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1 Introduction

We have already learnt about binary relations as basics of mathematics and com-
puter science. Especially, equivalence relations and orderings appear frequently.
However, it is harder to become familiar with binary relations than mappings
having known and used since we were junior high school students. Don’t you
feel difficult to prove properties of very essential notions such as equivalence
classes, supremum and infimum using notions of equivalence relations and or-
derings? In this lecture, we study some of basic properties of binary relations.
The author hope that readers will feel much closer to binary relations through
this lecture.

2 Basic Definitions and Properties

We start from defining binary relations.

Definition 2.1 A (binary) relation « from a set A to a set B, written
a: A — B, is a subset of Cartesian product A X B.

Thus, the set Rel(A4, B) of relations from a set A to a set B is equal to the
power set p(A x B) of A x B.

04ap and V4p denote the empty relation and universal relation (or entire
Cartesian product) A x B, respectively.
For relations «,3: A — B, inclusion « C ( is defined set theoretically,
that is,
aC B <L Via,b) e Ax B.((a,b) € a= (a,b) €f) .

The empty relation 045 and the universal relation V 45 are the greatest and
the least, respectively, in Rel(A, B) with respect to C. The identity relation
idga: A— A on aset A is the set of diagonals of A x A, that is,

ids & {(a,a) e Ax A| ae A} .

1 denotes a fixed singleton set {x}. Then, id; = V13 holds.
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Definition 2.2 For a: A — B and 8: B — C, composition af3: A — C of
a followed by B is defined as follows.

af {(a,c) e Ax C|Ibe B.((a,b) € a and (b,c) € B)}
Then, we have the following proposition.

Proposition 2.3 For a,0’: A — B, 3,5': B— C, and v: C — D, it holds
that

1. (af)y = a(fm)D

2. idga=a = aidgl

3. Oxaa =0xp0 a0y =04y 0

4. a Ca and B C B implies o C o/ 30
5. B # 0 implies VagVpc = VaclO

Definition 2.4 For a family {ay: A — B | XA € A} of relations from A to B,
the union relation Uycpa) and the intersection relation Nycpa)y are the
set theoretical union and intersection, respectively:

def {(a,b) e Ax B| IN € A.((a,b) € ar)} ,

{(a,b) € Ax B | YA € A((a,b) € ay)} -

Uxeran =
Mxeacn ]
Then, we have the following propositions.
Proposition 2.5 For o,(y: A— B (A€ A),
1. N (Uxeafr) = Urea(aN By)0
2. aU(MeaBr) = NMieala U By)0
Proposition 2.6 Fora: A— BOB\: B—C (A€ A), andy: C — D,
1. a(UxeaBr) = Unea(afr)D (UxeaBr)y = Urea(Bay)0

2. a(Meafr) € Maeal(aBr)D (NaeaBr)y € Naea(Bay)O

Proposition 2.6 says that the composition is distributive over the union but isn’t
so over the intersection. Let’s consider counterexample.

Example 2.7 Consider the case A = {1,2} and A = {a,b}. Leta,(1,52: A —

A be
a = {(aaa)7 (aab)}v B = {(ava')}’ B2 = {(b’ a)} :

Then,
B1N B2 =044
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and
ab = {(a,a)} = af
hold. Therefore

a(Naeafr) (BiNPa) =a0ag =044 =0

=«
C{(a,a)} = afiNafs = Nrea(aBy) -

Definition 2.8 For a: A — B, the converse relation of: B — A is defined
as follows.

o ¥ {(ba)e Bx A| (a,b) €a} .

Proposition 2.9 Fora,o/,ayx: A— B (A€ A), and 3: B — C, the following
holds.

1. ot =0
(ag)u = gtalDn

. a C o implies of C o/f0

o

3
4. (Uxeran)! = UreaahD
5. (Nyenay)t = ﬂAeAag\D
6. 0% = 0pa0 VA 5 = VaOid, =ids0
The following properties are called Dedekind formulae.
Proposition 2.10 Fora: A— B, 8: B— C, andvy: A — C, it holds that
1. aBNvy Ca(BNafy)0

2. af Ny C (an By )0

3 Mappings

Let’s recall a notion of mappings.

Definition 3.1 A mapping a: A — B is a relation satisfying the following:
For each a € A, {b€ B (a,b) € a} is a singleton set.

Map(A, B) denotes the set of mappings from A to B. Clearly, V 41 is a unique
mapping from A to 1, that is, Map(A4,1) = {Va1}.

