of lesser importance. Also, the theorem is called the UEP of regular algebra in [9] because its proof
depends on properties of a regular algebra rather than properties specific to relation algebra.)

The less-than relation on natural numbers is the transitive closure of the predecessor relation (the converse of the suc-
cessor function, where the successor of m is m+1). And, of course, the predecessor relation is well-founded. This exemplifies
a (well-known) property, namely:

Lemma 80. Relation R is right-definite equivales relation R™ is right-definite. Similarly for left-definite and for definite. Thus R is
right-definite if and only if it satisfies

(Vp=pCSll < pC(peRT)>) . (81)
It is left-definite if and only if it satisfies

(Vpupcll < pcS(RYep)<). O (82)

See [9] for a detailed study of properties of R and R™ of which Lemma 80 is an instance.

As mentioned earlier, in [9] the better known term “well-founded” was used instead of our “right-definite”. An example
of a well-founded relation is the less-than relation on the natural numbers. Expressed pointwise, (77) for this application is
the property that, for all subsets p of the natural numbers,

p=0 < (Vm:mep:(In:nep:n<m)) .

Expressed slightly differently, this is the property, for all subsets p of the natural numbers,
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p=9@ Vv (I3m:mep:(¥n:nep:n>m)) .

In words, every non-empty set of natural numbers has a least element.

We mention this example because it illustrates the fact that left-definite and right-definite are not (in general) the same:
the successor relation on the natural numbers (the converse of the predecessor relation) is not well-founded. Left- and
right-definite are the same for finite graphs, as we shall see.

For later use, we note the following simple lemma.

Lemma 83. Suppose R is right-definite and R 2 S. Then S is right-definite. The same is true with “left” replacing “right”.
Proof. Immediate from the monotonicity of transitive closure, composition and the domain operators. 0O

Anticipating the definition of acyclicity (Definition 86), we rephrase right-definiteness in terms of atomic coreflexives.
Lemma 84. For all R and all atomic coreflexives a,

aCR = ac(a°R)> .

Proof. Suppose a is an atomic coreflexive. Then, for all R,

aCR

= { a is coreflexive, so (aca)> =a; monotonicity }
a C (a°R)>

= { aoTTea=a, monotonicity }

a C aoTlo(aeR)>

= { domains (specifically, Theorem 51(a)) }
a C ao’TToaoR

= { aoTTea =a C I, monotonicity and transitivity }
aCR.

The lemma follows by mutual implication. O

Lemma 85. If R is right-definite, then, for all atomic coreflexives a,

acll < acR" .

Proof. Assume that R is right-definite. Then,
aC Rt
= { Lemma84withR:=RT }
ac(aRM)>
= { assumption: R is right-definite, Lemma 80 }
acl . O

We now define acyclicity:

Definition 86 (Acyclicity). A relation R is said to be acyclic if
INRY = 1L .

A proper atomic coreflexive a is said to be inacycle of R if aCRT. O

A proper atomic coreflexive a that is in a cycle of R “witnesses” the fact that R is not acyclic. Formally, by straightforward
application of the assumption that the lattice of relations is atomic and Definition 13, we have:
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Lemma 87.

INRY # 1L = (Ja:ACana#l1l:aCRY). O

A straightforward calculation shows that
INRY = INRY)" .

It follows that R is acyclic equivales R" is acyclic.
Definition 86 is meaningful for arbitrary relations but we instantiate it primarily for finite graphs. Recall that nodes are
proper atomic coreflexives. So identifying a node in a cycle of graph G establishes that G is not acyclic. Formally, we have:

Lemma 88. Suppose a is an atomic coreflexive. Then aoR* oa = 1L if relation R is acyclic. Conversely, if acR* oa # 1L, R is not
acyclic, as witnessed by a; that is, a is proper and in a cycle of R.

Proof. By (55) and the all-or-nothing rule,

aoRYea=a Vv aoRToa= 11 (89)

for all atomic coreflexives a.
Assume R is acyclic. Then

aoRTea=a

= { a is coreflexive, Lemmas 71 (with p,b:=a,a) and 84 }

acInRT

= { assumption: R is acyclic (Definition 86) }
a=11

= { 11 is zero of composition }
aoR% oa =1L .

We conclude that, if R is acyclic, acRT oa = 1L for all atomic coreflexives a.
For the converse, suppose a is an atomic coreflexive and aoR¥ oa # L. Then, by (89), acR™oa = a. It follows that a is
proper and, applying Definition 86, a is in a cycle of R. O

We now show that, for finite graphs, right (or left) definiteness equivales acyclicity. Lemma 90 shows that finiteness is
not required to show that right (or left) definiteness implies acyclicity but the converse is not always true for relations on
infinite sets. For example, the less-than ordering on real numbers is acyclic but it is not well-founded.

Lemma 90. A right-definite relation is acyclic. Symmetrically, a left-definite relation is acyclic.

Proof. With a ranging over atomic coreflexives, we have

rightdefinite.R

= { Definition 76 (with p:=a) and Lemma 85 }
(Va:acll < acR")

= { the lattice of coreflexives is saturated, i.e. (Ua::a) = I }
INRT = 1L

= { Definition 86 }
acyclic.R .
The symmetric property of left-definiteness follows straightforwardly. (See the remarks above about the relation between

left-definiteness of R" and right-definiteness of R.) O

We turn now to the proof that definiteness follows from acyclicity. Like Lemma 90, Lemma 91 and Corollary 92 below do
not require finiteness of the relation R; however, their application in Lemma 93, will force the restriction to finite graphs.
Earlier we argued informally that right-definiteness means the absence of infinite “descending” paths. Formally, we have:
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Lemma 91. Suppose p is a coreflexive such that p# 1L and p C (poR™)>. Suppose a is a proper atomic coreflexive such that a C p.
Then, with dummy b ranging over atomic coreflexives, we have

(3 = b#L A bSp A aS(beRT)> A (aoRT)> C (boR1)>) .

Proof. The proof of (91) is in two stages. First,

acp

= { assumption: p € (poR™)>, transitivity }
ac (peR")>

= { saturation assumption: Definition 14, distributivity }
a C(Ub:bSp:(boR")>)

= { a is a proper atom, irreducibility: Lemma 21 }
(@:b#£1L AbSp:ac (boRT)>) .

Second, assuming a € (boR")>,

(@aoR")>

- { assumption, monotonicity }
((boRT)>oRM)>

= { domains (specifically Theorem 51(f)) }
(boRToRT)>

C { R™ is transitive, monotonicity }
(boRD> . O

Corollary 92. Suppose p is a coreflexive such that p#£ 11 and p € (poR")>. Then it is possible to construct an infinite sequence of
proper atomic coreflexives a; such that

(Vi:0<i:a;Cp) A (Vi,j:0§i<j:a,- - (aj0R+)>> .
Proof. The initial term ag is an arbitrary element of p. That is, ap € p. (Formally, we exploit the assumption that the lattice

of coreflexives is atomic: see Definition 13.) Subsequent nodes are constructed by exploiting Lemma 91 (with a,b:=a;,a;+1).
Because, for all i,

(@ioRT)> C (@iy1oRT)>
it follows, by transitivity, that
(Vi,j ti<j:(ajeRM)> C (aj0R+)>> .
Combining this with the fact that, for all i, a; € (a;11°R")>, we have:
(vi,j:0<i<j:a; € (@joR")>). O
This is the point at which we are obliged to introduce the finiteness assumption.

