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ABSTRACT

Coalgebraic Modal Logic for P,

Ezgi Iraz SU

Modal logic plays an important role in many areas of computer science.
In recent years coalgebras and their applications to computer science
have attracted a lot of attention because coalgebras have been
introduced to model various types of transition systems. In this thesis
we study P, -coalgebras and coalgebraic modal logic corresponding to
this functor. This thesis begins with some preliminary definitions,
examples and propositions about modal logic and category theory. After
the notion of coalgebra is introduced, some basic definitions, properties
and examples about the subject is given. Then, the concept of predicate
lifting is widely mentioned. Next, some propositions and theorems are
proven on predicate liftings. Finally, the coalgebraic modal logic

corresponding to the finite power set functor is defined.
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OZET

P., i¢cin Kocebirsel Modal Mantik

Ezgi Iraz SU

Modal mantik bilgisayar biliminin pek ¢ok alaninda onemli bir yer
tutmaktadir. Son yillarda kocebirler ve bunlarin bilgisayar bilmine
uygulamalari ilgi cekmektedir ciinkii kocebirlerin cesitli aktarim
sistemlerini modelledikleri gosterilmistir. Evrensel cebir teoerisine dual
olarak gelisen kocebir teorisi dogal olarak kategori teoriye dayalhidir. Bu
nedenle bu tezde oncelikle modal mantiktan ve kategori teoriden temel
bilgiler verilmistir. Sonra kocebirler tanitilarak bunlarin temel 6zellikleri
ile bu ozelliklerin ispatlari ve konunun temel ornekleri verilmistir. Son
olarak modal operatorlerin yorumlanmasina olanak saglayan dogal
doniigiimler tanitilmis, 6zelikleri ispatlanmis ve sonlu kuvvet funktoru

P’ ya tekabiil eden kocebirsel mantik tanimlanmistir.
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CHAPTER 1

INTRODUCTION

Modal logic plays an important role in many areas of computer science. In recent
years coalgebras and their applications to computer science have received a lot of
attention [?]. Coalgebras have been introduced by Aczel and Mendler [?] to model
various types of transition systems in 1989. Rutten [?] develops the fundamental
theory of universal coalgebra along the lines of universal algebra. In the semantics
of programming, data types are usually presented as algebras. For instance, the
collection of finite words A* over some alphabet A is an algebra. For infinite data
structures, the dual notion of coalgebra has been used as an alternative to the alge-
braic approach. In universal algebra central concepts are X algebra, homomorphisms
of Y-algebras and congruence relation. The corresponding notions on coalgebra are

coalgebra morphisms of coalgebras, and bisimulation equivalence.

Coalgebras generalize relational structures and coalgebraic modal logic is a gen-
eralization of a basic propositional modal logic and allows us to reason about states
of coalgebras for an endofunctor on the category of sets [?]. As is mentioned in
[?]: Which modal languages can be used for reasoning about coalgebras is an issue
which is still under discussion. Research on this question goes back to work by Moss.
Moss’ coalgebraic logic assigns a logical language to every weak pullback preserv-
ing endofunctor on the category of sets. His syntax allows for infinite conjunctions
and contains a somewhat non-standard modal operator. Moss’ coalgebraic logic was
followed by Kurz and Rossiger. Kurz defined a finitary, multi-modal language for
coalgebras for a limited class of endofunctors on Set. In 2006 Kupke [?] have used
a finitary syntax for specifying coalgebras on modal languages. They have observed

that coalgebras for functors on the category of Stone-spaces have been a useful tool



in studying coalgebraic modal logics and constructed Stone coalgebras.

Another line of research in the area of coalgebraic modal logic started with the
work of Pattinson [?]. The logics are studied within the abstract framework of coal-
gebraic modal logic, which can be instantiated with arbitrary endofunctors on the
category of sets. This is achieved through the use of predicate liftings, which gen-
eralize atomic propositions and modal operators from Kripke models to arbitrary

coalgebras [?].

The aim of this thesis is to present the coalgebraic modal logic corresponding to
the finite power set functor using predicate liftings. We have followed Pattinson’s

approach.



CHAPTER 2

PRELIMINARIES

2.1 Modal Languages

In this section we give basic definitions. These definitions can be found in [?].

Definition 2.1.1 The basic modal language is defined using a set of propositional
letters ® whose elements are usually denoted p,q,r and so on, and a unary modal

operator ¢ (‘diamond’).

The well-formed formulas ¢ of the basic modal language are given by the rule

ou=p| L@ |YVeldp,

where p ranges over elements of ®.

We have a dual operator O (‘boz’) for our diamond which is defined by

O¢ := =0—¢.

We assume that the set ® of propositional letters is a countably infinite set.



Definition 2.1.2 A modal similarity type is a pair 7 = (O, P) where O is a
non-empty set, and p is a function O — N. The elements of O are called modal

operators.

2.2 Frames and Models

We define frames and models for the basic modal language.

Definition 2.2.1 A Kripke frame for the basic modal language is a pair F =
(W, R) such that

(7) the non-empty set W is the carrier of the frame and its elements are called

states or worlds.

(i1) R is a binary relation on W.
Frames are relational structures.

Definition 2.2.2 A model for the basic modal language is a pair M = (F,V),
where F is a frame for the basic modal language, and V is a function assigning to
each propositional letter p in ® a subset V(p) of W. Formally, V : & — P(W) is a
map, where P(W) denotes the power set of W. Informally, we think of V(p) as the set
of points in our model where p is true. The function V is called a valuation. Given
a model M = (F,V), we say that M is based on the frame F.

Definition 2.2.3 (Validity in a frame)

(i) A formula ¢ is valid at a state w in a frame F (notation: F,w I ¢) if ¢ is
true at w in every model (F, V') based on F;

(ii) ¢ is valid in a frame F (notation: F I ¢) if it is valid at every state in F.



Validity differs from truth in many ways. For example, when a formula ¢ V ¢ is
true at a point w, this means that either ¢ or v is true at w. On the other hand, if
¢ V1 is valid on a frame F, this does not mean that either ¢ or w is valid on F.

pV —p is a simple counter example.

Example 2.2.4 The formula O(p V q) — (Op V Oq) is valid on all frames.
To see this, take any frame F and state w in F. Let V be a valuation on F. We
have to show that if (F,V),w |- O(p V q), then (F,V),w IF (Op V Og). So, assume
that (F,V),w IF O(p V q). Then, by definition there is a state v such that Rwv and
(F,V),vIFpVgbutif vk pVq then either v I p or v IF g. Hence either w I Op or
w IF Qq. Either way, w IF Op V Oq.

Example 2.2.5 The formula {Op — Op is not valid on all frames. To see this
we need to find a frame F, a state w in F and a valuation V on F that falsifies the
formula at w. So, let F be a three-point frame with universe {0, 1,2} and relation
{(0,1), (1,2)} .Let V' be any valuation on F such that V(p) = {2} . Then (F,V),0 I
OOp, but (F,V),0 ¥ Op since 0 is not related to 2. On the other hand, there is a
class of frames on which QOp — Op is valid: the class of transitive frames. To see
this, take any transitive frame F and a state w in F. Let V be a valuation on F.
We have to show that if (F, V), w IF OOp, then also (F, V), w IF Op. So assume that
(F,V),w IF OOp. Then by definition there are states u and v such that Rwu and Ruv
with (F,V),v Ik p but as R is transitive, it follows that Rwwv, hence (F, V), w IF Op.

Now, we see how to interpret the basic modal language in models by means of the

following satisfaction definition.

Definition 2.2.6 (Satisfaction in a model) Suppose w is a state in a model
M = (W, R, V). Then, we inductively define the notion of a formula ¢ being satisfied

(or true) in M at state w as follows:

M, wlkp iff w e V(p), where p € &,

Mow - L never,

M, w lF =g iff not M, w I+ ¢,

MwlFoVvy iff M,wlk ¢ or M,wlk 9,

M, w kO iff for some v € W with Rwv we have M, v I+ ¢.



It follows from this definition that M, w I O¢ iff for all v € W such that Rww,
we have M, v I ¢.

If M does not satisfy ¢ at w we often write M, w ¥ ¢, and say that ¢ is false at
w. It is convenient to extend the valuation V' from propositional letters to arbitrary

formulas so that V' (¢) always denotes the set of states at which ¢ is true.

V(o) :=A{w | M,wlF ¢}.

Example 2.2.7 Consider the frame F = ({wy, w, w3, wy, w5}, R), where Rw;w;

ifft j=14+1:

Wy — Wy — W3 — Wyq — Ws

If we choose the valuation V' on F such that V(p) = {we, w3}, V(q) = {w1, wa, w3, wy, ws},
and V(r) = (), then in a model M = (F, V) we have that

M, wy IF OOp because Rwiws and M, ws IF Op since M, ws IF p.

M, wy ¥ OUp — p because while M, wy IF OUp, M, wq JE p.

M, wy IF O(p A —r) because Rwaws and M, ws IF p and M, w3 ¥ 7.

e Since



M, w Ik ¢ and
M, wi1E0(g A O(g A Olg A Og)))
M, w; IF g and (Rwywy and
M, wz IEg A O(g A O(g A 0g)))
M, w; IF g and (Rwjwy and
ifft (M, wsy I ¢ and
M, wy I O(g A O(g A 0g))))
M, w IF g and (Rwywsy and
iff (M, wsylFqand (Rwows and
(M, ws IF ¢ and M, ws IFO(g A 0q)))))
M, w; IF g and (Rwjwy and
(M, wsy IF ¢ and (Rwyws and
(M, w3 IF q and (Rwsw, and
M, wy Ik g and M, w4 IF Oq)))))
M, w; IF g and (Rwjwy and
(M, wsy IF ¢ and (Rwyws and
iff (M, wslF qand (Rwsw, and
(M, wy IF g and (Rwyws and
Moy - ).

Mwi IEgAO(gA (g OlgAOq))) iff

iff

ift

M, wi IEg A O(g A Olg A Olg A Og))).
Furthermore, M IF Ug because M, w; IF q Vi =1,2,3,4,5.

Definition 2.2.9 (Bounded Morphism) A mapping f: M = (W,R, V) —
M = (W',R', V') is a bounded morphism if it satisfies the following conditions:

i) w and f(w) satisfy the same propositional letters.

(
(#7) f is a homomorphism with respect to the relation R that is, if Rwv then
R f(w)f(v).
(i43) If R f(w)v" then there exists v such that Rwv and f(v) = v (the back

condition).



Example 2.2.10 Consider the models M = (W, R,V) and M" = (W', R,V")

where

e W = N (the natural numbers), Rmn iff n = m+1and V(p) = {n €| n is even},

e W ={e,0}, R ={(e,0),(0,e)} and V'(p) = {e}.

Now, let f be the following map:

f:w — W
0 f(n) ={ ez:fnilseven
oif nis odd

We claim that f is a bounded morphism from M to M. Trivially, f satisfies item
(i) of the definition because for any even natural number n, f(n) = e and they satisfy
the same propositional letter p. On the other hand, for any odd natural number n,
f(n) = o and there is no propositional letter satisfied in both n and o. So, we can
deduce that for all n € N, n and f(n) satisfy the same propositional letters. As for
the homomorphic condition consider an arbitrary pair (n,n + 1) in R. There are two
possibilities: n is either even or odd. Suppose n is even. Then n + 1 is odd, so
f(n) = e and f(n + 1) = o but then we have R eo.Similarly, if n is odd then n + 1
is even. Hence we have f(n) = o and f(n + 1) = e but then (0,¢) € R'. As a result,
for all pairs (n,n 4+ 1) € R, R f(n)f(n + 1). Now for the interesting part: the back
condition. Take an arbitrary element n of W and assume that R f(n)w’. We have
to find an m € N such that Rnm and f(m) = w'. Let us suppose that n is odd.
As n is odd, f(n) = o, so by definition of R, we must have that w" = e but then
f(n+1) = w' since n + 1 is even. By the definition of R, we have that n + 1 is
a successor of n. Hence, n + 1 is the m we are looking for. On the other hand, if
n is even then f(n) = e but then w' = o. Since n 4 1 is odd, (n,n + 1) € R and
f(n+1) = o, here n + 1 is the m we are searching for. Hence, back condition also
holds.