The requirement for mappings is equivalent to the following two statement.

Univalency (a,b) € o and (a,b’) € « imply b =V’
Totality Va € A.3b € B.(a,b) € «
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Using composition relation, converse relation, and inclusion between rela-
tions, the notions of univalency and totality may be translated into point-free
style formulae.

Univalency afa Cidg
Totality ids C aal

The following properties are proved in point-free style if we use the above for-
malisations of univalency and totality.

Proposition 3.2 For mappings f,h: A — B, g: B — C the following holds.
1. If f and g are mappings, then so is fg.
2. If f C h, then f = h.

Proof. 1. fg is univalent since

(f9)'(f9) = ¢* f* fg C gfidpg = g*g Cide .

Also, fg is total since

ida C ff* = fidpf® C fog' f* = (f9)(f9)" -
2. Suppose f C h, then f% C h%. So we have

h=idsh C ff*h C fh*h C fidp = f .

We only use totality of f and univalency of h in the proof of the second of
Proposition 3.2. Thus, the next is immediate.

Corollary 3.3 For total relation a: A — B and univalent relation 3: A — B,
if a C 3, then « and B are mappings satisfying o = .

The next proposition shows that each relation may be decomposed to two
mappings.

Proposition 3.4 For a relation a: A — B, there exist mappings f: R — A,
g: R — B satisfying o = ffg and fff N gyt =idg.

Proof. Let R = q, ((a,b),d') € f < a=d,and ((a,b),t/) €g < b=V,
then f and g are mappings satisfying

(a,b) € fig

3(a', V) € a.(a, (a’,b)) € f* and ((a',1'),b) € g
(e, V) € a.(a=a and b =)

(a,b) € v .

1y
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So a = f¥g holds. By the definition of f and g,

((a,b),(a', b)) € Ff* N gg*

(a.b), (a'2V)) € 7£* and ((a,b), (a',)) € gg*
a=a and b=10

(a,b) = (', V)

((a,b), (', b)) €idg .

So fftNgg* = idg holds.

rree

As the notion of mappings, notions of surjections, injections, and bijections
may be formalised in point-free style using composition relations, converse re-
lations, and inclusion between relations.

A mapping f: A — Bis

surjective < idp C fff0
injective < fff Cids0
bijective < idg C fif and ff* Cids0

If we use the above formalisation of bijections, the following property which
must appear in each undergraduate text book of introduction to mathematics
is shown by simple calculus.

Proposition 3.5 A mapping f: A — B has the inverse function if and only if
f is bijective.

Proof. It is obvious that f has the inverse function if and only if f# is a mapping.
Suppose that f is bijective, then it holds that

(fFff=ffF Cida
by the injectivity of f. So f* is univalent. Also, since f is surjective, it holds
that

ids C S5 f = (5P
So f*is total. Therefore, f# is a mapping. Conversely, we suppose that f* is a
mapping. Then, since f* is univalent, it holds that

[ =(fFFfCida
So f is injective. Since f* is total, we have

idp C fH(fOF =S
So f is surjective.

Though it is possible to show that f* is bijective if so is f similarly, we omit
details.
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A mapping is decomposed to a surjection and a injection. Usually, given
f: A — B, if we take the image f(A) = {b € B | f(a) = b} of A under f,
essentially the same mapping f: A — f(A) as f, ie., f is a mapping defined
by f(a) def f(a), and the inclusion i: f(A) — B, then clearly f is surjective, i
is injective, and also f = fz holds.

In the usual construction, we may treat elements of sets without any inhibi-
tion. Here, we demonstrate the same construction in point-free style as far as
possible.

Proposition 3.6 For a mapping f: A — B, there exists an injection m: X —
B satisfying mtm = ftf.

Proof. By Proposition 3.4, there exist m: X — B and g: X — 1 satisfying
iV 41 = mfg and mmfngg! = idx for a relation f#V 4;. Since Vx; is a unique
mapping from X to 1, g = Vx1 holds. So, it holds that

mm? = mm? N Vxx = mm? ﬁVXlVgﬂ = mm! ﬁggjj =idx .
Therefore m is injective. Since fﬁVAl =miVxy holds,
FIVA1Via =m*Vx1Via and [PV Vix =m'Vx1Vix |
ie.d
f*Vaa =m*Vxa and f*Vax = m*'Vxx .