Lemma 93. Suppose G is a finite, acyclic graph. Then G is definite.

Proof. We first prove that if G is a finite graph that is not right-definite, then G is not acyclic. The contrapositive is that, if
G is a finite, acyclic graph, G is right-definite.

Suppose G is not right-definite. Then there is a coreflexive p such that p#_1L and p € (p>G*)>. Applying Corollary 92,
construct an infinite sequence of nodes a; such that

(vVi,j:0<i<j:a; C (@jeG")>) .
There is only a finite number of nodes; so, for some m and n, m<n and a;, =a,. Thus
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am € (@moGh)> .

Hence,

true

= { Lemma 84 (with a,R :=ap,,G) }
am € GT

= { am = INay, monotonicity }
am € ING™T

= { 1l #ap, L is the least element }
1L #£INGT .

That is, G is not acyclic.
Since acyclicity of G is equivalent to acyclicity of GV, it follows straightforwardly that, if G is a finite, acyclic graph, it is
also left-definite. Thus, if G is a finite, acyclic graph, it is definite. O
To summarise, we have the following theorem.
Theorem 94. If G is a finite graph, G is acyclic equivales G is definite.
Proof. Straightforward combination of Corollary 90 and Lemma 93. O
9.2. Starth root and reflexive-transitive reduction
In this section, we show that the reflexive-transitive reduction of an acyclic graph is the least starth root of the graph.
Recall the definition of reflexive-transitive reduction: Definition 39. The definition of the function red is quite compli-

cated, much of the complication being due to the need to eliminate self-loops. An acyclic relation has no self-loops so the
definition can be simplified:

Lemma 95. If R is acyclic, then R = RN—I. So

red.R = RN—(R-R™) .

Proof.

R=RN-I

= { R D RN—I, anti-symmetry, RCR }
RC—I

= { shunting rule (12) }
RNIC 1L

= {  RCRT, monotonicity and transitivity ~ }
RTNIc 1L

= { Risacyclic }
true .
The formula for red.R follows by instantiating (40) and replacing R by RN—=I. O
Theorem 96. The least starth root of a definite relation is its reflexive-transitive reduction. That is, for all definite relations R,
(red.R)*=R* A (VX:X*=R":redRCX) .
In particular, the least starth root of a finite, acyclic graph is its reflexive-transitive reduction.
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Proof. Assume that R is definite. By Theorem 43, it suffices to prove the lefthand conjunct.
(red.R)* = R*
= { red.R C R and R is definite, so red.R is right-definite (Theorem 94)
UEP of relation algebra: Theorem 79 }
R* = I Ured.RoR*
& { R*=IURT, Leibniz }
RT = red.RoR*
= { Ris left-definite,
UEP of relation algebra: Theorem 79 }
RT = red.R UR"oR
= { by Lemma 90, R is acyclic; Lemma 95 }
RT = (RN=(RoR")) U RToR
= {  RoRT =RToR and absorption rule of set calculus ~ }
RT = RURToR
= { fixed-point definition of transitive closure }
true .
The particular case of a finite, acyclic graph follows from Theorem 94. O
Observe that the proof of Theorem 96 uses both left- and right-definiteness. The lexicographic ordering on words over
an alphabet of size at least two demonstrates that just one of left- or right-definiteness is not sufficient: it is right-definite
(i.e. well-founded) but it is not left-definite (i.e. its converse is not well-founded) and it does not have a least starth root.
A relation may have a least starth root that is not its reflexive-transitive reduction, as exemplified by the relation on {0,1}

consisting of the two pairs (0, 1) and (1, 0). It is not definite (since it is finite but not acyclic) and its reflexive-transitive
reduction is the empty relation; however, the relation is equal to its least starth root.

9.3. Minimal nodes and reachability

This section is about formulating and proving the property that, given a right-definite relation, the set of nodes “reach-
able” from a given set of nodes equals the set of nodes “reachable” from a minimal subset of the given set of nodes.

Suppose G is a graph. To define reachability we observe that node x is reachable from a set of nodes A if there exists
y€A such that there is a path from y to x. That there is a path from y to x can of course be expressed as y[G*]x, so
reachability of x from A becomes (Ely :yeA:y[[G*]]x) or by definition of composition: (Ely i y[[AoG*]]x). In the last expression
we recognise the pointwise definition of the domain operator: if set A is represented by the coreflexive p, the expression is
equivalent to x € (poG*)>. Generalising from graph G to an arbitrary relation R, the definition of reachable.R.p is therefore:

reachable.R.p = (poR*)> . (97)

That a node x is a minimal element of a set of nodes A means that x is an element of A and that, furthermore, there
is no edge from a node in A to x. This is more formally expressed as xeAA—-(EIy:yeA:y[[R]]x). Alternatively, by again
introducing the domain operator and representing set A by the coreflexive p, as x € pN(poR)>e. Replacing the intersection
by a composition of coreflexives, the set minimal.R.p of minimal elements of p is thus defined as:

minimal.R.p = po(poR)>e (98)

The formal statement of the fact that the nodes reachable from set A coincide with the nodes reachable from the minimal
elements of A now becomes:

Lemma 99. Suppose relation R is right-definite. Then, for all coreflexives p,

reachable.R.p = reachable.R.(minimal.R.p) . (100)

More generally, for all coreflexives p and q,

reachable.R.p C reachable.R.q < minimal.R.p C q . (101)
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Proof. Assume that R is right-definite. We prove (100) by mutual inclusion. One inclusion is easy. From the definition (97)
it is clear that reachable.R is a monotone function. Furthermore from (98) we see that p contains minimal.R.p. Therefore

reachable.R.p D reachable.R.(minimal.R.p) .

It remains to prove the other inclusion. Somewhere we have to use the assumption of right-definiteness, but how? We have
to prove that

reachable.R.p C reachable.R.(minimal.R.p) ,

whereof the righthand occurrence of reachable involves a reflexive-transitive closure. This suggests that we use the UEP of
relation algebra. Furthermore, it turns out that the expression minimal.R.p does not play a role. Therefore, we begin by
deriving a condition implying

reachable.R.p C reachable.R.q

for arbitrary coreflexive q. (This turns out to be the property (101).) We begin by exploiting (the dual of) Lemma 64:
reachable.R.p C reachable.R.q

{ definition reachable : (97) }
(peR*)> C (qoR™)>

= { the function (p:: (poR*)>) is a closure operator
(dual of Lemma 64) and Definition 22 }
p S (@eR")> .

Now we can invoke the right-definiteness of R. From the discussion of Theorem 79 on the UEP of relation algebra it follows
that, for right-definite relation R, relation (qoR*)> is the greatest fixed point of the function (X :: qU (XoR)>). Exploitation
of this fact is the main step in the following calculation.

P € (q°R")>
= { R is right-definite: (qoR*)> = (VX :: qU(XoR)>);
fixed-point induction }
p S (qQUpeR)>
= { domain operator is U-junctive }
p S qU(peR)>
= { shunting (12) in the coreflexive lattice }
pe(peR)>e C q
= { definition (98) }
minimal.R.p € q .