2.3 Bisimulations

In this section, we introduce the concept of bisimulation. Bisimulations reflect the
locality of the modal satisfaction relation. A bisimulation is a relation between two
models in which related states have identical atomic information and matching tran-

sition possibilities.

Definition 2.3.1 Let M = (W,R,V) and M = (W', R,V’) be two models. A
non-empty binary relation Z C W x W' is called a bisimulation between M and M’
(notation: Z : M« M) if the following conditions are satisfied:

(1) If wZw' then w and w’ satisfy the same propositional letters.

(i4) If wZw" and Rwv then there exists v in M’ such that vZv" and R'w'v’ (the

forth condition).

(#41) The converse of (ii) : If wZw" and R'w'v’ then there exists v in M such that

vZv and Rwv (the back condition).

When Z is a bisimulation linking two states w in M and w" in M’ we say that w

! . . . . ’ !
and w are bisimilar and we write Z : M, w—M ,w .

Example 2.3.2 Let the models M = (W, R, V) and M = (W' R ,V') be as
they are shown in the following figure. Let V(p) = {1,3}, V(¢) = {2,4,5} and

v (p) = {a’ d} ) v (Q> = {b7 G, 6} .

We claim that M and M’ are bisimilar. To see this, define the following rela-
tion Z between their states: Z = {(1,a), (2,b), (2,¢), (3,d), (4,¢e), (5,e)}. For any



(x,y) € Z, x and y make the same propositional variables true. Hence, condition (7)

of the definition is obviously satisfied.

As for forth condition, let’s check whether any move in M is matched by a similar

. ’
move in M .

For (1,a) € Z and (1,2) € R, 3b € W' such that (a,b) € R and (2,b) € Z.

For (2,b) € Z and (2,3) € R, 3d € W' such that (b,d) € R and (3,d) € Z.

e For (2,¢) € Z and (2,3) € R, 3d € W' such that (c,d) € R and (3,d) € Z.

For (3,d) € Z and (3,4) € R, 3e € W' such that (d,e) € R and (4,¢) € Z.

For (3,d) € Z and (3,5) € R, 3e € W' such that (d,e) € R and (5,¢) € Z.

So, forth condition holds. Now, let us show that the back condition is also satisfied.

e For (1,a) € Z and (a,c) € R, 32 € W such that (1,2) € R and (2,¢) € Z.

e For (1,a) € Z and (a,b) € R', 32 € W such that (1,2) € R and (2,b) € Z.

For (2,b) € Z and (b,d) € R', 33 € W such that (2,3) € R and (3,d) € Z.
e For (2,c) € Z and (c,d) € R, 33 € W such that (2,3) € R and (3,d) € Z.

For (3,d) € Z and (d,e) € R', 34 € W such that (3,4) € R and (4,¢) € Z.

Therefore, Z is a bisimulation between M and M’ .

10



CHAPTER 3

COALGEBRAS

Coalgebras are category theoretic notions and they generalize the relational struc-
tures. Every coalgebra is based on a carrier which is an object in the so-called base
category and any functor I’ on a category gives rise to F-coalgebras. Because of this

fact we start to this chapter giving basic categorical concepts.

3.1 Basic Notions of Category Theory

We first study axioms for a category and some structures in it which we will use in

this thesis. These can be found in [?] or [?].

Definition 3.1.1 A category A consists of
(1) a class of objects A, B,C, ...,
(2) a class of morphisms or arrows f, g, h,...between these objects,

(3) for each A-object A, a morphism 14 : A — A, called the A-identity on A

and

(4) a composition law associating with each A-morphism f: A — B and each
A-morphism g : B — C, an A-morphism go f : A — C, called the composite of
f and g subject to the following conditions:

a) for every composable pair f and g the composite f o g goes from the domain
y g g8

of g to the codomain of f,

11



(b) composition is associative; i.e., for morphisms f: A — B, g : B — (' and
h:C — D, the equation ho (go f) = (hog)o f and

(c) for A-morphisms f: A — B, we have lgo f = fand foly = f.

Example 3.1.2 The category Set whose objects are all sets and whose mor-

phisms are all mappings between sets, forms a standard example of a category.

Example 3.1.3 The category Grp with objects all groups and arrows all ho-

momorphisms between them, constitutes another example of a category.

Definition 3.1.4 If A and B are categories, then a functor F from A to B,
written F' : A — B, is a map that assigns to each object A of A an object F'A of

B and each arrow f of A an arrow F'f of B, meeting the following conditions:

(1) It preserves domains and codomains: given f : A — B of A, we have
Ff:FA— FBinB.

(2) It preserves identities: for any A of A, F(14) = 1pa.

(3) It preserves compositions: if f and g are composable in A then F(go f) =

Fgo Ff, where the second composite is formed in B.

Since a functor F' : A — B preserves composition and identities, it preserves
inverses; that is, if g = f~! in A then Fg = (Ff)~! in B.

We define the composition of two functors F: A — B and G : B — C, denoted
by the composite G o F': A — C with the following rules:

(1)(Go F)(A) = G(F(A)) for any object A in A and
(2)(Go F)(f) =G(F(f)) for any arrow f in A.
Every category A has a dual category A°P. The objects of A are the objects of

A and the arrows of A° are the arrows of A but domain and codomain are reversed.
So every category is the dual of its dual: A = (A”)” .

12



A functor G : A? — B is often a contravariant functor from A to B. That
is, G assigns to each object A of A an object GA of B and to each f : A — A
of A, an arrow Gf : GA' — GA satisfying the conditions G(15) = lga and

G(go f) = (Gf)o (Gy).

Example 3.1.5

(i) The identity functor: The identity functor I : Set — Set sends sets and

functions to themselves.

(ii) The constant functor: The constant functor A : Set — Set, where A is

any set, maps any set to the set A and any function to the identity function 14 on A.

(iii) The power set functor: The power set functor P : Set — Set maps a
set S to the set of all its subsets P(S) = {V |V C S} and a function f: S — T
to P(f) : P(S) — P(T), which is defined, for any V' C S, by P(f)(V) = f[V] =
{f(w)|ueV}.

(iv)The finite power set functor: The finite power set functor P,, : Set — Set

maps a set S to the set of all its finite subsets
P,(S)={V |V C S and V is finite}
and a function h : S — T to P,(h) : P,(S) — P,(T) which is defined, for any

Ve P,(S), by Pu(h)(V)=fI[V].

(v) The contravariant power set functor: The contravariant power set func-
tor P : Set” — Set acts on set as P does: for any set S, P(S) = P(S). A function
f:S — T is mapped to P(f) : P(T) — P(S), which is defined for any V' C T, by
POV) = VI ={z eS| flx) eV}

The contravariant power set functor will be considered in composition with itself:

13



Set Po P Set

S (P oP)(9)
If WP oP)(f)
T (P oP)T)

For any f: S — T, (PoP)(f): (PoP)(S) — (PoP)(T) is defined as for any
VCP(S), (PoP)f)V)={W CT|f[W]eV}. We can verify this as follows:

Set” P Set” P Set

s (P)(S) = P(S) (P o P)(S)

| 1P)(f) 1P o P)(J)
T (PUT) =P(T) (PoP)T)

For any V € (P o P)(S),

(PoP)NV) = PP(HHV)

(PN IVI]
= {wepm | P(HW) eV}
= Wer[fiwleVvy

3.2 Pullbacks

The following definitions, examples and propositions can be found in [M L] and [J].

Definition 3.2.1 A pullback of functions f: S — T and g : U — T is a
triple (P,k : P — S, ¢ : P — U) with f ok = g o £ such that for any set X and

functions ¢ : X — S and 7 : X — U satisfying f o7 = g o j there exists a unique

14



(so-called mediating) function v : X — P that makes the whole diagram commute

ie. kou=1and fou=j.

In this thesis, we denote it by pb(f,g) = (P, k, ).

Example 3.2.2 In Set, a pullback of any corner of arrows f : S — T and
g : U — T always exist, given by the set

P={(s,u) € SxU| f(s) = g(u)},

together with projections my : P — S and my : P — U.

A weak pullback is defined in the same way as a pullback, but without the require-
ment that the mediating function be unique. We will also denote a weak pullback of
two arrows f: S — T and g: U — T by wpb(f,g) = (P,k,{).

Hence, every pullback is a weak pullback but converse is, of course, not true in
general. However, weak and ordinary pullbacks coincide if all functions involved are

1mono.

The requirement that functors preserve weak pullbacks is needed at various places
in the Coalgebra Theory. Therefore, it is worthwhile to examine some of the functors

that have this property. First, let us give the following definition and the proposition.

Definition 3.2.3 Let 7: C — C be a functor. We say that T preserves
(weak) pullbacks if T transforms every (weak) pullback (P,m,m) of f: A — C
and g : B — C into a (weak) pullback (T'(P),T(m),T(m2)) of T'(f) and T'(g).

Proposition 3.2.4 If a functor F' : Set — Set preserves pullbacks then it also

preserves weak pullbacks.
Example 3.2.5

(i) The identity functor, I : Set — Set preserves pullbacks. Let us verify this
fact.

15



P 2 C I(P)=P I(p)=ps C=1(0)
ml lyg I(p) =p1 | LI(g)=y
B — D I(B)=B I(fy=f D=1I(D)

Let (P, p1,p2) be a pullback for f and g.Since I transforms this pullback diagram
to itself as shown above, (I(P),I(p1)I(p2)) is also a pullback diagram for I(f) and
I(g). As a result, I preserves pullbacks and so by the above proposition, also weak

pullbacks.

(ii) Constant functors preserve pullbacks.

Set F Set
P 2 C F(P)=A F(p) =14 A=F(C)
pil lg F(p1) =14 L1a=F(g)
B — D F(B)=A F(f)=11 A=F(D)

f

Let (P,p1,pa) = pb(f,g) and F be the constant functor on Set which maps
any any set to A and any function to the identity function 14 on A.Then, we have
F(f)o F(p1) = 14 = F(g) o F(p2).As for universality condition, for (X, h, k) let
F(f)oh=F(g)okbut F(f) = F(g9) = 14,80 h = k.Thus, h =k : X — F(P) is
the unique arrow satisfying universality property. As a result, F' preserves pullbacks

and hence weak pullbacks.
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(iii) The functor (_) x A preserves pullbacks.

Set (L) x A Set
P 2z C PxA ¢gpxl1ly CxA
_
q ly q <14l Lgx1a
_
B — D BxA fxl1ly, DxA

Assume that (P, q1.q2) = pb(f, g) then, by definition, f o g = g o g.(*)

Now, we claim that (P x A, q; X 14,2 X 14) is a pullback for f x 14 and g X 14.

(fx1a)o(qr x1a) =(foq)x1a
(by (*)) =(goq)x 1y
= (g x 1a)o (g2 x 1a)

As for the universality property, for (X,h: X — B x Ajk: X — C x A), let
(f x1a)oh = (g x 1a) o0 k.(xx) Now, consider the following diagrams:

X
poh )/ Lh N.p2oh X
B+~ BxA p=fo(pioh)/ L) \ippoh=v
fl L fx14 114 D<i— Dx A i—>A
DI pxA o4 1 2
gl | T | T1a X
Ce— CxA 2 A c= go(hrok)/ L{s,m) Njaok=rT
jrok N\ 1 Vs De DxA —A
. ; 2
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Hence, by uniqueness in the definition of a pullback diagram (f x 14) o h =
(fo(proh),ppoh)and (g x 14) ok = (go (j10k),j20k). Then, by(xx) we have

fo(proh)=go(jiok) and ppoh=jrok.