So it holds that

[N aaf = mVxaf
miV x4 f#
mf(fAV ax)!
= mﬂ(muvxx)ﬁ
= mnVXXm.

Thus, using Dedekind formula introduced in Proposition 2.10, we have.

fif PNV aaf
fﬁf N muVXXm
idg N mﬁVXXm
mﬂ(m n VXXm)
mﬂm

1IN

Similarly, it is possible to prove mfm C fff.

The set X and injection m: X — B given in Proposition 3.6 corresponds to
the set f(A) and the inclusion i: F(A) — B. The next proposition shows a
construction of a surjection corresponds to f.

Proposition 3.7 For a mapping f: A — B and an injection m: X — B, if
mim = fif, then there exists a unique surjection g: A — X such that f = gm.
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Proof. Since fmf: A — X satisfies

idg = idaida C ffAff* = fmiPmf? = (fm*)(fm?)
(fmP)E(fm*) = mfifm? = mmfmmt = idxidy =idx ,

fmt is a surjection. Also, (fm*)m = ffff holds. By totality and univalency
of f, f =idaf C fftf and fff C fidy = f hold. So we have ffif = f.
Therefore f = (fmf)m. Letting g = fmf, g is a surjection satisfying f = gm.
Assume that h: A — X is a surjection which satisfies f = hm, h = hidx =
hmm! = fm! = g since m is injective.

Proposition 3.7 shows that f corresponds to fm?.

Theorem 3.8 For a mapping f: A — B, there exist a surjection g: A — X
and injection m: X — B such that f = gm.

4 Membership Relations

We often deal with a relation from A to B as a mapping from A to p(B). Let
see carefully the reason why we may do so.

Definition 4.1 The membership relation 3 4: p(A) — A of A is defined by
4 {(S,a) e p(A) x A a €S} .

Lemma 4.2 For mappings f,g: A — o(B), if f 5= g 35, then f = g.

Proof. For each a € A, we show f(a) = g(a).

be f(a) 35 C B.((a,S) € fand be 5)

35 C B.((a,S) € f and (S,b) €35p)
(a,b) € f 5B

(avb) €9>B

35S C B.((a,S) € g and (5,b) €3p)
35S C B.((a,S) e gand b € 5)
beg(a) .

rregree

Lemma 4.3 For a relation a: A — B, there exists a unique mapping f: A —
p(B) such that « = f 3p.

Proof. Define f: A — p(B) by
(a,9) e f — S={beB]| (a,b) €a} .

Then, it is obvious that such a set S C B is uniquely determined for each a € A.
Next, we show o = f 3.

((L, b) € f S>B

3S € p(B).((a,S) € f and (S,b) €5p)
3S € p(B).((a,S) € fand b € S)
S={VVeB]| (a,b)€a}andbe S
(a,b) € v .

rree
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Uniqueness of f is derived from Lemma 4.2.

Conversely, for a mapping f: A — p(B), we always have a relation f 55: A —
B. Thus we have the following theorem.

Theorem 4.4 Rel(A, B) = Map(A, p(B))

5 Orderings, Equivalence Relations

Orderings and equivalence relations are examples appearing frequently in math-
ematics. Let’s recall these notions.

Definition 5.1 A relation p: A — A is called a (partial) ordering on A if
it satisfies the following three conditions.

reflexive law Va € A.((a,a) € p)
transitive law (a,b) € p and (b,¢) € p = (a,c) € p
antisymmetric law (a,b) € p and (b,a) Ep=a=05b

An ordering p on A which satisfies
linear law Va,b € A.((a,b) € p or (b,a) € p)

is called a total (or linear) ordering.

Definition 5.2 A reflezive and transitive relation p: A — A satisfying
symmetric law (a,b) € p = (b,a) € p

is called an equivalence relation.

Each ”law” which appeared above can be formalised in point-free style, that is,
a relation p: A — A satisfies

satisfies reflexive law <= id4 C pO
satisfies transitive law <= pp C pO
satisfies antisymmetric law < pnpf Cidy0
satisfies linear law <= pU pf = V40
satisfies symmetric law <= pf C p0]
So, orderings and equivalence relations on A is formalised as follows.
pis a ordering on A <= idy C p and pp C p and p N p? Cidy0

p is a total ordering
<=idy Cpand ppCpand pNpf Cidy and pUpf = V440

p is an equivalence relation on A <= id4 C p and pp C p and p* C pO
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6 Properties of Equivalence Relations

For a mapping f: A — B, if we consider a relation {(z,y) € Ax A| f(z) =
fW)ts

f(@) = f(y)

dz € B.((x,2) € f and (y,2) € f)

3z € B.((z,2) € f and (2,9) € f¥)

(z,y) € ff* .