With this calculation we have established the property (101). Instantiating g with minimal.R.p in this formula then gives
the desired result:

reachable.R.p C reachable.R.(minimal.R.p)

This completes the proof of the theorem. O

An interesting observation can be made if we take a closer look at the antecedent of formula (101). After instantiating
q to the empty relation and writing out the definition of minimal.R it reads: po(poR)>e C 1L. Now we can apply shunting
in the coreflexive lattice and we get p C (poR)>. This expression is the antecedent in (77). So, another formulation of a
relation R being right-definite is: for all coreflexives p,

pSl <« minimalR.pC 1l | (102)

or the equivalent contrapositive (using that 1l is the bottom of the lattice): for all coreflexives p,
p#l1l = minimal.R.p# 1l . (103)
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This is the familiar characterisation “every non-empty set has a minimal element” of well-foundedness.
Now we consider the converse of Lemma 99. Is it true that a graph with property (100) is right-definite? This question
can be answered affirmatively and the proof is simple. We show that a relation satisfying (100) also satisfies (102).

minimal.R.p = 1L
= { Leibniz }
reachable.R.(minimal.R.p) = reachable.R. 1L
= { assumption: reachable.R.(minimal.R.p) = reachable.R.p;
definition of reachable : (97) }
reachable.R.p = (1LoR*)>
{ definition of reachable : (97);

1L is zero of composition }

(poR*)> = 1L
= (ISR )
pcll .

We thus conclude:

Theorem 104. Relation R is right-definite equivales for all coreflexives p,

reachable.R.p = reachable.R.(minimal.R.p) .

In particular, that (finite) graph G is acyclic equivales for all coreflexives p

reachable.G.p = reachable.G.(minimal.G.p) . O
9.4. Topological search
“Topological” search is an algorithm for visiting all the nodes in an acyclic graph in so-called “topological” order.

Definition 105 (Topological Order). A topological ordering of a homogeneous relation R of type A is a total, injective function
ord from A to the natural numbers with the property that, for all elements a and b of A, ord.a<ord.b if a[RT]b. O

Expressed as a point-free formula, the requirement for the function ord to be a topological ordering of R is as follows:

ordoord” C Iy A I4 =ord”oord A R CordYolessoord . (106)

Here we have used “less” to denote the less-than ordering on natural numbers rather than the symbol “<”. A straightfor-
ward lemma is the following.

Lemma 107. Suppose ord is a total, injective function of type IN<—A and R is a homogeneous relation of type A. Then ord is a topolog-
ical ordering of R equivales

R C ord"slessoord .

Proof. The proof is a straightforward application of the definition of transitive closure:

RT C ord”olessoord

= {  RT=(ux: RUxcx); fixed-pointinduction  }
R Uord" olesscordoord” olessoord C ord”olessoord
= { lessoordoord” oless
- { ordeord” C I, monotonocity  }
lessoless
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- { less is transitive }

less ;
definition of set union and monotonicity of composition }
R C ord"olessoord
= {  RCR" )

Rt CordYolesscord . O

Lemma 107 means that the requirement (106) for the function ord to be a topological ordering of R can be simplified to

I4 =ord"sord A ordoord” C Iy A R Cord”clessoord . (108)

The less-than relation on natural numbers is, of course, well-founded — that is, right-definite in the terminology used
here. The function ord in the definition of a topological ordering thus acts like a so-called bound function for establishing
termination of a loop in a program. The relevant property is the following.

Lemma 109. Suppose ord is a total function of type IN<—A for some A. Then the homogeneous relation ord” olessoord (where less
denotes the less-than relation on natural numbers) is right-definite.

Proof. Omitted for brevity. See [1] for full details. O

Lemma 109 is the basis of the use of so-called “bound functions” to establish termination of loops and recursion: the
function ord “bounds” the number of iterations. The only property of the relation less that is used in the proof of Lemma 109
is that it is well-founded (right-definite). So “bound functions” can be used in conjunction with other well-founded relations
although in some cases it would be difficult to interpret the function ord as a “bound”. For example, the relation less could
be taken to be the lexicographic ordering on words; the function ord would then map a state to a word.

Corollary 110. Suppose ord is a topological ordering of the homogeneous relation R. Then R is right-definite.
Proof. Immediate from Lemmas 83, 107 and 109. O

We now want to consider the converse of Corollary 110. Is it the case that every right-definite relation can be topologi-
cally ordered? The answer is: no, not in general. (For example, the lexicographical ordering of words over a finite alphabet
is well-founded but it is not possible to assign a number to each word that defines its position in the ordering.) The answer
is, however, yes if we restrict attention to finite graphs. The proof is constructive. We assume that G is a finite graph that
is acyclic and we present an algorithm that constructs a topological ordering of the nodes of G.

The development of the algorithm proceeds as follows. Given a finite graph G, the requirement is to construct a topo-
logical ordering ord of all the nodes of G: specifically, the postcondition that must be satisfied is given by (108).

The obvious strategy is to order the nodes one-by-one, beginning with the empty set of nodes and ending with all the
nodes of G. In order to guarantee injectivity, an obvious choice is to assign to each node the number of nodes that have
already been ordered. (Thus, the first node to be ordered is assigned the number 0, the second 1, and so on.) Introducing
the coreflexive variable seen to represent the nodes that have been ordered (the nodes that have been “seen” in the search
of the graph) and the integer variable k to count the number of nodes in the set represented by seen, we design a loop that
has invariants

seen = ord”oord A ordeord” = {j|0<j<k} , and (111)
seenoGoseen C ord”olessoord . (112)

The overbar notation used in (111) denotes the mapping from a set to its representation as a coreflexive. The invariant (111)
states that ord is functional with right domain seen and it is injective with left domain the set of natural numbers less than
k. The invariant (112) states that if there is an edge in G from a node a that has been “seen” to a node b that has also been
“seen” then ord.a <ord.b.

The invariants (111) and (112) are clearly derived from (108) by the well-known, correct-by-construction design method
of replacing a constant by a variable: in this case, several occurrences of the (sometimes invisible) identity relation are
replaced.

The development thus far is summarised below. The property (113) listed as an invariant has yet to be derived, as is the
additional conjunct (114) in the criterion for choosing b.
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{ acyclic.G }
seen,ord,k := 11,11,0
; { Invariant: (T11)A(112)A(113) }
while 4 #seen do
begin
choose arbitrary node b such that b C ~seen A (114)
; seen := seenUb
. ord,k := ord U {k}oTTob, k+1
end
{ I4=seen=ord”ocord A ordoord” CIn A G Cord olesscord  }

The key element of the algorithm is how to choose the next node to be ordered. It is straightforward to verify that (111)
is an invariant of the algorithm as shown. The choice of node b must guarantee that (112) is maintained. That is, we require
that, for all b and seen,

(seenUb) oG o (seenUb) C (ord U {k}oTTob)" olesso (ord U {k}oTT ob)
&= seenoGoseen C ord”olessoord A (111) A bC~seen A (113)

where (113) has yet to be derived.
Using distributivity properties, the left side of the topmost subset ordering expands to

seenoGo(seenUb) U boGo(seenUb)

and, omitting two terms, the right side of this ordering expands to

ord" olessoord U ordUoIeSSOWOTI'ob .