Now, consider the following diagram:

X
proh,/  llu N\ jiok X
B P —C  u/ (%) \poh=x
a1 @
X\ Y P+— PxA —A
m 2
D

Since f o (pyoh)=go(jiok),ie. the outer diagram commutes, Iu : X — P
with g1 ou = py oh and ¢ ou = j; o k. As it is clearly seen from the above product

diagram, we also have 1y o (u, ps o h) = u and 1y o (u,ps 0 h) = py o h.

Let us have a look the below pullback diagram now.

X

h/ L u,5e) Nk
BxA ¢gx1y PxA gx1,4C0xA
— B —

fxla™ g X1,
Dx A
Since
(@1 x 1a) o (u,paoh) = {qou,psoh)
= <2910h7])20h>
=h
and also
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(g2 x 14) 0 (u,pa0h) (g2 0 u,py 0 h)
<j1 < k7j2 o k>

k

(u, pa o h) makes the above diagram commute. Hence, existence part is satisfied.

As for uniqueness part, forv : X — PxAlet (qg1ols)ov = hand (g2 x14)ov = k.

Then, we have

X X
mov,/ Lo N 7200 mov,/ Lo N 7200
P— PxA— A P— PxA— A
m 2 m 2
¢ | lagx1y |14 q | lgax1y |14
B<p— BxAp—> A C'<r— C'XAT—> A

(qo (771 0“)#72 OU> = (Ch XlA)OU = h and <<J2 © (771 © U)ﬂh © U> = (Q2><1A)OU = k.
On the other hand,

X X
pioh/ Lh Nypoh 1ok )/ Lk N0k
B+«—— BxA —A C+— CxA — A
p1 P2 i j2

h = (pyoh,ppoh) and k = (j; ok, jook). So, we have ¢; o (n; ov) = p; o h,
peoh=mny0v=jsokand ggo(n ov) =7 0k.
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X

proh )/ Hu N jiok
B— P —C

q2

I\ /9
D

Since u : X — P is the unique arrow with ¢y ou = p;oh and g ou = j; o k,
u =1 ov. Hence, (u,py o h) = (n ov,mp 0 v) = v. As a result, universality condition

also holds. So, (P X A, q1 X 14,q2 X 14) = pb(f X 14,9 x 14).

As a result, the functor (1) x A for any set A, preserves pullbacks and hence weak

pullbacks as well.

3.3 Natural Transformations

The coalgebraic semantics connects with the algebraic semantics by natural transfor-
mations. Below we give the definition of natural transformations and an example for
it.

Definition 3.3.1 Given a parallel pair of functors F,G : A — B, a natural
transformation from F to G is a family of arrows vy : FA — GA, one for each
object A in A, such that for every arrow f : A — A" of A the following square

commutes:

A FA M GA
I f Ffl 1 Gf
A rA A gA
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We write v : F — G for the natural transformation and call the arrows vy4
the components of v. If the above diagram appears in a diagram we may say that it

commutes by naturality of v.

Example 3.3.2 Let U : Grp — Set be the forgetful functor and let S :
Grp — Set be the “squaring functor”, defined by

Grp S Set

Lf LS(f)=rfxf
H S(H) = H x H > (f(z), [(y))-

For each group G = (G, .), its operation is a function 7¢ : G* — G, denoted
by for any z,y € G in G, 7¢(x,y) = z.y € G (o). Now, we want to show that

{7¢ : G* — G}¢ is a natural transformation from S to U. First, consider the below

diagram:
S
Grp 7 Set
U
g G*=S5(G) ¢ UG =G
L S0 fxf=50)1 LU =1
H H? = 5(G) TH UG)=H

So, it is enough to show that the above diagram commutes, i.e. in equations for
any f: G — H,U(f)o1g =150 S(f).

In Grp, for any z,y € G in G and for any group homomorphism G o H we

have

21



flzy) = f(x).fly) (¥)

where the first operation is performed in G and the second in H because homo-

morphisms preserve the structure. Hence, for any =,y € G,

Uf)eta)(x,y) = (fo1a)(z,y)
by (e) = f(z.y)

by (%) = f(2).f(y)

by (e) = 7 (f(2), f(y))

= (o (f x N))(=z,y)
= (o S(f))(,y).

As aresult, we obtain U(f)org = goS(f) for any G L, H which means that the
above diagram commutes so, the family 7 = {7¢}¢ in rp IS @ natural transformation
from S to U. The naturality condition simply means that f(x.y) = f(x).f(y) for any
group homomorphism G . H and any z,y € G in G. Thus, “operation” in groups

can be regarded as a natural transformation.

3.4 Definition of Coalgebras and Coalgebra Mor-

phisms

Definition 3.4.1 Let C be a category and T : C — C be a functor. Then, a
coalgebra is a pair (X,v) where X in C is the carrier and v : X — T(X) the

transition structure of the coalgebra.

Throughout in this thesis we will consider coalgebras for endofunctors over Set.

Given a T'—coalgebra (X, ), we refer to X as the set of states and to v as the

coalgebra map or the successor function.
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The definition of bisimilarity and some associated propositions will be given by
means of rooted T'—coalgebras. So, I find it useful to mention rooted T'—coalgebras

briefly.

Definition 3.4.2 A rooted T'—coalgebra is a pair (X,z) where X = (X,7) is a

T'—coalgebra and x € X is an element of X, the so-called “root of X”.
We give some examples of structures which naturally arise as coalgebras.

Example 3.4.3

(i) Let L be a set (of labels) and T : Set — Set be the functor L x (_) which
takes a set X to the cartesian product L x X. Then, a pair (C,vc : C — L x C)

gives us a 1T'—coalgebra.

(ii)) If we take L = A in (i) and choose the transition map as v = (hd,tl) :
AY — A x AY where A% is the set of all infinite words over an alphabet A and hd :
AY — A tl: AY — A then for any x € A¥, y(z) = (hd(z),tl(x)) € A x A¥. So,
we obtain a T'—coalgebra structure (A%, : AY — A x A¥) and it provides us an

infinite stream on A.

Example 3.4.4 The prime example for coalgebras are Kripke frames or transi-

tion systems from modal logic perspective.

(i) Kripke frames (W, R) correspond to the P—coalgebras (W, R[] : W —
P(W)) where R[] : W — P(W) denotes the function that maps a state w € W to
the set R[w] C W of R—successors of w. A P—coalgebra (X, ), on the other hand,
corresponds to the Kripke frame (X, R,) where R, C X x X is defined by putting
Ve,y e X zRyy &y € y(z).

(ii) Labelled transition systems (LTSs), or more simply transition systems are a
simple kind of relational structure. A LTS is a pair (W,{R, | a € A}) where W is a
non-empty set of states, A is a non-empty set (of labels) and for each a € A, R, C
W x W . Transition systems can be viewed as an abstract model of computation: the

states are the possible states of a computer, labels stand for programs and (u,v) € R,
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means that there is an execution of the program a that starts in state u and terminates

in state v.

(iii) (W, R4, Ry, R.) is a deterministic labelled transition system where, as it is

seen from the below figure,

w3
Th N ¢
a ¥\a
wy — W2 Wy

W = {w17w2a w37w4} ) A= {CL, ba C} ) Ra = {(w17w2)a (w47w4)} ) Rb = {(w27 w2)}
and R, = {(w4,w3)}. The system is deterministic because for each state where it is

possible to make a transition, it is fixed which state that transition will take us to.

(iv) The simplest deterministic systems are coalgebras of the identity functor.

S
| ag s —gs = ag(s) =5
I(S) =S

Hence, any [—coalgebra (S, ag) and the transition system (S, —g) coincide.
ag @S — I(S) gives the dynamics of the system and should be read as: in a state
s, the system S can make a transition step to the state s'. Moreover, Vs € S, 3ls" € S
such that s —sg s~ because otherwise ag : S — I(.S) is not a function. Thus, such

systems are deterministic.

(v) A non-deterministic LTS is as the following:

Wo w3

Ta TO N\ ¢

a
Wy —— W2 <<— Wy
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In this figure, a is a non-deterministic program for if we execute it in state w, we
either loop back into w, or move to wq, that is the state we will reach is not fixed.

Similarly, if we execute it in w; we move to either wy or ws.

(vi) Non-deterministic systems can be represented in many different ways. The
simplest non-deterministic systems, in which several transitions may be possible from
one state, are the coalgebras of the power set functor as it is shown in the following

figure.

S
| ag s —gs & 5 €agl(s)

P(S)
In the following example we show that how coalgebras model image-finite systems.

Example 3.4.5

(i) Let F(S) = (P,(S))* where A is any set then consider the F'—coalgebras
(S,v : S — (P,(9))4) where the transition structure v on S is interpreted as

follows:

a — {S,€S|SL>SI}

where |y(s)(a)| < w for any a € A. This condition may include the possibility of
‘7(3)(0/)} = 0 for some a’ € A. Thus, F'—coalgebras can be used to model image-finite
labelled transition systems while P,—coalgebras represent image-finite unlabelled
ones. Image-finiteness property means: for every s € S and a € A, the number of
reachable states from s, denoted by {s' | s s/} , is finite but observe that we are
not putting any restrictions on the total number of different labels a € A, that is on

the cardinality of A.
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(ii) Image-finite labelled systems, that is given in (i), can also be given as the
coalgebras of the functor F(S) = P,(S4). Consider any coalgebra (S,vy : S —

P.(S4)) where the transition map v is defined as follows:

v S — P,(SH)
s > s)={fs|fs: A— 5}

So, for any s € S, v(s) = {fs| fs: A— S} is finite. Hence, for each a €
A, the cardinality of {fs(a) | fs € v(s)} for any a € A, should be finite.  Also,
there is a very trivial case: for some s € S, v(s) may equal to empty set and this
means that s terminates, in other words, has no successor states. Therefore, both
P.((1)*)—coalgebras and (P,(_))*—coalgebras model image-finite LTSs for the same
set A.

Example 3.4.6 The contravariant power set functor can be used to model hyper

systems, in which a state can make non-deterministically a step to the set of states:

S
| ag s — V iff Ve ag(s)
(Po P)(S)

Thus, from any state s the system can reach V' C S but not necessarily each v in
V. For example, there may be a state s from which we reach the empty set after a

transition is performed if ) € ag(s).

Definition 3.4.7 Let C be a category and T : C — C be a functor. Then, a
T— coalgebra morphism f : (X,v) — (Y, ) between two T'—coalgebras (X, ) and

(Y,0) is a morphism f: X — Y in C such that the following diagram commutes
that is, do f =T f o~.

X 5L 17X

Lf o ITf
Y — T(Y)
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T —coalgebra morphisms are functions that preserve and reflect T'—transition

structures.

As we show in Example 3.4.8, the notion of a T'—coalgebra morphism generalizes

bounded morphisms of modal logic in a natural way.

Example 3.4.8 "P-coalgebra morphisms between any P-coalgebras correspond
to the bounded morphisms between corresponding Kripke frames. First of all, given
any two Kripke frames (Wq, Ry), (W3, Ry) and a bounded morphism f : (Wy, Ry) —
(Wa, Ry) between them, we obtain the corresponding P —coalgebras and the P—coalgebra

morphism between them in the following way.

As we have shown in Example 3.4.4 (i), (W3, Ry) and (Ws, Rs) correspond to the
P—coalgebras (Wy, v : Wy — P(W;)) and (W, 6 : Wy — P(Ws)) respectively
where v = Ry [] and § = Ry []. Now, we want to show that the bounded morphism

f gives us a P—coalgebra morphism between these P—coalgebras.