So, we have ff* = {(v,y) € Ax A| f(x) = f(y)}. This relation is a typical
example of equivalence relations. It is not very difficult to show that ff* is an
equivalence relation. By the totality of f, reflexivity id4 C ff* is immediate.
By the univalency of f, it holds that

(FIS = FUENSEC fidpft = ffF
So, ff* is transitive. Since (ff%)f = f¥# % = £ f% holds, ff* is symmetric.

—
=
<~

From the above discussion, we learn a construction of an equivalence relation
from a mapping. The next proposition shows the opposite direction.

Proposition 6.1 For an equivalence relation p: A — A on A, there exists a
mapping f: A —'Y satisfying ff* = p.
Proof. By Lemma 4.3, there exists a mapping f: A — p(A) such that p =

f 24 for an equivalence relation p. By the reflexivity of p and the univalency
of f, we have

FIFC I p=F1"f34C f3a=p .

By Proposition 3.4, there exist mappings u and v satisfying p = ufv. Since

uf 34 = wup (by f24=p)
C wtup (by totality of v)
= wp'p  (by utv=p)
C wpp (by symmetricity of p)
C wp (by transitivity of p)
= vf2a (by f2a=0p)
vf24 = wvp (by f24=p)
C uufvp (by totality of u)
= wpp  (by wfv=p)
C wp (by transitivity of p)
= vf3a (by f2a=p)
hold, we have uf 54=vf 354. By Lemma 4.2, uf = vf holds. So,
p = utv
C  fffubvfft (by totality of f)
— fPutufft (by vf = uf)
C ffifsft (by univalency of u)
c fft (by univalency of f)



On Binary Relations (Hitoshi Furusawa) 10

holds. Therefore, we have p = ff*.

The mapping f: A — p(A) given in Proposition 6.1 determines the equiva-
lence class of a € A with respect to p.

Proposition 6.2 For an equivalence relation p: A — A and a mapping f: A —
o(A) satisfying p = ff1, the following holds.

1. a € f(a),

2. (a,b) € p = f(a) = f(b),

3. f(a) # f(b) = f(a)N f(b) = 0.
Proof. 1. By the reflexivity of p,

(a,a) €Ep <= (a,a) € f o4

< 3ISC A.((a,S) € f and (S,a) €24)
< 3I5CA((a,5) e fandacf)
—

a € f(a)

2. We have already shown at the beginning of this chapter.
3. By 2, f(a) # f(b) < (a,b) & p holds. Assume that f(a) N f(b) # 0. Then

dee A((a,c) € f 24 and (b,c) € f 54)
= (a,b) €(f24)(f34) .

Since (f 24)(f 24)* = pp* C pp C p, (a,b) € p. This is contradiction to
f(a) # f(b).

For an equivalence relation p: A — A, it is known that there exists natural
surjection called canonical surjection from A to the quotient set of A by p. Since
the canonical surjection often plays an important role in universal algebras, we
cite this briefly.

Proposition 6.3 For an equivalence relation p: A — A on A, there exists a
surjection p: A — Q such that pp* = p.

Proof. By Proposition 6.1, there exists a mapping f: A — @(A) satisfying
fff = p. Also by theorem 3.8, there exist a surjection p: A — @ and an
injectionm: Q — Bfor f: A — p(A). Since m is injective, ff* = (pm)(pm)* =
pmm*pt = pp.

Q@ and p: A — @ in Proposition 6.3 correspond to the quotient set of A by p
and the canonical surjection, respectively.
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7 Conclusion

We have studied basic definitions and properties of binary relations. The author
believe that we have studied on equivalence relations more carefully than usual.
Since more technical preparation is needed, we have left it at recalling the
definition of orderings.

Could you feel closer to binary relations? For people who wants to study
relations more, [3] is recommended. This book provides quite wide knowledge
from basics to applications in computer science.

We have seen point-free formalisations and proofs at some parts of this note.
[1] and [2] introduce a kind of categories called allegories. In these books we
can learn benefit and beauty of point-free relational calculus.

This note is based on what the author studied in his master course under
the instruction of Prof. Kawahara at Kyushu University.
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