(The two omitted terms are, in fact, equal to 1L but this fact is not needed.) Taking account of domains (specifically,
seen = ord” cord and b C ~seen), the invariant (112) is thus maintained if

seenoGoseen C ord” olessoord
A seenoGob C ord”clesso{k}oTT ob
A boGob =1L
A boGoseen = 1L .

The first conjunct is identical to the first conjunct on the right side of the implication; so it can be eliminated. The second
conjunct follows from (111) and properties of the less-than ordering. The third conjunct is true because G is assumed to be
acyclic and hence has no self-loops. Finally, the fourth conjunct enables us to identify the as-yet-undefined invariant (113):
specifically,

~seeno Goseen = Il . (113)

Of course, the introduction of a new invariant implies a new design obligation: property (113) is clearly established by the
initialisation seen:=_1l but we must guarantee that it is maintained by the loop body. Doing so gives us the additional
condition for choosing node b (labelled (114) in the algorithm): maintaining the invariant demands that, for all b, G and
seen,

~(seenUb)oGo(seenUb) = 1l « ~seenoGoseen= Ll A choiceofb .
An easy calculation gives the condition for choosing b as:
~(seenUb)oGob = 11 .
This condition can be strengthened to:
~seenoGob = 1l . (114)

In words, there are no edges in the graph G from an unseen node to node b. This completes the derivation of the algorithm.
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There is one more —vital— proof obligation: we have to verify that the condition for choosing b can be satisfied. This is
where the assumption that G is acyclic, and hence right-definite, is crucial. Full details of this and all the informal claims
made above can be found in [1].

The conclusion of this section is the following theorem.

Theorem 115. Suppose G is a finite graph. Then that there is a topological ordering of G equivales G is acyclic.

Proof. The proof is by mutual implication. The algorithm just discussed establishes constructively that there is a topological
ordering of G if G is acyclic. For the converse, suppose that ord is a topological ordering of G. Then

IAﬂG+

N

{ definition of topological ordering: (106), and monotonicity }
ord” oord N ord" olessord
= { by definition (106), ord is a total function; distributivity }
ord" o (IyNless) oord
= { IinNless=_11; 1l is zero of composition }
1.

That is, G is acyclic. O
10. Components

The strongly connected components of graph G are the equivalence classes of the relation G*N(GY)*. The algebraic
properties that we present in this section are most often valid for arbitrary (homogeneous binary) relations and not just for
finite graphs. However, we sometimes provide informal interpretations in terms of (paths in) graphs.

We begin by giving a definition of a “component” of a relation (Definition 116) and then explore its properties, first
for relations in general, then for transitive relations (section 10.1), and finally for transitive and symmetric relations (sec-
tion 10.2).

“Strongly connected components” are defined in section 10.3. Properties of strongly connected components are derived
in sections 10.4, 10.5, 10.6 and 10.7. Section 10.4 is about connectivity properties of nodes within and without the same
strongly connected component. Section 10.5 records the well-known property that every node is an element of exactly one
strongly connected component. Finally, section 10.7 formalises the structural decomposition of a graph into a collection of
strongly connected components and an acyclic graph that is “pathwise homomorphic” to the given graph. The non-trivial
proof of this property is enabled by a lemma on starth roots of a given graph formulated and presented in section 10.6.

Definition 116. Suppose p is a coreflexive and R is a relation. We say that p is connected by R iff poTTop CR. We say that
p is a component of R iff p is connected by R and (Vq:qeTTeqCR:pCq=p=q). O

Note that L is, by definition, connected by R. It is also a component of R in the case that the carrier of the lattice of
coreflexives is the empty set.
An obvious corollary of Definition 116 is the following:

Lemma 117.

(a) Suppose q is a coreflexive and S is a relation. Then, q is connected by S if (q C p and p is connected by R and RC S).
(b) p is connected by RNS equivales p is connected by both R and S.
(c) The following are all equivalent:
(i) p is connected by R
(ii) p is connected by RV
(iii) p is connected by RN RY
(d) The following are all equivalent:
(i) p is a component of R
(ii) p is a component of RV
(iii) p is a component of RN RY

Proof. (a) is obvious from the monotonicity of composition.
(b) is immediate from the definition of infima, in particular:
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poTTop CRNS = poTTopCR A poTTopCS .

(c) is obvious from the fact that p and poTTep are symmetric. More specifically:

peTlep C R

= { converse }
(poTTop)” € RY

= [ReS)? =sYeRV ] pV=p, V=TT |
peTrep CRY .

This establishes the equivalence of (i) and (ii). That (i) implies (iii) is then established by (b) (with S instantiated to RV)

and the converse (iii) implies (i) is established by (a).
(d) Trivial consequence of (c) and the definition of component. O

Informally, p is connected by R means that, when restricted to p, R equals the universal relation. Formally:

Lemma 118. For all coreflexives p and relations R,

poWopgR = poWop:poRop .

Proof. This is proved by mutual implication as follows.

peTTepCSR
= { pep =p, monotonicity of composition }
poTTep S peRep
= { R C T, monotonicity of composition, anti-symmetry

po—lTop :poRop

= {

p C I, monotonicity of composition, transitivity of C

peTTepCR . O

10.1. Transitive relations

Lemma 119. Distinct components of a transitive relation are disjoint. Formally, suppose T is a transitive relation and p and q are both

components of T. Then

pNg=1 v

Proof. For coreflexives p and q, po.q=pNq=gqep. This suggests applying the definition of a component in a way that intro-

duces their product:

p=q .

png=1L Vv p=q

= {

idempotency of U }

png=1L v p=pUg=q

= {

p<pUq, pisacomponentof T,

q< pUq, qisacomponent of T }

pNg=1L v (pUq)oTTe(pUq) C T

= {

distributivity; p and q are both connected by T }

pNg=1L Vv (peTTeq ST A goTlop & T)

= {

distributivity, peq=pNg=qep  }

(poq=1L Vv poTTeoq CT) A (qop=1L Vv qeTTop CT)
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&= { cone rule: (47) with R:=peoq and R:=qep :
i.e. poq=_1L Vv TTopoqoTT =TT,
and gep=_11 Vv TToqopoTT =TT }
peTlopeqoTTeq & T A goTleqepeTlop C T
= { T is transitive, transitivity of C }
poTTopoqoTloq C ToT A qoTTogopoTlop C ToT
&= { p and q are connected by T, composition is monotonic }

true . O

Lemma 120. Suppose T is a transitive relation and p and q are both components of T. Then

poToq# 1L A qeTop# 1L = p=q .

Proof.
peToq# 1L
= { cone rule: (47) }
TTopoToqoTT =TT
= { Leibniz }
poTTopoToqoTTog = poTToq
= { p and q are both connected by T,
so, by Lemma 118, poTTop=poTop and qo TToq=qoToq  }
poTopoTogoToq = poTToq
= { p and q are coreflexives, so I 2 pandl 2q
monotonicity and I is unit of composition }
poToToToq D poTloq
= { T is a transitive relation, transitivity of 2 }
peTeq 2 poTTeq
= { T C T, monotonicity of composition and anti-symmetry of C }
peTeq=poTleq .
In summary,

peTeq# L = poToq=poTleq .