Wy - P(W)

flLoo Pf

W2 T P(Wg)

Hence, we need to show that the above diagram commutes, that is o f = Pfory

where Pf = f[] denotes the direct image function. So, it is enough to prove for any
wy € Wi, (d o f)(w1) = (Pf ovy)(w). Since for any ws,

wy € (00 f)(wy) Uf we € 0(f(w))
iff wy € Ro[f(wy)]
iff  (f(wy),ws) € Ry

(by (i) iff Jve W) 3 (wy,v) € Ry and f(v) = we
iff JveW,sve R [w] and f(v) = ws
iff JveW;s f(v)=wy € f[y(w)]
iff wy € (Pfoy)(w),
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the above diagram commutes which means that f : W; — W, is a P—coalgebra

morphism between (W7,~) and (W, ).

Now, let’s show the converse. Let (X,7) and (Y,d) be two P—coalgebras and
f: X — Y bea P—coalgebra morphism between (X,~) and (Y, ). Then, we can
define the corresponding Kripke frames (X, R,) and (Y, R;) as it is shown before.
Now, we want to show that f : X — Y is a bounded morphism between (X, R,)

and (Y, Rs). Since f is a P—coalgebra morphism, the following diagram commutes:

X 5L PX)
fl o |Pf
Y — PY)

In equations, 6 o f = (Pf) o7.(x)

(i)For z1, 29 € X, let (x1,22) € R, then x5 € y(z1) by definition. Then,

Pr(y(z)) = [flv(a)]
(by (+)) = (00)

Hence, 3z € fly(x1)] > f(x2) = z and (f(x1),2) € Rs. As a result, forth (or

homomorphic) condition holds.

(17)For x1 € X, z € Y, let (f(x1),2) € Rs. Then,

Rs[f(z1)] = o(f(z1))
(by (x)) = (Pfory)(z1)
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Hence, since z € R |[f(x1)], 3w € v(z1) > f(w) = 2z, that is Jw € X with

(z1,w) € Ry and f(w) = z. Consequently, back condition is also satisfied.

So, Coalg(P) is the category which consists of Kripke frames as objects and

bounded morphisms as arrows.

In the following example we give an equivalent condition for F'—coalgebra mor-

phisms.

Example 3.4.9 Let (S,—g,A) and (T, —7, A) be two labelled transition
systems with the same set of labels A. Assume that F' : Set — Set is the functor
P(Ax_). Let (S, ag) and (T, ar) be the corresponding representations as F'—systems.
Then, by definition, an F'—coalgebra morphism f : (S, ag) — (T, ar) is a function
f:8—T with F(f)oas =aro f where F(f) =P(A x f). Now, we verify that

F(f)oas=aro f isequivalent to the following two conditions:

(i)For all s" in S, if s —%»5 s then f(s) ——p f(s).

(i4)For all ¢ in T, if f(s) ——r t then 3s" in S with s g s and f(s') = t.
First of all, assume that F(f)oag=aro f. (%)

Proof of (i): Let s € S be such that s —*+5 s then (a,s') € ag(s). Thus,
(a, f(s) € (F(f)oas)(s). So, by (x), (a, f(s) € ar(f(s)) but then f(s) =7 f(s).

Proof of (i4): Let t € T be such that f(s) ——p ¢ then (a,t) € ar(f(s)). Again,
from (*) we obtain (a,t) € F f(ag(s)). Hence, 3s' € S > f(s') =t and (a,s) € ag(s)
but then s —»g s and f(s) = t.

Conversely, suppose that the above conditions (i) — (i) hold. We want to show
that F(f)oas=aro f.

Let s € S then it is enough to show that (F'(f) o ag)(s) = (ar o f)(s).

Case(1):

Assume that s € S is not —grelated. Then, ag(s) = 0, so F(f)(0) = (Ff o
as)(s) = (. On the other hand, f(s) is not —related either i.e. ar(f(s)) = 0. Oth-
erwise, if ap(f(s)) # 0 then 3(a,t) € ap(f(s)) i.e. f(s) ——pt .So, by (ii) Is € S >
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f(s) =t and s —*5g s which means (a,s’) € ag(s). (—«—). As a result, (F(f)o
as)(s) = (arof)(s).

Case(2):

Let ag(s) # 0.

(C): Let (a,t) € (F(f)oag)(s) then Is' € S > f(s') =t and (a,s) € as(s). So,
s —sg s but then by (i) f(s) ——1 f(s').Hence, (a, f(s)) = (a,t) € ap(f(s)).

So, (F'(f) o as)(s) € (aro f)(s).

(D): Let (a,t) € ap(f(s)) then f(s) ——p t. Thus, by (ii) 3s' € S 3 5 —5g s
where f(s') =t ie. forsomes € S > f(s) =t (a,s) € as(s). So, (a, f(s)) =
(a,t) € (F(f) o as)(s).

Therefore, (arof)(s) C (F(f)oas)(s).

Thus, it is now obvious that an F'—coalgebra morphism is a transition preserving

and reflecting function.

3.5 Category of Coalgebras

We define the category of F'—coalgebras and F'—coalgebra morphisms for a functor
F: Set — Set.

Given an F—coalgebra (S,a : S — F(Y5)), the identity function 1g on S is
always an F'— coalgebra homomorphism because the below diagram commutes, that

iSCYOlS:lF(S)OOé:F(ls)OOé.

S % F(9)
ls | o 1 F(lg)
S — F(S)
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Also, given F'—coalgebras (S, ag), (T, ar), (A, as) and F—coalgebra morphisms
f:(S,as) — (T,ar),g: (T,ar) — (A,aq) gof: S — Aisalso an F'—coalgebra

morphism. Consider the below diagram:

S 25 F(S)
flL oo [Ff
T 2L, F(T)
gl o |Fyg
A 2 F(A)

Since f and g are F'—coalgebra morphisms, the above diagrams commute. So,

the whole diagram commutes as well. Thus,

azo(gof) = F(g)o(arof)
(F(g) o F(f))oas
= F(gof)oas.

Hence, go f : (S, as) — (A, aq) is an F'—coalgebra morphism. This composition
is associative and given an F'— coalgebra morphism f : (S, ag) — (T, ar), fols =

1T0f:f.

As a result, collection of all F'—coalgebras together with F'—coalgebra morphisms

is a category, denoted by Setg. It can also be represented with

Coalg(F) := (all F' — coalgebras, all F' — coalgebra morphisms) .

3.6 Bisimulations of Coalgebras

One way of looking at coalgebras is that a coalgebra consists of some set of states
X and the coalgebra map v : X — TX allows us to observe certain properties

of these states. Coalgebra morphisms preserve and reflect observable properties of
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objects i.e., for a coalgebra morphism f : (X,7) — (Y,0) we want z and f(z)
are observably equivalent. It turns out that this notion of behavioural equivalence

generalizes existing notions of bisimilarity and hence we refer to it as T'—bisimilarity.

Definition 3.6.1 Let 7' : Set — Set be an endofunctor and (X7, 7v1), (X2, 72)
be T'—coalgebras. We say that two states x; € X; and z9 € Xy are behaviourally
equivalent or T—bisimilar if there is a T'—coalgebra (Y,0) and T—coalgebra mor-
phisms fi : (X1,71) — (Y,9) and fa: (X2,72) — (Y, 6) such that fi(z1) = f2(z2).

In this case, we write (X1,7), 21 <=7 (X2,72), T2 .

Coalgebraic P—bisimulations are exactly the bisimulations from modal logic for
the language without propositional variables but before showing this let’s give the

definition of F'—bisimulations between two F'—coalgebras.

Definition 3.6.2 Let (S, ag) and (T, ar) be two F—coalgebras. Then a subset
R C S x T is an F—bisimulation between S and 7' if there exists an F'—transition
structure ag : R — F'(R) such that the projections m; : R — S and mg : R — T

are F'—coalgebra morphisms, that is the following diagram commutes.

S ag F(S)
Tm o T F(m)
R ————- > F(R)
L o © l F(7T2)
T ar F(T)

In other words, ag o m; = F(m) o ag and ap o my = F(my) o ag for some ap :
R — F(R). Then, we say that (R, ag) is called a bisimulation between S and T.
Hence, two states s € S and t € T are called bisimilar if there is a bisimulation R
with (s,t) € R.

Some remarks concerning the definitions of behavioural equivalence and bisimi-

larity are in order:
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Bisimilarity always implies behavioural equivalence. However, converse of this
statement is not true in general. Let us show this by means of the following counter-

example.

Example 3.6.3 Let T' be the endofunctor on Set, given by T'(X) = {(z,y,2) € X3 | card {z,
for any set X and (C,v : C — T(C)) be a T—coalgebra. Then, since T does not
allow for any observations we intuitively regard that all states in C' are behaviourally
equivalent. Let z,y € C then we claim that x and y are behaviourally equivalent
but not bisimilar. Behavioural equivalence is clear, so let us show why bisimilarity

is not satisfied between these states.

Assume for a contradiction that x and y are bisimilar. Hence, there exists
a T—coalgebra (F,¢), turning projections m; and 7y into T'—coalgebra morphisms

which means that following diagram commutes. Moreover, (z,y) € E.

C Y T(C)
st T e} TT(?Tl)
E & T(E)
o l e} l T(?TQ)
C ~ T(C)

So, we have yomr; = T'(m1)o& and yomy = T'(m2) 0&. Since (z,y) € E, yom (z,y) =
v(z) = (21, 29,23) € T(C) and v o ma(x,y) = v(y) = (y1, Y2, y3) for some z; € C' and
y; € C'Vi=1,2,3.Hence, by commutativity, there must be £(z,y) € T(F) such that
T(m)(€(z,y)) = y(x) = (21,22,23) and T(m)(§(,y)) = 7(y) = (41,42, y3) whereas
(v(z),7(y)) & T(E) because T(E) = {{(uy, v1), (uz, v2), (uzv3)) € E> | card{(uy,vy), (ug, v2), (us,
So, we obtain a contradiction. Therefore, x and y are not bisimilar.

The definition of an F'—bisimulation can also be reformulated as follows.
Fact 3.6.4 Let F': Set — Set be a functor. Assume that X = (X,v),Y =

(Y,0) € coalg(F) and Z C X x Y.Then, Z is an F'—bisimulation iff for all (z,y) € Z,
we have (vy(z),d(y)) € F(Z).
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Proof: Let F' : Set — Set be a functor. Assume that for X = (X,7),Y =
(Y,9) € coalg(F), Z C X xY.

(=) : Suppose that Z is an F'—bisimulation between X and Y. So, by definition,
there exists an F'—coalgebra (Z,§ : Z — F(Z)) which turns the following projec-

tions m; and 7y into F'—coalgebra morphisms. Thus, the below diagram commutes:

X gl F(X)
T m o T F(m)
7z ———S__- F@)
1 m o | F(m)
T 5 F(T)

In equations, we have yom = F(m) o and omy = F(my) 0&. (%) Let (z,y) € Z
then we have by (x)

F(m)(E(x,y) = (Flm)od)(r,y) = (yom)(z,y) = ~(z) € F(X) and

F(m)((z,y)) = (F(m)od)(x,y) = (Bom)(z,y) = dy) e F(Y).

Thus, we obtain

(v(@),0(y)) = (Fm(&(z,y)), Fma(é(z,y))) € FX X FY

(
(Fry, Fmo)(&(x,y)) € FX X FY

Since {(z,y) € F(Z) and (v(2),d(y)) = &{(z,y), (v(),d(y)) € F(Z).

(<) : Now, assume that for all (z,y) € Z, I(v(x),d(y)) € F(Z). We claim that

Z is an F'—Dbisimulation between X and Y.
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By assumption, we are allowed to define the following map

& Z — F(2)
(,y) — &(2,y) = (v(2),6(y))

which behaves as v on x € X and § on y € Y. It is now enough to show that the

below diagram commutes.

X ~ F(X)
T m o T F(m)
7z s ¥
L m o | F(m)
T 5 F(T)

Let (z,y) € Z then (yom)(z,y) = v(x) = Fm(v(x),0(y)) = (Fm 0 &)(x,y) and
(0om)(x,y) =0(y) = Fra(y(x),0(y)) = (Fmyo&)(x,y). As aresult, yom; = Frjof

and 0 o Ty = F'my 0 & which means that 7; and 7y are F'—coalgebra morphisms.