Interchanging p and g, we get

qeTop# 1L = qoTep =qoTTep .
So,
peTeq# 1L A qoTop# 1L
= { above, and p and q are both connected by T }
peTeq=poTleq A qoTop =qoTTep
A peTep=peTTep A geTeq=qoTTeq

= { distributivity of composition over U, Leibniz }
(pUg)eTe(pUq) = (pUq)oTTo(pUq)
= { definition of connected and Lemma 118,
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p < pUqgand g < pUq, p and q are components of T,
Definition 116 }

p=pyuq=q . O
Taking the contrapositive of Lemma 120, we get:

Corollary 121. Suppose T is a transitive relation and p and q are both components of T. Then
peTeq=1L vV qoTop=1L < p#q . O

Corollary 121 is the basis of the construction of a directed acyclic graph from the strongly connected components of a
graph.

10.2. Transitive and symmetric relations

Undirected graphs correspond to symmetric relations. The transitive closure of relation R, denoted by R*, has the prop-
erty that

(RHY=RIH*T .

(The proof of this property is a nice illustration of the fusion theorem: RT is a least fixed point and converse is Galois
connected to itself and commutes with the function mapping x to xex.) It follows that

(RHY=R* « RY=R .

Here we consider properties of transitive and symmetric relations. A major focus from here on will be the properties of the
existential-image function introduced in section 8.1.

Lemma 122. Suppose T is a transitive and symmetric relation. Then (Top) < is connected by T if p is connected by T.

Proof. We have

(Top)<oTTo(Top)<
= { Theorem51(a)and(c) }
Topo—l-l—opoTu

N

{ assume p is connected by T
definition and monotonicity of composition }
ToToT"

N

{ T is transitive and symmetric }
T .

The lemma follows by definition of is-connected-by. O
Theorem 123. Suppose T is a transitive and symmetric relation. Then p=(Top)< if p is a component of T.

Proof. Assume T is transitive and symmetric and p is a component of T.

p=(Tep)<

&= { assumptions, Lemma 122, and Definition 116 of component }
p S (Tep)<

= { [ pSq = poTT CqoTT |withq:=(Tep)< ; domains }
poTT C Topo 1T

= { p is a component of T, so p is connected by T
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i.e.poTTopCT
monotonicity of composition and transitivity of C }
peTl € pollepopeTl
{  pisacoreflexive, so pop=p, cone rule: (47) }

poTT C poTTopeTT A (TTope T =TT Vv p=_11)

{ distributivity of conjunction over disjunction
Leibniz and _LL is zero of composition and least element }

true . O

Corollary 124. The components of an equivalence relation T are atoms in the lattice of fixed points of the function that maps coreflexive
q to (Teq)<. That is, if T is an equivalence relation and p is a component of T,

@Sp =q=pvg=1l) & q=(Tog)< .

Proof. Apply Lemma 25 with f instantiated to the function that maps coreflexive q to (Teq)<. This function is a
complementation-idempotent closure operator by Theorem 67. O

Theorem 125. Suppose p is a coreflexive, T is a transitive and symmetric relation and q is a component of T. Then
poToq:J_I_ &= poq:J_I_ .

In particular, the property holds when p and q are both components of T.

Proof.

poTeq

= { property of domains: [ R = R<oR | with R:=Toq }
po(Teq)<eTeq

= { Theorem 123 with p:=q }
pegeTeq

= { assume peq=_11, 1l is zero of composition }
1. o

10.3. Strongly connected components
The notion of a “strongly connected component” of a finite graph is prominent in algorithmic graph theory. This section

is about fundamental properties of strongly connected components. Since the properties do not depend on the finiteness of
graphs, we present them for arbitrary relations.

Definition 126 (Strongly Connected Component). Coreflexive p is said to be a strongly connected component of relation R if p
is a component of R*. O

Definition 127. The function equiv mapping arbitrary relations to equivalence relations is defined by, for all R,

equiv.R = R*N(R*Y .

It is a well-known fact that equiv.R is an equivalence relation (i.e. it is reflexive, transitive and symmetric). The straightfor-
ward (point-free) proof is omitted. O

Theorem 128. Suppose p is a strongly connected component of R. Then p is a component of equiv.R. Conversely, every component of
equiv.R is a strongly connected component of R.

Proof. Immediate from the definition of strongly-connected and Corollary 117(d). O
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Theorem 129. Suppose p is a strongly connected component of R. Then
p = (equiv.Rop)<
Moreover, p is an atom in the lattice of fixed points of the function that maps p to (equiv.Rop)<.
Proof. Immediate from the definition of strongly-connected, Corollary 117, Theorem 123 and Corollary 124. 0O

10.4. Absolute connectivity

This section is about paths in a graph connecting two nodes in one and the same strongly connected component of the
graph. We show that all nodes on such paths are elements of the strongly connected component.

As in section 10.3, the finiteness of graphs is not used and the stated properties are valid for arbitrary relations; never-
theless, we interpret the properties in terms of graphs.

Recall that ~p denotes the negation of p in the lattice of coreflexives. For a finite graph, Lemma 131 states that there
are no paths from component p to itself that pass through nodes not in p. The lemma is a corollary of Lemma 130.

Lemma 130. Suppose p is a strongly connected component of relation R. Then
p = (peR")> N (R*op)< .

Proof. Let us abbreviate (poR*)> N (R*op)< to q. We have to prove that g=p. In order to exploit the assumption that p
is a strongly connected component of R, the goal is to prove that q is connected by R*.

qo TTeq

C {  g=(poR")> N (R*op)<, monotonicity  }
(R*op)<oTTo(poR*)>

= { [ R<oTT =RoTT ] withR:=R*op,
[ TeR>="TTeR ] withR:=poR* }
R*opoTTlopoR*

= { p is strongly connected by R,

Definitions 116 and 126, and Lemma 118 }

R*opoR*opoR*

C { p €1, monotonicity of composition  }

R*oR*oR*

= { R* = R*oR* }
R* .

That is, by Definition 116, q is connected by R*. Hence

p=q

&= { p is strongly connected by R, Definitions 126 and 116 }
q is connected by R* A pCgq

= { above, definition of q }
p S (peR")> N (R*ep)<

= { I € R*, monotonicity and properties of coreflexives }

true . O
Lemma 131. Suppose R is a relation and p is a strongly connected component of R. Then
poR*o'\/poR*op =1l .
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Proof. We have:

poR*o~poR*op = 1L
= { domains }
peR*e(peR*)>o~po(R*op)<eR*ep = 1L
&= { 11 is zero of composition }
(poR*)>o~peo(R*ep)< = 1L
&= { [ peq=pNgq ] (for coreflexives p and q), properties of intersection }
(poR")> N (R*ep)< S p
= { Lemma 130 }

true . O

Like Lemma 131, Lemma 132 below is valid for all relations but, for finite graphs, it formulates a property of paths
between nodes in the same strongly connected component: in this case, in terms of the edges that form the paths. The first
term, poTTop, is the relation that holds between all nodes in the same component p. The second and third terms capture
the existence of paths defined by edges from the component p. The third term is more complex than the second term; it
is included because it expresses more directly that elements of strongly connected component p are connected by paths
formed of edges connecting elements of p. Specifically, the term poR represents the edges in R from a node in p, and the
term poReop represents the edges of R that connect nodes in p. So (poR)*op is interpreted as the relation between two
nodes of which the second is in p that are connected by edges that are from nodes in p; similarly, po(poRop)* represents
the relation between two nodes of which the first is in p and that are connected by edges that connect nodes in p. The
outer occurrences of “p” are necessary because (for all R) R* includes the identity relation.

Lemma 132. Suppose R is a relation and p is a strongly connected component of R. Then
peTTep = (peR)*ep = po(peRep)*op .

Proof. The equality between the second and third terms is straightforward:

pe(peRep)”

= {  mirror rule: [ Re(SeR)* = (ReS)*oR | withR,S:=p,peR }
(pepeR)*ep

= {  pisacoreflexive,so pop=p }
(poR)*ep .

It is somewhat more difficult to establish the equality between the first and second terms, which we now do.
The relation R* represents paths to and from all nodes and not just nodes in p. In order to separate out paths that are
not to or not from nodes in p we begin by complifying R*:

R*

{  pU~p=I1 }
((pU~p)oRe(pU~p))*
{ distributivity of composition over union,

idempotency of set union and pU~p =1 }

(poRop U Ro~p U ~poR)*

{ star decomposition }
(poRop)*o((Re~p U ~poR)o(poRop))* .

We have indeed constructed a complicated expression for R*. It is the composition of two terms; our goal is to show that
the second term can be eliminated when we consider poR*op. So that the expressions don’'t become too long, let us write
the second term in the composition as S*. That is,
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S=(Ro~p U~poR)o(poRop)* A R*=(poRop)*eS* . (133)
We show that

poS*op=p . (134)
We have:

peoS*ep
= { S* =1USoS*,
distributivity of composition over union, etc. }
pUpeSeStep
{ 1st conjunct of (133), distributivity and po~p = L }

pUpoRe~po(poRop) oS op
{ 2nd conjunct of (133) }

pUpeRe~poR*ep
= { RCR*, Lemma 131 }
p .

We can now complete the calculation.

peTTep

{ p is a strongly connected component of R,
Definition 126 and Lemma 118 }

poR*ep

= { (33 3}

pe(poRop)*oS*op

= {  mirror rule: [ Ro(SeR)* = (ReS)*oR | with R,S:=p, peR,
pep=p }

(poR)*opoS™op

= { (34 }

(peR)*ep . O

10.5. Saturation

Note that atomicity has not been used anywhere above. Saturated atomicity is necessary to show that all nodes in a
graph are elements of a strongly connected component of the graph. The calculations are straightforward:

Lemma 135. For all points a and relations R, (equiv.R oa) < is a strongly connected component of R. (Recall that a point is a proper
atom.)

Proof. We exploit Theorem 128. Accordingly, we have to show that (equiv.Rca)< is a component of equiv.R. That is,
(equiv.Roa)< is connected by equiv.R and it is maximal among such coreflexives.
First, we show that (equiv.R°a)< is connected by equiv.R. For all atoms a and all relations R, we have:

(equiv.Rea)<o Tl o(equiv.Rea)<

{ domains (specifically Theorem 51(a)) }
equiv.Roao TT o (equiv.R ca)"

{ converse }

equiv.Roac TT caoequiv.R
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{ aoTT oa=a(“all or nothing axiom”) }

equiv.Reoaoequiv.R

C { a C I, monotonicity }
equiv.Rcequiv.R
C { equiv.R is transitive }

equiv.R .

Now we must show that, if a is a point,

(Vq : qoTToq C equiv.R : (equiv.Reca)< € q = (equiv.Reca)<=gq) .

Suppose q is a coreflexive such that goTToq C equiv.R. Then, by Lemma 118,

qoTTeq = goequiv.Roq .
So,

(equiv.Rea)< D q
= { [p2q = poTT 2q°TT ]| with p:=(equiv.Reca)< ; domains  }
equiv.Reac T D qoTT
&= { qoTTeq Cequiv.R  }
qoTT oqoaoTT D qoTT
&= { monotonicity }
TToqoao T D TT
= { assume (equiv.Reca)< C q
then, since I Cequiv.R, (Ieca)< C q
i.,e.aCqandgea=a }
TTeae T 2 TT
= { a is a point, cone rule (47) }
true .

We have thus shown that, if a is a point,

(Vq : qoTToq C equiv.R : (equiv.Rea)< D q < (equiv.Reca)< Cq) .

The required equivalence is a straightforward consequence of the anti-symmetry and reflexivity of the subset relation. O
The converse of Lemma 135 is the following:
Lemma 136. If p is a strongly connected component of R, and a is a point such that a C p, then p=(equiv.Roa) <.

Proof. Assume p is a strongly connected component of R, and a is a point such that a C p. Then,

true

= { Theorem 129 }
p = (equiv.Rep)<

= { aC p, monotonicity of composition and domains }
p 2 (equiv.Rea)<

= { Lemma 135, Theorem 128 and Definition 116 }

p = (equiv.Rea)< . O
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Summarising, we have:

Theorem 137 Suppose R is a homogeneous relation. Then the strongly connected components of R are given by
(Ua: point.a: {(equiv.R ca)<}). The strongly connected components partition the set of all points.> That is, distinct strongly connected
components are disjoint and each point is an element of a strongly connected component (specifically, a is an element of (equiv.Rca)<).

Proof. Lemmas 135, 136, 119 and 75 (with R:=equiv.R). O

10.6. Starth roots of the equivalence relation

We have defined equiv.R as R*N(R*)". (See Definition 127.) It is useful to express it as E* where (for graph R) E
represents the edges in R that connect nodes in the same strongly connected component (i.e. nodes that are “E”quivalent
under the relation equiv.R). This is the content of Theorem 139.

One application of Theorem 139 is Theorem 141, which states —with a minor qualification— that a graph G being acyclic
is equivalent to the relation equiv.G being the identity relation. Application of Theorem 139 is also an important step in
the proof of Theorem 143 below, which decomposes paths in a graph into paths in an acyclic graph connecting strongly
connected components of the graph. First, a lemma:

Lemma 138. For all relations R, U, V and W,

R* N UsVoW = R* N Uo(R*NV)oW <« UUW C(RY)* .

(Note that composition has precedence over intersection. The spacing of our formulae is designed to make this clear.)

Proof. We calculate the condition on U and W as follows.

R*NUoVeW = R* N Uo(R*NV)oW

= { V 2 R*NV, monotonicity and anti-symmetry }
R* N UoVoW C R* N Uo(R*NV)oW

= { properties of N }
R* N UoVeW C Uo(R*NV)oW

= { modularity rule (46) with R,S,T :=U, VoW , R*,

and symmetric rule with R,S, T := W,V , UY o R* }

Uo(UYoR*oWY N V)oW C Uo(R*NV)oW

&= { monotonicity }
UYoR*W” NV C R*nV

&= { R*oR*oR* = R*, monotonicity  }

U“CR* A WYCR*
{  (49and RY)* = (RNH” )

UCS(RY)* A WCS(RY)* .