Asaresult, (Z,&) € coalg(F') is an F'—bisimulation between X and Y.

Let T': Set — Set be a functor. If T preserves weak pullbacks then T'—bisimulations

match with the notion of T'—bisimilarity in the following sense.

Fact 3.6.5 Let T : Set — Set be a functor that preserves weak pullbacks
and (X,x) := (X,v,z), (Y,y) := (Y,0,y) be rooted T—coalgebras. Then, (X,z) and
(Y,y) are T—bisimilar iff there is a T'—bisimulation Z C X X Y between X and Y
with (z,y) € Z.

Proof Let T': Set — Set preserve weak pullbacks and (X,z), (Y,y) be rooted

T'—coalgebras.

(=) : Assume that (X,z)<==7(Y,y). Then, by definition, there is a rooted
T—coalgebra (E,e) where E =(F, &) and also there exists T'—coalgebra morphisms
f:X—Eand g: Y — E with f(x) = g(y) = e. So, the below diagram com-

mutes.
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On the other hand, we know that in Set any corner of arrows A .o B
always has a pullback P with the projection arrows m; and 7 which is denoted by
P:={(a,b) € Ax B| f(a) = g(b)} € Ax B. So, there is also a pullback of functions
f and g, say (Z,m,m) where Z = {(z,y) € X xY | f(z) = g(y)} € X x Y. Hence,

as f(z) =g(y) = e, (z,y) € Z.

Since any pullback is also a weak pullback, (Z,m,m) is a weak pullback of

f and g as well but T preserves weak pullbacks. Thus, (7(Z),T(m),T (7)) =

wpb(T'(f), T(g)).

T(X)
LT(f)
T(E)

T T(g)
T(Y)

Set T Set
Z =Y T(Z)
m ly T(m) |
X - E T(X)
Now, consider the below diagram:
A ¢ T(Z)
7o l l T(WQ)
Y 4 T(Y)
gl 1 T(g)
E § T(E)
1 TT(f)
X ¥ T(X)
T ] T T(7T1)
Z ¢ T(2)
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Foryom :Z — T(X)and omy: Z — T(Y),

T(f)o(yom) = (T'(f)ey)om
Eo(fom) (since f is a T' — coalgebra morphism)

(og)om (since (Z,m,m) = pb(f, g))
= T(g)o(domy). (since g: Y — E € coalg(T))

Thus, since (T(Z),T(m1), T (7)) = wpb(T(f),T(g)) I : Z — T(Z) with T'(m)o
¢ =~vom and T(my) o = d oy which turns m; and 7 into T'—coalgebra morphisms.
So, (Z,( : Z — T(Z)) is a bisimulation between X and Y and (z,y) € Z.

Example 3.6.6 Let T' be the powerset functor P.Then, P—bisimulations
coincide with the standard notion of bisimulation for transition systems, that is given
two P—coalgebras (X,v) and (Y,d), a relation Z C X x Y is a P—bisimulation
between (X,~) and (Y, 9) iff (z,y) € Z implies

(i) for all " € y(x) there is a y' € 6(y) with (z',y') € Z and

(i) for all y' € §(y) there is an 2’ € y(z) with (z',y) € Z.

Now, let’s verify this. Let (X,~) and (Y, d) be two P—coalgebras.

(=) : Assume that a relation Z C X x Y is a P—bisimulation between (X,~)
and (Y, ). Hence, there is a transition structure £ on Z which turns 7, and 7, into
P—coalgebra morphisms. Then, we have v om, = P(n,) 0§ and § o m, = P(m,) o &.

(*)

X g P(X)
T | o TF(Wl)
Z S > P(Z)
Tyl © | F ()
Y 5 P(Y)




Let (z,y) € Z.

(i) Let 2’ € y(z) then by standard transition notation, x —x z’. Also, by (¥),

() = (yom)(r,y)
(P(mz) 0 &)(x,y)
= m[E(x,y)].

Since ' € y(z), " € T, [€(z,y)]. Again, by (),

6(y) = (dom)(z,y)
= (P(my) o &)(z,y)
= my[&(z,y)].

Thus, since z° € 7, [£(z,9)], §(y) = 7, [€(z,y)] and &(z,y) € Z, 3y € o(y) =
T, [€(x,y)] 2 (2,y) € &(w,y). So, (v',y) € Z. As aresult, Iy € Y >y —y ¢ and
(z',y') € Z. This is nothing, but the forth condition which is satisfied.

(41) Let y' € 0(y). Then, this can shown as y —sy ¢ in another notation. With
the same argument as in (7), we have y(x) = 7, [{(x,y)] and §(y) = 7, [£(z,y)] . Since
J € 6(y) = my (6. y)], 1) = m [€(xy)] and E(r,y) € Z, 30 € X 3 (2y)) €
£(z,y)and & € y(x). So, for some 2" € y(z), (z',y) € Z, thatis Iz’ € X S0 —x
and (z',y') € Z. This is the back condition which holds for transition systems.

(<) : Conversely, suppose that (i) and (i) hold. Now, let’s define a map & :
Z — P(Z) as follows: for (z,y) € Z, let {(x,y) contain all the below pairs of X xY.
By (i), because Vz' € v(x) Iy € d(y) with (2',y') € Z put all such pairs into &(z,y)
and moreover Vy € 6(y), by (i), 3" € y(x) with (2", y") € Z. Next, put all these
pairs into £(z,y) as well. Now, we claim that £ : Z — P(Z) turns 7, and m, into
P—coalgebra morphisms i.e. yom, = P(m,)o¢ and dom, = P(m,)o&. Let (z,y) € Z
then we need to show that v(x) = (7, o y)(z,y) = (P(m:) 0 &)(z,y) = m [E(x,y)] (1)
and 8(y) = (m, 0 6)(z, ) = (P(m,) 0 €) (2, ) = 7, [£(z,9)] . (2) For any &',
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o eq(z) if Jy €d(y) > (z,y) €&(x,y)
iff =" €m,[¢(z,y)].

For any y~,

y' €d(y) if 32" ey(x)> (=",y") €(x,y)
iff " em,[E(z,y)].

Both of these are satisfied by the construction of ¢ : Z — P(Z). As a result,
3(Z,€) € coalg(P) which turns 7, and 7, into P—coalgebra morphisms which implies

that Z C X xY with the transition structure £ on Z behaves as a bismulation between
(X,7) and (Y, 9).

Now, given any two P—coalgebras (X, ) and (Y, ), let’s consider corresponding
Kripke frames (X, R,) and (Y, Rs). Assume that there is a P—bisimulation Z C X xY
betwen (X,v) and (Y, d). Then, the above conditions (i) and (i¢) hold but they can

also be interpreted as follows:

For any (z,y) € Z,

(i) for all 2’ € R, [z], 3y € Rs[y] > (v',y) € Z ie. for any 2’ € X, (z,2) €
R, = 3y €Y > (y,y) € Rs and (z',y') € Z but this is the usual notation of forth

condition from modal logic.

(i) for all y' € R;[y], 32" € Ry(x) > (z',y) € Zie. foranyy €Y, (y,y) €
Rs =32 € X > (v,2') € R, and (2',y') € Z. Similarly, this condition is nothing,

but the back condition from modal logic.

As a result, Z C X x Y is a bisimulation between Kripke frames (X, R,) and
(Y, Rs).

Conversely, given any two Kripke frames (X, R) and (Y, R') and a bisimulation
Z C X x Y between these frames, consider corresponding P—coalgebras (X, vr)
and (Y,dy). Let (z,y) € Z then by forth condition, V2" € X, (z,2') € R =
3 €Y 3 (y,y) € R and (¢,y) € Zie. Va' € Rlz] = yrlz], I € R [y] =
6 (y) 2 (¢',y") € Z which corresponds to (i).Now, by back condition, ¥y" € Y,
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(y,y)eER = 32" € X > (z,2") € Rand (2",y") € Zie Vy' € R [y] = dp(y),
32" € Rz] = vr(z) 3 (2",y") € Z that corresponds to (i) above. So, Z C X x Y is
a P—bisimulation between (X, vr) and (Y, d5/). As aresult, P—bisimulations between
any two P—coalgebras correspond to the bisimulations between corresponding Kripke

frames from modal logic.A similar example is given in Ex.3.6.7 for LTSs.

Example 3.6.7 Let F(X) = P(A x X) for some set of labels. Now, consider
any two labelled transition systems (S, —g, A) and (7', —7, A). Then, we claim
that a F'—bisimulation between the corresponding F'—systems (5, ag) and (7', ar) is
a relation R C S x T satisfying for all (s,t) € R,

(1) for all s in S, if s =g s  then there is ¢ in T with t =7 ¢ and (s,t') € R.

(2) for all ¢t in T, if t —%»7 t'then there is 5" in S with s —*>4 s and <s/, t/> € R.

The proof is so similar to the one in the above example so I will give it roughly.

Let R be a F—bisimulation with the transition structure ag : R — F(R). As
before, ar induces a relation —rC R X A X R. Let (s,t) € R.

Suppose that s ——g s then m (s,t) ——g s but m is a homomorphism so
E|<3”,t/> € R > (s,t) g <s”,t/> and m; <s”,t/> = §. Thus, <s',t/> € R, Because
Ty is a homomorphism, we have ¢ —— " which concludes the proof of (1). Similarly,
assume that ¢ ——7 ¢ then my (s,t) ——7 ¢ but m € coalg(F) so 3(s',t") € R
5 (s,t) —Lop <s/,t"> where 7y <3/,t"> = t". Since 7 is a homomorphism, s ——g s

which completes the proof of (2).

Conversely, let (1) and (2) both hold for a relation R C S x T. Then, define

ar: R — F(R)=P(AXR)
(s,t) — aR(<s,t)):{s/,t/)ERISLSS/ andtiqvt/}.

Now, we need to show that (R,ag) is a F—bisimulation between (S, ag) and
(T, OéT).
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S ag F(S)

T m o TF(M)
R —-Y—_> F®R
1} © lF(WQ)
T ar F(T)

Let (s,t) € R then it is enough to show that (agom)(s,t) = (F(m) o ag)(s,t)
(i) and (ar oms)(s,t) = (F(ms) o ag)(s,t) (ii).
(agom)(s,t) = as(mi(s,t)) = as(s) € F(S) = P(A x S). So, for any (a,s'),

(a,5) € (agom)(s,t) iff (a,s) € as(s)
iff s g5
(by (1)) iff 3 eTst-Srpt and (s,t)€ER
iff 3t €T > (s,t) or (s,t)
iff I €T3 (a,(s,t)) € agr(st)
iff (a,8) € (F(m)oag)(s,t).

So, (i) is satisfied.

(ar o my)(s,t) = ap(ma(s,t)) = ar(t) € F(T) = P(A x T). So, for any (a,t),

(a,t') € (ag om)(s,t) iff t —pt

(by (2)) iff 38’ €S>5s-"gs and (s,t)€R
iff 3s' €93 (s,t) g (s,t)
iff 3s' €S53 (a,(s,t)) € ar(st)
iff (a,t') € (F(m) o ag)(s,t).

Hence, (i7) also holds. As a result, (R, ar) is an F'—bisimulation between (.5, ag)
and (T, ar).

Note that , in general, ag is not the only transition structure on R which turns

7, and 7y into F'—coalgebra morphisms i.e. it is not unique in general.
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CHAPTER 4

PREDICATE LIFTINGS

In this chapter we give the concept of predicate liftings and show how predicate

liftings give rise to modal languages, interpreted over coalgebras.

4.1 Relationship Between Predicate Liftings and
Coalgebras

In this section first we give the definition of a predicate lifting and some basic examples
about it. Then we show the connections between Kripke frames and coalgebras via

predicate liftings.

Definition 4.1.1 A predicate lifting A for an endofunctor T" on Set is an order
preserving natural transformation A : P — P o T where P is the contravariant

power set functor. Spelling out this definition, a predicate lifting for 7" is an indexed

family of maps Ac : P(C') — P(T(C)) such that

42



Set | A Set

C P(C) 2% P(T(C))
Lf P(f)T o 1P
D P(D) —— P(T(D))

for any f : C' — D, the above diagram commutes, i.e., \coP(f) = P(T(f))oAp.

Question: Why are predicate liftings named as liftings?

First, let us remember the definition of a lifting in Category Theory. For any

arrows f, g and h, h is a lifting of f to gif goh = f.

Now, let us consider a predicate lifting A : P—PoT:

P,
Set | A Set

P
C P(C) 2% P(T(0))
L f P(f)T o  1PI(f)
D P(D) ~ P(T(D))

Then, for any f : C — D the above diagram commutes i.e. Ao o P(f) =

P(T(f)) o Ap. Hence, in a categorical context A\p behaves as a lifting of

Aco P(f) to P(T(f)). Ap: P(Y) — P(T(Y)) takes predicates (or subsets) of
Y to predicates (or subsets) of T(Y").
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In a logical context, predicate liftings allow us to reason about the states of a
system after a transition has been performed. Order preservation thus lets us to infer

formulas involving successor states. This corresponds to the congruence rule

oY= UpF LY

of modal logic. In other words,

[lel] € [0l = [I8l] < [I0]]

Since predicate liftings generalize the interpretation of [0 — operator it is not
difficult to see how order preservation (for any set C' and A,B C C, A C B =
Ac(A) € Ae(B) where {Ac}o o set is a predicate lifting for any set endofunctor T7)
gives us the above rule. Now, let us see some examples of predicate liftings and
observe how they interpret modal operators and also propositional variables through

these examples.

Example 4.1.2 Let T(X) = L x X where L is a set (of labels). We have seen
that any T'—coalgebra (C,v : C' — L x C) can be used to model a deterministic

labelled transition system . Now, let (X, : X — L x X) be a T—coalgebra in
which « is defined by a = (hd, tl) where hd : X — L and ¢l : X — X.

X % T(X)=LxX
ry — a(xy) = (hd(xy),tl(xy)) .

If we consider {hd(x1), hd o tl(x1), hd o tl o tli(xy),....} for any z; € X then (X, a)

gives us a set of stream (or sequence) on L.

Now, define an operation A : P — P oT putting by for any X,

Ax 1 P(X) — P(T(X)) = P(L x X)
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where for any U C X, Ay (U) = {w € TX | m(w) € U}.

This operation is a predicate lifting for 7. Let us verify it. Let f: X — Y.

Set | A Set

C P(C) 2% P(T(0))
| f P(f)T o TPIT(S)
D P(D) — P(T(D))

First, we need to show Ax oP(f) = P(T(f))o My, i.e., the naturality of the above
diagram. Since, for any V C Y,

(P(T(f)erp)(V) = (Tf)~ [Ap(V)]
= {weTX [(Tf)w) € rp(V)}
(by construction of \) = {welxX|m(Tf)(w) eV}

{weLxX|(mo(lyx f))(w) eV}
= {welxX| f(mw)eV}
(by a Galois connection) = {w € T(X) | m(w) € f~1[V]}
(by construction of \) = Ax((f~'[V])

= M(P(HV))
= (o PUN(V),

naturality is satisfied.

Recall:  For any sets U, V and a function f : U — V, we frequently encounter
direct f[] and inverse f~![] images in this thesis. They are related by a Galois
connection: for A C U and B C V, we have
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fI[A|C Biff AC f'[B].

As for order preservation of A, let A, B C X be such that A C B then we have

by construction of A,

MAx(A) = {weT(X)|mw) e A}
{w e T(X) | m(w) € B}
Ax(B)

N

Hence, order preservation holds as well. Consequently, the operation A : P —
PoT is a predicate lifting for T.
Now, let us observe how such maps Ay : P(X) — P(T(X)), for any set X |

interpret the modal operator [1.

Let [|¢]] € X, for any formula ¢ and then consider o' o Ax : P(X) — P(X).
So,

(@ toXx)(lel]) = {ze X |alx)e x ([lel])
(by construction of \) = {v € X |m(a(z)) € [|o|]}
{z e X |il(z) € [lell}
{re X | Rz C[lel]}
(by definition of /) = (r([lel])
(by definition of O — operator) = [|Oypl|]

}

where R[] denotes the set of all successor states of a point and for each set X,
(r: P(X) — P(X) is defined by putting for any A C X,

(r(A) ={z e X | R[z] € A}.
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Hence, (a™"oAx) ([l¢l]) = [|O¢l].
Example 4.1.3 Let T be the power set functor P : Set — Set.
Consider a T'—coalgebra (X,0 : X — P(X)). Since for any x € X, d(z) C X

we define a binary relation Rs C X x X as follows:

(x,y) € Rs <= y€di(x)

Hence, we obtain the corresponding Kripke frame (X, Rs) and so we can view the
T—coalgebra (X, 0) as a Kripke frame (X, Rs) .

Conversely, let F = (W, R) be a Kripke frame then since R C X x X, we define

amap ag : W — P(W) by putting for any w € W,

ap(w) ={w e W | (w,w') € R}.

Hence, we obtain the corresponding P—coalgebra (W, ag : W — P(W)). There-
fore, we can conceive the Kripke frame F = (W, R) as a P— coalgebra (W, ag). This
shows that, there is a one-to-one correspondence between P—coalgebras and Kripke

frames.

Now, define an operation A : P — P o P putting by for any set X,

P(X) 25 P(P(X))

U +— MU)={VePX)|VCU}=PWU).

We show that {Ax}y , .. 1S @ predicate lifting for P.
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Set | A Set

X P(X) % P(P(X))
Lf P()T o 1TPP)
Y PY) —— P(P(Y))

For A, B C X, let A C B then by construction of A,

Ax(4) = P(A)

P(B)
Ax(B).

o

Hence, order preservation holds.

Now, we need to show that for f: X — Y and V CY,( P(P(f)) o Ay )(V) =
(Ax o P()(V).

(PP(f)eM)(V) = (P (V)
= {WePX)[(PHW)eA(V)}
(by construction of \) = {(WePX)|f[W]eP(V)}
= {(WePX)[fW]cV}
(by a Galois connection) = {W C X |W C f~'[V]}
= 7’(]“1 V)
(by construction of \) = Mx(f'[V])
= (Ax o P(N(V).

Therefore, {\x}y , 4 i & predicate lifting for P.
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Ax(4)

n ol
33
5=

Hence, order preservation holds.

Now, we need to show that for f: X — Y and V CY,( P(P(f)) o Ay )(V) =
(Ax o P(N))(V).

(P(P(f)) o A)(V) = (P (V)]
= {WePX)[(PHW)eA(V)}
(by construction of \) = {(WePX)|fW]eP(V)}
{(WePX)|fwjcVv}
(by a Galois connection) = {W C X |W C f~'[V]}
= 7’(]‘171 V1)
(by construction of \) = Ax(f'[V])
= (Ax o P(N(V).

Therefore, {Ax}y , . is a predicate lifting for P.

Example 4.1.4 Let T'(X) = P(X) x P(®) where ® is a set (of propositional
variables of a given modal logic). Consider an operation A(y : P(_) — P(P(.) x
P(P)). So, for any set C, let

Ac

P(C) == P(P(C) x P())
X — M(X)={(4,B)eT(C)|AC X} =P(X) x P(®).

{Acto s 15 a predicate lifting for 7. Let us verify it.

First, let f : C — D and X;, Xy C C be such that X; C X,. Then, by

construction of A,
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Ao(X1) = P(X1) x P(®)
P(X5) x P(®)

Ao (X).

1N

Thus, order preservation is satisfied.

Next, we have to show the naturality of A. It is sufficient to show that the below

diagram commutes:

P,
Set |\ Set
C P(C) 2% P(T(0))
| f P(f)T o TPIT(S)
D P(D) — PT(D))

For any V € P(D),

(P(T(f))oAp)(V) = (T (V)]
= {weTC|[(Tf)w) € rp(V)}
(by construction of \) = {(A,B)eTC|(Tf)(A,B)eP(V)xP(®)}

= {(A,B) e TC| (P(f) x 1p@))(A, B) € P(V) x P(D)}
= {(A,B)eTC|(f[A],B) e P(V) x P(?)}
= {(A,B)eTC|f[A]CV}
(by a Galois connection) = {(A,B)eTC|AC f~1[V]}
= PV xP(2)
(by construction of \) = A(f7H[V])

= (AcoP(N)(V).

20



Hence, (P(T(f)) o Ap) = (Ac o P(f)), i.e., A is a natural map.

Therefore, {)\c . P(C) — P(P(C) x P(CID))}C is a predicate lifting for 7'

Now, consider a T'—coalgebra (X,v : X — P(X) x P(P)). We have seen before
that there is a one-to-one correspondence between T'—coalgebras and Kripke models.
So, let M, = (X,R,,V,) be the corresponding Kripke model and [|¢]] € X be
the semantics of a modal formula ¢ of a given modal language. We claim that
(Ve dx)([lel) ={z € X | m(y(z)) C [lel] and ma(y(x) C @} (where mi : P(X) x
P(®) — P(X) denotes the first projection and m : P(X) x P(®) — P(X) the

second one) corresponds to the interpretation of the semantics of the modal formula

Up. Because
(v eAx)(lel]) = {ze X [~(x) € Ax(lel)}

(by construction of \) = {z e X |v(z) e P(lel]) x P(®)}
{r € X | m(3(@) C lpl] and m(r(x)) € B}
{z e X[ Ry[z] € [[l]}
{z e X [Vy(Ryzy — M,y 1k p)}

(by definition of /g ) = Lr ([l¢]])

(by definition of O — operator) = [|Oyl],

the predicate lifting {)\c 1 P(C) — P(P(C) x P(@))}C generalizes the box-

operator.

The definition of A\c : P(C) — P(P(C) x P(®)), for any set C, could also be

rewritten in the following way: for any U C C,

Ae(U) ={(A,B) e P(C) x P(®) [ AC U}
={(A,B) € P(C) x P(®) | m(A, B) C U}
={weT(@)|mw) cU}

o1



We, now, claim that the family of maps {mc : P(C) x P(®) — P(C)}ec , each

defined as a first projection, is a natural transformation.

P() x P(®)
Set U m Set
P()
C P(C) x P(P) e, P(C)
Lf P(f) x1payl o LP(f)
D P(D) x P(®) — P(D)

71D

Let f: C — D and (U, P) € P(C) x P(®) then because

(P(f) o me)(U, P) =P(NHU)
= /U]
(by definition of ) =mp (f[U], P

we have P(f) o mc = mip o(P(f) x Lp@))-

So, the above diagram commutes, i.e., the naturality of m; holds.

Thus, since we have defined A by means of 71, the naturality of m; implies the nat-
urality of A. Then, replacing m; by an arbitrary natural transformation, a construction

principle for predicate liftings is obtained (see [P] Prop3.3).

Proposition 4.1.5 Suppose i : T — P is a natural transformation where P :
Set — Set is the power set functor. Then, the operation Ao : P(C) — P(T(C))
for any set C, given by A\¢(U) = {w € T(C) | pc(w) C U}, defines a predicate lifting
for T.

Proof: Let pn: T — P be a natural transformation. Then, define an operation
A0 P() — P(T(.)) as follows: for any set C,
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Ac
—

P(C) 2% P(T(C))
U — Xo(U) = {weT(C) | ne(w) S U}

Now, we need to show that {)\c :P(C) — P(T(C’))}C constitutes a predicate
lifting for 7.