(The antecedent in the statement of the lemma is, of course, equivalent to the last line of the calculation.) O
Now, the theorem:
Theorem 139. For all relations R,

equiv.R = (RYNR** = (RN(RY)*)* .

5 When applied to graphs, “points” are “nodes”.
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Proof. We begin by proving, by induction on k, that, for all U and W,
R*NUo(RYW = R*NUs(RYNRHW < UUW C (RY)* . (140)
The basis, k=0 is trivial since X°=1I, for all X. For the induction step, assume U and W are such that UUW C (RV)*. Then,
R* N Uo(RYNR**Tow
{  definition of (RYNRHKT )
R* N Uo(RYNR*) o (RYNR*)o W
{  byassumption, U< (RY)*; so Us(RYNR*¥ < (RY)*,

also, by assumption, W < (RV)*
Lemma 138 with U,V, W := Us(RYNR*¥ RV, W}
R* N Uo(RYNR*KoRYoW
{  byassumption, W C (RY)*; so RYeW < (RY)*

also, by assumption, U C (RY)*
induction hypothesis (140) with W := RYoW  }
R* N Uo(RY) o RYoW
= {  definition of (RY)¥1 )
R* N Uo(RVTow .

By induction, we have established (140) for all natural numbers k. Hence,

equiv.R
= { Definition 127 }
R*N (R*)U

= {  (RHY=(RY)*, definition of star as a sum of powers  }
R* N (Uk:0<k: (RV)¥)
= { distributivity }
(Uk: 0<k: R*n (RV)¥)
- { (140)withU,W:=1,1 }
(Uk :0<k:R*N (RUmR*)’<>
= { distributivity }
R* N (Uk - 0<k : (RUOR*)">
{ definition of star as a sum of powers, R* D (RYNR*)* }
(RNR** .

The final equality in the statement of the lemma follows by symmetry (formally, by replacing R by RV in the first equality
and using the properties of converse). O

Given that Theorem 139 expresses a property that some might regard as obvious, the proof is surprisingly complicated:
the induction hypothesis is non-trivial. It is also unfortunate that the proof uses the definition of the star operator as a
sum of powers (and not as a least fixed point). A proof using fixed-point fusion would be preferable —albeit by mutual
inclusion— but, so far, has eluded us.

The following theorem exploits Theorem 139.

Theorem 141. If R is acyclic, equiv.R is the identity relation. That is,
INRT =1L = equiv.R=I .
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Conversely, if equiv.R is the identity relation, RN —I is acyclic. That is,
equivR =1 = IN(RN=-DT=1L .

(In terms of graphs, RN —1 is the graph R with “self-loops” removed. )

Proof. Suppose INRT = 1L. Then

equiv.R
{ Theorem 139 }
(RYNR**

N

{ modularity rule: (46), monotonicity }
(RYo(I N RoR*)*
= { RoR*=RT, assumption: INRT =1L }
(RU o 1L)*
= { 1L is zero of composition, 1L*=] }
I .

That is, equiv.R C I. Since, I Cequiv.R, it follows by anti-symmetry of set inclusion that equiv.R=1.
For the converse, we have:

IN(RN=DT
{ [R"=RoR* ] withR:=RN=I R*=RN=-DH* }
I N (RN=I)oR*

- { modularity rule: (46), I is unit of composition }
(RN=D)o (RN=D" NR*)
c {  RN=IC~-I,(RN=I)"CRY, Theorem 139,
[ RER*] with R:=R” N R*
monotonicity (of converse, composition and star) }
—I o equiv.R .
Thus
equiv.R C |
= { above, monotonicity of composition and transitivity of C }

IN(RN=D' C =lo]
= { I is unit of composition, complements,
idempotency of intersection }
INRN=NDT=1. O

Note that, although Theorem 141 is valid for all relations, its significance is primarily when applied to finite graphs; the
more significant property of a non-finite relation is whether or not it is left- or right-definite (or both).

10.7. A pathwise homomorphism

A well-known property is that the strongly connected components of a graph G define an acyclic graph G’. The nodes of
the graph G’ are the strongly connected components of G, and the edges of G’ are the edges of G that connect nodes of G
in distinct strongly connected components. Moreover, there is a path in G from node u to node v equivales there is a path
in G’ from the strongly connected component containing u to the strongly connected component containing v. The primary
purpose of this section is to formalise this theorem.
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Because the nodes of G and G’ are different, it is necessary to use a typed algebra of heterogeneous relations rather than
the untyped algebra of homogeneous relations. As remarked earlier, the rules that we have been using remain valid provided
some caution is exercised when overloading notation.

Suppose N is a set (of “nodes”) and G is a relation of type N~N (the “edges” of the “graph”). As we have seen the
function

(a : aeN : (equiv.Gea)<)

maps nodes to strongly connected components. Let us denote this function by sc and the set of strongly connected compo-
nents of G by C. Then sc has type C<«N and, by Theorem 73,

equiv.G = sc”osc . (142)
The relation
scoGosc” N —=I¢

is a homogeneous relation on the strongly connected components of G, i.e. a relation of type C~C. Informally, it is a graph
obtained from the graph G by coalescing the nodes in a strongly connected component of G into a single node whilst
retaining the edges of G that connect nodes in distinct strongly connected components.® Theorem 143 establishes the
formal relationship between its reflexive-transitive closure and G*.

Theorem 143. Let A denote sco Gosc” N —I¢. Then,

G* = scYoA*osc . (144)
Moreover, A is acyclic. That is,

IcNAT = 1. (145)

It follows that A* is a partial ordering of the strongly connected components of G.

Proof. With Theorem 139 in mind, we split G into two relations: D and E where D is defined by
D = GN—((GY)")
and E is defined by
E = GN(GH*.
The relation D captures the edges of G that connect “D”istinct strongly connected components. To be precise:
scoDosc” C =l , (146)
since
scoDoscV C =l
= { definition of D }
sco (GN=((GY)*))esc” € =l
= { middle-exchange (48),
I¢ is unit of composition, and complements }
sc¥osc € =GU(GY)*
<= { (142) }
equiv.G C (GY)*
= {  equiv.G=G*N(G*)"” and (G*)"=(G")* }

true .

6 Although we don’t go into details, for any function f of appropriate type, the graph foGo f" is “pathwise homomorphic” [28] to G; hence the title of
this section.
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Conversely, the relation E captures the edges of G that are in “E”qual strongly connected components:

scoEosc” C I¢ (147)

since

scoEoscV

N

{ E C E* and monotonicity  }

scoE*oscV

= { by (142) and Theorem 139 with R:=G,
E* =equiv.G =scYosc  }

scosc” oscosc”

N

{ sc is a function }
Ic .