Let X7, X5 C C be such that X; C Xs. Since by construction of A,
(X)) = {weT(C) | pelw) C X1}

{0 € T(O) | pelw) € X}
AC(X2)7

N

the order preservation holds for .

Let f: C' — D also be given.

Set | A Set

C P(C) 2% P(T(C))
LS P(f)T o  1PT)
D P(D) — P(T(D))

We claim that the above diagram commutes, i.e., P(T(f)) o Ap = Ac o P(f).

Because p is a natural transformation, the below diagram commutes. So, we have

P(f)opc=mppoT(f) (%).

23



Set | u

Lf

Then, since for any V € P(D),

(P(T(f)) o Ap)(V)

(by construction of \)

(

(
(by (%), i.e.,the naturality of u) = {w e T(C

(

(

(by a Galois connection)

(by construction of \)

the naturality of A is also satisfied. So, {)\C :P(C) — 75((T(C))}C t is a

predicate lifting for 7.

This proposition shows that for each natural transformation p : T — P it is

possible to construct a corresponding predicate lifting for 7. Since modal operators

are interpreted by predicate liftings this proposition gives us a principle of obtaining

new [—operators. In other words, for a given endofunctor 7" on Set such natural

transformations p : T" — P help us to find new predicate liftings for this endofunctor.

So, new logics are found as a result of adding new modal operators to the language

which means that variety of the same system increases.
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In the above proposition, the naturality of the corresponding predicate liftings is
ensured by the naturality of such natural transformations pu : T' — P. So, we can
interpret modal operators using these natural transformations in a slightly different

way. Now, let us see how this procedure works through the below argument.

First, we consider the following diagram and then observe how we can use these
natural transformations u : T" — P in place of the corresponding predicate liftings

in giving the semantics of a box-formula.

T(-
Set Uy Set
0
C gl T(C) jic P(C)
U U| U
(N~ {(ke) T P[] ] ()~ [P((lel])] P(llel])

Let (C,v: C — T(C)) be a T—coalgebra. Then, we have (x)

()~ [Pl = {weT(C) | pelw) € P([ell}
{weT(C) ] new) < [lell}
(by construction of \) = Ac([|¢]])
If we continue this argumentation, because we know [|[Jo|] = ((7) Lo Aa)([|¢]]) in

(C,~) we obtain another representation of the semantics of a box-formula by means

of a natural transformation p : T" — P in the following way:

[0¢l] =
(by ())

(P preserves compositions.) =



So, we also have [|D¢[] = (P(uc o 7)) (P({l#]]))-

We show how predicate liftings can be used to interpret atomic propositions of

Kripke models in the following example (see [P] Ex3.4.).

Example 4.1.6 Let, for any set C, T(C) = P(C) x P(®) where & is a set (of
atomic propositions of a given modal language). Then, for a fixed p € ®, consider a

constant operation:

- P

P(C) 25 P(T(C))
U — M(U)={(X,A) €T(C) |pe A}. (%)

Now, we claim that {\7,}, is a predicate lifting for T

First, order preservation of AP holds because for any X7, Xo C C, X; C X, implies

by (x) Ao(X1) = {(X,A)eT(C)|pe A}

Hence, we have \,(X7) C A% (X>).

Then, we need to show the naturality of AP.

P,
Set | A’ Set
C P(C) =% P(T(C))
Lf P(f)T o 1TPIT(S)
D P(D) v P(T(D))



Let f:C — D and V C D be given. Since

(P(T(f) o Xp)(V) = (Tf) " Np(V)]

{weT(@)[T(f)w) e Xp(V)}

{(X,A) e TC | (P(f) x Lp(@)(X, A) € X (V) }
{(X,4) eTC| (f[X], A) € Ap(V)}

{(X, 4)

A)eTC |pe A}

)

)

(by construction of \?) =

(since fTHVICC N V])

and A7, is constant)
= (Ao P(MV),

the above diagram commutes. Therefore, naturality of AP is also satisfied.
So, this constant operation constitutes a predicate lifting for 7.

Let (C,7) be a T—coalgebra and M, = (C,R,,V,) the corresponding Kripke
model. Now, it is time to show how the constant operation A7, defined above, helps

us interpret propositional variables of the Kripke model M,,. Since for any U C C,

(Ve A)U) = yAGWU)]
= {zeC|y) e )}

(by construction of \P) = {xeC|pem(y(x))}
{reC| M, zIFp}
(by definition of the valuation) = V,(p),

the constant map v~ o A%, gives us the set of worlds satisfying the propositional
variable p € ®. Consequently, for any p € ®, v~! o \? corresponds to valuation of p,

V(p), under the correspondence between T'—coalgebras and Kripke models.

There is a more general principle underlying the construction of this constant
predicate lifting {A7,} . We show it in Prop. 4.1.7.

Let us define 1 = {0} then there is a unique surjection !y : X — 1 for any set
X.
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Proposition 4.1.7 Let 7' be an endofunctor on Set and A C T'(1).Then, the
operation A& : P(C) — P(T(C)), given by MA(X) = {w € T(C) | T(!¢)(w) € A},

defines a constant predicate lifting for 7.

Proof: Let T' be an endofunctor on Set and suppose that A C T'(1). Then,

define an operation as follows: for any set C,

First, note that for any set X,

MN(X) = T(le) ' [A] (%)

Then, let for any X, Xo C C, X; C X5. As

by (x) A&(X1) = T(le) ' [4]
by () = Ao(Xa),

we have A2(X;) C MA(X5). Hence, order preservation trivially holds.

As for naturality, first consider the below diagram:

Set T Set
C T(C)
floN\e T(f) L N\t
D —1 T(D) T(—'>)T(1)

Let f: C'— D then g =!p o f because there is a unique function from C' to

1. Then, since T preserves compositions, we also have
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P
—_—
Set |\
PoT
C
Lf
D

Since for any V C D,

(P(T(f)) o A5 )(V)

(by (x))

(by a Galois connection)
(by ()

(by (o

by (#x))

(since f71[V] C C, by (x))

naturality of A% is also satisfied. So, {3

Set

29

}Caset

]
)(w) € Ap(V)}
)(w) € T('p)~" [A]}

p)(T(f)(w)) € A}
f

)(w) € A}

is a predicate lifting for 7.



Now, we want to show how the above lifting A4, for A C T(1), (where T is an
arbitrary endofunctor on Set) is a generalization of AP for a propositional variable
p € ® (when we choose T as T'(X) = P(X) x P(®) for any set X).

Consider T'(-) = P(-) x P(®) where ® is the set of propositional variables. Thus,
T(1) =P(1) x P(P).

Set P() xP(®) Set

—_

C = 1 P(C) x P(®) P(lc) % lpw)  P(1) x P(D)

Then, choose A = {(V,Q) € P(1) x P(®) | p€ Q}. So, ACT(1).

Now, we show that A} = AZ.. Recall that the family of maps {\} , .., defined
by, for any set U,

Ao(U) ={(V,Q) e P(C) x P(®) | p € Q}

is a predicate lifting for T. On the other hand, for any U C C,

(by () Ae(U) =T(le) " [A]
={weTC|T(¢)(w) € A}
={(V,Q) e TC | (P(lc) x 1p@))(V,Q) €
={V,Q) eTC|(Ic[V],Q) € A}
(lc[V]=0ifV=0and lc[V]=1if V #0) ={(V,Q) e TC |pe Q}
(by construction of \P) = \.(U)

Hence, A& = M\, for any set C. As a result, proposition 4.1.7 generalizes P
However, if we chose, for any p € ®, A = {{0}} x {Q € P(®) | p € Q} then for any
UCC,
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by (*) Ae(U) = T(lo) ' [A]
{(V.Q) e P(C) x P(®) | (P(lc) x 1p@))(V, Q) € A}
{(V,Q) e P(C) x P(®) | (Ic[V], Q) € A}

by construction of A = {(V,Q) e P(C)xP(®)|lc[V]=1and p € Q}

So, for any (V,Q) € A&(U), V # 0 and p € Q because otherwise if V = (), then
o [V] = 0.

As a consequence, for any T'—coalgebra (C,§), 1o AA(U) would fail to give Vs(p)
in general since it does not include the dead end points of the corresponding Kripke

model (i.e. the states with Rs [z] = () at which p € ® is satisfied. Formally, since

(by (1) (G oADT) = §T(e) " 4]
= {zxeC|di() eT(c)"" [Al}
(by a Galois connection) = {z € C|T(l¢)(d(x)) € A}
{z € O] (P(lo) x 1p@))(d(x)) € A}
= {zeC|(cm(x)],m(0(x))) € A}
(by construction of A) = {z e C|(l¢[m(d(z)] ={0} and p € m(6(z))}
{2 € C| [m(b(x)] £ 0 and p € m(5(x)))
= {ze€C|Rslx] #0 and z - p},

(671 0 MA)(U) could only give us the set of points with successor states where p
is satisfied, but if there is a dead end point x; € C' with x; IF p in the corresponding
Kripke model, then Vs(p) # (671 o A3)(U).

On the other hand, if we took A = {0} x{Q € P(®) | p € Q}, for any p € ®, then
given a T'—coalgebra (C,0), we would obtain the set of dead end points (i.e. with no

successor states) of the corresponding Kripke model where p € ® holds. Formally,
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(by (x)) (0710 XE)(U) = 6 T(le)" [A]]

{reCli@)eT(c)™" [Al}
(by a Galois connection) = {z € C |T(!c)(d(z)) € A}
{2 C1(Pllo) x L) (6(x) € A}
{z e C|(cm(x)],m(d(z))) € A}
(by construction of A) = {x e C| (l¢[m(d(zx)] =0 and p € m(d(x))}

{x e C|[m(0(x)] =0 and p € m(d(x))}
= {zeC|Rslz] =0 and zI-p}

Thus, it would again not be sufficient to give Vs(p) in general since it lacks of
points with successor states at which p holds. Hence, A should exactly be chosen as

P(1) x {Q € P(®) | p € Q} to be able to give V(p).

The above proposition provides us the semantics of the systems in a wide range,
i.e., from Kripke models to the ones corresponding to an arbitrary endofunctor T on
Set.

4.2 Modal Operators and Predicate Liftings

In classical modal logic, one often defines the diamond operator ¢ by putting (¢ =
—[=¢ for any modal formula ¢. Now, we show that this can already be accomplished

on the level of predicate liftings.
Proposition 4.2.1 Suppose that A is a predicate lifting for 7. Then, the family
of operations A : P(C) — (P o T)(C), defined by A3(X) = T(C) \ Ae(C'\ X) for

any X, is a predicate lifting for 7.

Proof: Assume that A is a predicate lifting for 7. Then, define a transformation

as follows:
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P

Set A Set
(73 oT)
c P(C) N P(T(O))

X = X)) =T\ A(C\ X)) (+)

We claim that {\}}¢ a ser cOnstitutes a predicate lifting for T.

First, we want to show the naturality of A". Let f : C — D then it is enough

to show that below diagram commutes.

Set |\ Set

C PC) 2% P(T(C))
L f P(f)T o TPIT(S)
D P(D) — P(T(D))

Since {Ac}o q ser 1s a predicate lifting for 7', the below diagram commutes, i.e.,

Set | A Set

C PC) 2% P(T(C))
L f P()T o 1P
D P(D) —— P(I(D))



we have P(T(f)) o Ap = Ao o P(f). (o)

Because for any V € P(D),

(P(T(f) e Ap)(V) = (T(f)~" [Ap(V)]
={w e T(C) [ (T(f)w) € Ap(V)}
(by construction of \') = {w eT(C)|(T(f)(w)eT(D)\ Ap(D\V)}
T(C)N(T(f)) [Ap(D\ V)]
(by naturality of A)(e) = T( )\ Ae((H) DAV
T(C)\Ac(C\ fHV])
(by construction of \') = )\C( Lv))
= (Ac o P(NI(V),

naturality of A\ holds.