In order to prove (144) and (145) we need three additional properties of D. The first,
DYNG* = 1L, (148)
is obvious from the definition of D and properties of converse and complement:
DYNG*
{ definition of D }
(GN=((GH" NG

{  distributivity properties of converse and [ (G*)”=G] }
GYN—(G*)NG*
{ [-SNS=1L |withS:=G* }

A

The second,

G* = equiv.Go(Doequiv.G)* , (149)
is proved as follows:
G*
= { DUE=G }
(DUE)*
{ star decomposition }

E*O(DOE*)*

{  byTheorem 139 with R:=G, E* =equiv.G }

equiv.Go(Doequiv.G)* .
The third property,
A = scoDosc” , (150)
is a combination of (146) and (147):
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A
{ definition of A, DUE=G }
sco(DUE)esc” N =l
{ distributivity }
(sceDosc” N=I¢) U (scoEosc” N =I¢)
{  (146)and (147) }

scoDoscY .

We now prove (144).

G*
{ (49 }
equiv.G o (Doequiv.G)*
{ (42) 3}
u

scYosco (D osc”osc)*

{ mirror rule }
scYo(scoDosc)*osc

{ (@(a50) }

sc¥oA*osc .

It remains to prove that A is acyclic. We have:

N

N

IcnAT

{ A" =AoA*and(150) }
Ic N scoDoscYo(scoDoscY)*

{ mirror rule and Theorem 73

Ic N sco(Doequiv.G)*oDosc”
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{ modularity rule: (46) (applied in both forms) }

sco(sc”osco DY N (D oequiv.G)*) o Dosc”

{ Theorem 73 }
sco (equiv.Go DY N (Doequiv.G)*)o Dosc”

{  modularity rule: (46), and equiv.G = (equiv.G)"
scoequiv.Go (Du N equiv.G o (D oequiv.G)*) o Dosc"

{ (149) }

scoequiv.Go (DYNG*)oDosc”

{ (148) and _LL is zero of composition

1.

Property (145) follows from the fact that 1L CR, for all R, and anti-symmetry of the subset relation. O

The importance of Theorem 143 is that solving path problems can be decomposed into solving the problems for each
individual strongly connected component and then combining the results using a topological search of an acyclic graph.
Perhaps surprisingly, it is also used when inverting real matrices in order to preserve sparsity. As shown in [5], the standard
so-called elimination techniques for inverting a matrix are algebraically identical to algorithms for constructing paths in
a graph. (Essentially, A== (1—(1—A))~! = (1—A)*. The elimination algorithms exploit the star-decomposition rule to de-
compose the computation of A~! into smaller components; the mirror rule is then used to evaluate A~! for row/column
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matrices.) In this application, a topological search is often called “forward substitution”. See also [29] for more detailed
discussion of sparsity considerations.

(Of course, this does not mean that Theorem 143 is valid for other interpretations of the star operator. For example, if
G is a matrix of languages, it is not valid. Many steps in the calculation are valid in other interpretations but Lemma 138
relies on the modularity rule, which is valid for relations but not for languages.)

11. Conclusion

The ever-growing reliance of modern society on computer software, including in life-critical situations, makes it
paramount that we have effective methods of constructing and reasoning about software systems. The demands that this
entails cannot be fulfilled by traditional informal techniques: the design of software must be based on techniques that allow
the precise formulation and calculation of desired properties. In order to meet the challenges, it is vital that we learn how
to choose and apply algebraic calculi that are tuned to the task in hand in a way that combines concision with precision.
This paper demonstrates this thesis in the context of algorithmic graph theory.

Of course, it takes practice to learn how to apply point-free relation algebra to graph theory. Moreover, the learning
curve can be steep because of the multiple components (lattice theory, fixed-point calculus, and regular algebra). However,
we would argue that the results are worthwhile: in our view, the calculations in this paper are easier to check (both by
human beings and by mechanised theorem provers) than traditional pointwise reasoning, which invariably involves multiple
levels of universal and existential quantifications. The final theorem, Theorem 143, is, we believe, a convincing example of
the combination of concision and precision that we strive for; the paper contains several other examples.

Although some of the calculational rules used in this paper have been well understood for many years, we continue to
encounter publications (including textbooks) that appear not to be aware of them. For example, the star-decomposition and
mirror rules of regular algebra were identified almost fifty years ago as central to the derivation of path-finding algorithms
and have been used several times above.” The highly influential textbook by Aho, Hopcroft and Ullman [3, p.220], however,
very briefly introduces the transitive closure of a relation (in a parenthesised sentence) but fails to give —let alone exploit—
a single algebraic property.

Some readers may nevertheless conclude that we have failed in our endeavour, as evidenced by the length of this paper.

Certainly, compared to informal proofs our calculations are substantially longer. Aho, Hopcroft and Ullman [3, pp.
219-226] present depth-first search, its application to computing a topological ordering of the nodes in an acyclic graph as
well as to computing the strongly connected components of an arbitrary graph, all within less than ten pages. Their discus-
sion of the correctness of the strongly-connected-components algorithm takes less than one page. Cormen, Leiserson and
Rivest [30, pp.465-497] cover the same ground in less than forty pages. Their account of the correctness of the algorithm
for computing strongly connected components —which is much more thorough than that of Aho, Hopcroft and Ullman—
amounts to five pages. We haven’t even begun to discuss algorithms for computing strongly connected components: we
have only laid the foundations!

It has long been known that formal, axiomatic proofs are substantially longer than informal proofs in natural language.
One reason is that formal proofs are necessarily more complete and are less prone to the sin of omission. More often than
their formal counterparts, informal proofs tend to omit details that are considered “obvious” but nevertheless are essential to
the argument. Informal proofs undergo what has been called a “social process” before they become accepted as legitimate:
they rely on the agreement of sufficiently many experts that all steps are correct and have been adequately substantiated.
Informal proofs achieve concision at the expense of precision.

We would argue that the formal proofs we have given do combine precision with concision. This combination is evident
in the documentation that we provide. See, for example, section 9.4 in which properties of topological search are fully doc-
umented. An experienced, well-trained programmer will study the documentation in order to gain a full understanding of
the implementation. Formal documentation of this nature can also be “executed” as a means of testing the implementation.
Indeed, a well-trained programmer should be able to check for themself the veracity of the documentation, using it to
design tests in cases of doubt.

Of course, mathematical formulae are less “readable” than natural language (at least to those for whom the natural
language in use is the mother tongue) but natural language can be misleading: mathematical vernacular tends to be chosen
so that it mimics everyday language but its familiarity can be deceptive. Our point-free formulae will be even less readable
to those unfamiliar with them but, we would argue, it is just a question of practice to gain the necessary reading and
writing skills. Traditional pointwise formulae name variables that do not need to be named, and sometimes involve several
layers of universal and existential quantifications.

Finally, an important advantage of the axiomatic, algebraic calculations that we have used here is the insight that it gives
into correspondences between seemingly unrelated applications. We mentioned earlier that so-called “forward substitution”
in linear algebra corresponds to topological search in graph theory —acyclic graphs and triangular matrices are algebraically
identical—. Our axiomatic formulation of the notions of left-definite and right-definite enables recognition of their relevance
in other application areas: it is relatively easy to identify, for example, seemingly unrelated applications of the unique

7 The rules were first used in [4,5] but not named; the names were coined later and used specifically in, for example, [14].
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extension property of regular algebra. In all our calculations, it is made clear which algebraic properties have been used —
which is of great assistance in avoiding the re-invention of the proverbial wheel.
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