As for order preservation of A, let A, B C C be such that A C B then

C\BCC\A ()

Because {A\¢}¢ is a predicate lifting for 7', order preservation holds for A, i.e.,
Ac(C\ B) C A\e(C\ A) C T(C). Thus, since

order preservation is also satisfied for A'. As a result, {/\ yJc is a predicate lifting

for T as well.
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For the remainder of this section, A denotes a set of predicate liftings and we put
Ajz{)\j|)\€/\}.

4.3 Coalgebraic Semantics of the Modal Operators
for Different Functors

In this section we give the coalgebraic semantics of boxed formulas for P—coalgebras.

We start with the power set functor.

Example 4.3.1 Let T" be the power set functor P : Set — Set.

Now, we define two natural transformations A=, A% : P — P o P by putting for

every set X,

and

2% -

P(X) — P(P(X))
U — AU ={VCX|VNUAD. ()

Then, the coalgebraic semantics of boxed formulas [)\D] @ and [)\0] @ on a given
P—coalgebra (X,v: X — P(X)) is calculated as follows:

(by definition) [H)\D]@H(Xm = 7)(7)()\9(([‘90|](X,»y)))
(by (+)) = 7 [Pl xn)]

— {zeX |y e Plellxy)}

= {re X | Rl C [l )

— {eeX|vyye Rl —yelelx)]
(by definition of (g) = gR(HQO”(X,y))
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and

(by definition)  [|[X] ¢[] ., = PO [ellxn)

oy (o) = 7 [{vex1valelx, #0}]
= {s e X 9@ Nl # 0}
= rxeX|yey(r)dy e HSOH(X,'y)}'

where Vo € X, y(z) = R |[z] is interpreted as the set of all successor states of .

If we view the P—coalgebra (X, ) as a Kripke frame (X, R,) with

11 Ryx9 = 29 € Y(21),

we see that the coalgebraic semantics of the language given by A = {/\D,/\O}
coincides with the ordinary Kripke semantics in (X, R,) where for any modal formulas
Up and Oy ,

(by definition)  [[Oel] x,) = {z€ X [VylzRy —ylF o)}
= (T€X|VyYlye R, [z] —yE€E [|s0|](x,7))}
= {ee X | Ry [s] € [lell o }
= {se X R[] € Pl }

and

(by definition) “<>()OH(X,7) = {reX|yeX>32Ryandyl-p)}
= JreX|ER,z]oy€ Hso!](x,w}
= qrE€X | R, [N (o]l xn 7”3}

Now, let’s have a look at another example of predicate liftings.
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Example 4.3.2 Let T' be the functor P(_) x P(®) : Set — Set where @ is the

finite set (of propositional letters).

Now, we define two natural transformations A\'and \? :

Set ﬁl Set
(PoT)
X PX) A P(T(X))
U — A (U)=PU) xP(2) (x)
and
_P,
Set I A2 Set
(PoT)
X P(X) X P(T(X))

U — M U)={(K,L) e P(X) xP(®) | KNU #0} (%)

We claim that Aland \? are predicate liftings for T'.

Consider the below diagrams:

P,
Set | A' Set

,ﬁTJ: 1
X PX) 25 PT(X))
| f P(f)T o 1TPT(S)
Y PY) — PI(Y))

We have shown before that the above diagram commutes, i.e., A o P(f) =

P(T(f)) o N
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So, {)\ﬁ( L P(X) — P(P(X) x P(@))}X is a predicate lifting for 7'

Now, we want to show that the following diagram also commutes i.e.\} o P(f) =

P(T(f)) o A%

P,
Set |\ Set

; 2
X PX) X5 PpT(X))
Lf P(f)T o TP(T(f))
v PY) — PT(Y))

(P(T(f) o X)(V) = (T (V)]

{(A,B) e P(X) x P(2) | (P(f) x Lp(@))(A, B) € (V) }
= {(4,B) e P(X) xP(®) | (f[A].B) € AL-(V)}
(by construction of A?) = {(A4,B) € P(X)xP(®)| fI[AINV #0}
= {(A,B) e P(X)xP(®) | AN [ V] # 0}
(by construction of A?) = Ni(f7'[V])
= (Ao P(N(V),

naturality of A? holds.

As for order preservation, for A, B C X let A C B. Then, since
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)EPX)xP(P®)| KNA#D}
)€ P(X)xP(®)| KNB#0}

order preservation holds.

As a result, {/\§( cP(X) — P(P(X) x P(@))}X is also a predicate lifting for
T.

Now, let’s define another transformation \? :— P(_) x P(®P) by putting for any
set X,

M

P(X) 5 P(P(X) x P(®))
U X(U)={(K.L) € P(X) x P(®) | p e L}.

We have seen in Example 4.1.6 that {\"},cq is a (constant) predicate lifting for

T as well.

Now, consider a T—coalgebra (X, : X — P(X) x P(®)) where for any x; € X,

V(@) = (Rlna], Qlan]) € P(X) x P(®)

If we interpret R [z1] as the set of all successsor states of x1 and Q[z1] the set of all
propositional variables satisfied by x;, we obtain a Kripke model M., = (X, R,, V)
with

T1R Ty = 79 € R[11] = (mo7)(x1) (o)

and for any p € @,

x1 € V,(p) = p € Q1] = (ma 07)(w1). (e)

Formally, we have
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(by definition)  (P(y) o X5 )(U) = ~y '[{(K,L) € P(X) x P(®)|pe L}
= {zeX|pemony(x)}
{z e X |peQl}
= Vi(p).

Hence, {)\p}p@ gives us the propositional variables of the corresponding modal
language and furthermore, they interpret the valuation V,, of the Kripke model M., =
(X, R,, V).

On the other hand, given a Kripke model M = (W, R, V'), we can also obtain a
T—coalgebra (W,~: W — P(W) x P(®)) by putting Vw € W,

!

Y(w) = (Rw],V [w]) € P(W) x P(®)

where V' [w] ={pe ®|w e V(p)} and R[w] = {vw" € X |wRw'} .

As a result, there is a one-to-one correspondence between the T'—coalgebras and

the corresponding Kripke models.

On the other hand, the coalgebraic semantics of boxed formulas [A] ¢ and [A\?] ¢

on a given T—coalgebra (X, ) is calculated as follows:

(by definition) [|[M]¢[lx, = (P() o) [lel )
(by construction of \!) = ! [P(HSOH n) X P(® )}
= {eeX|mon(z) € Pl xn) and m 0 7(x) € P(D)}
(by (e) and (ee)) = 12 € X | R[z] C [lollx,) and Qlz] S }
= {z e X |VyRy — yF, 0}
(by definition of /) = KR—Y(HSDH(X,W))
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and

(by definition) [[[N]¢[] ) = (P(y) o A ([l x,)
(by construction of A?) = o [{(, 1) € PX) x P(®) | K0 [j¢l] ) # 0}

= weX[(moy@)nlelx, #0 and (moy(z)) S QP}
(by (o) and (ss)) = {ee X Rl N il # 0 and Qlz] € @}

= {vex|yerEsyelvlnx,)
= {zeX|yeX3zRyand yE, ¢}
(by definition of mpg) = me(“SOH(Xﬁ))-

Hence, we have seen that the coalgebraic semantics of the language L£(A) given

by A = {\', N} U{N} 4 coincides with the ordinary Kripke semantics.
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CHAPTER b

CORRESPONDENCE BETWEEN
P.,-COALGEBRAS AND IMAGE-FINITE

KRIPKE FRAMES

In this section we show corresponding T'—coalgebras to the image finite frames and
observe which functor gives us these T'—coalgebras. Then, associated with this func-
tor, we give a set of predicate liftings for 7" and the coalgebraic modal logic given by

this set of predicate liftings for 7' .

5.1 Predicate Liftings For P,

In this section first we introduce the suitable language of the coalgebraic modal logic
for the finite power set functor, P,. Then we give the coalgebraic modal logic for P,

and the corresponding modal logic using predicate liftings.

Now, let’s consider the finite power set functor P, : Set — Set, defined by for
any set X,

Po(X)={VC X ||V|<wt={VCX|Vis finite}. (o)

72



We define two transformations A\, \% : P — P o P, by putting for every set

A¥ s P(X) — P(P.(X))
U — AP ={VCU||V|<w}=P,U) (%)

and

e PX — P(Pu(X))
U +— A O)={VC, X|VAU#D}. (x*)

AP\ are natural transformations as we have shown below.

Consider the following diagram:

P
Set | A Set
7;: O
X PX) 25 P(PLX))
Lf P(H)T o TPP.F)
Y P(Y) — P(P.(Y))
o

For any f : X — Y, we need to show that the above diagram commutes, i.e.,
A 0 P(f) = P(P.(f)) o AP, Since for any E CY,
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~—~

*))

Galois connection)

)
)

Q

/‘\/&/\/\
< < < <

—~

*

naturality of AP holds.

= (Pu(f)! [Pu(B)]

= {K € Pu(X) | Pu(f)K) € Pu(E)}

= {K C, X |card(f[K]) <wand f[K] C E}
= {KC X |KC fE]}

= 7%(f’1 [E])

()

= <ADw o P(f))(E),

As for order preservation of A7 for any A, B C X, let A C B. Then, since

(by (%)) AR~ (4)

(by (%))

E/\;\
S

N
>
STal

order preservation is also satisfied. Hence, {)\_)D(“ } « s a predicate lifting for P,

Now, consider the below diagram:

Set

Lf

U' )\Ow

7507)“)

Set
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First, we want to show the naturality of A% . It is enough to show that P(P,(f))o
A = \3 o P(f) forany f:S — T. As for any X C T,

(by (x%))  (P(Pu(f) 0 Af)(X) = (Pu() T {Y € Pu(T) | Y N X # 0}]
(by (e)) = {K eP,(S)|card(f[K]) <wand f[K]NX # 0}
{KCoS|fIKINX #0}
{KC,S|FHeK>f(t)e X}
= {KC.S|KnfH[X]#0}
(by (+x)) = A& (X))
= (A& o P(f)(X),

naturality holds.

Next, we will verify that A% preserves order. For A, B C S, let A C B then since

(by (%%))  A§*(A) {XCo S XNA#0}
C {XC,S|XNnB#0}

g (A),

(by (%))

order preservation is satisfied. As a result, {)\%’ } « 1s also a predicate lifting for
P..

5.2 Interpretation of Modalities for P,

In this section first we give coalgebraic semantics for boxed formulas for a P,-
coalgebra. Then we show relationship between P,-coalgebras and image-finite Kripke
frames. Consider a P, —coalgebra (X, v: X — P,(X)) by defining for any z; € X,
V(z1) € Pu(X) as the set of all successor states. Also, choose [|¢|] ) € X. Then,

we have
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(by (9) (P(1) APV [ellxy) = 77 [Pullielinn)]
— {ze X 7)€ Pulllell ) }

(by (o)) = {re X | card(y(2)) <w and 4(x) C (¢l }
= {z e X |card(v(z)) <w and Vy € y(x),y E, ¢}
(by definition) = [1Bel] x4
and

(by () (P() o X[l = 77 [{V o X TV ligllixsy # 0} ]
= {e e X |card(r(x)) < w and 4(2) 0 [l¢] x,,) # 0}
= Jx € X |card(y(x)) <wand Jy € y(x) Dy € H@H(x,y):
= {re X |card(y(z)) <wand Jy € y(xz) 5 y E, ¢}

(by definition) = [[0ellixq -

Then, the coalgebraic semantics of boxed formulas [ADW}  and [)\OW] p on a given

P, —coalgebra (X, ~) is calculated as follows:

[T ell k. = PO oAz (el ixq)
and
[[X%Tell xpy = PO oA ellixq)-

Now, consider an arbitrary P,—coalgebra (X, v : X — P,(X)) and define
R, C X x X as follows: Va;,z5 € X,

11 Ryxy & 1y € y(27)
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where y(z1) € P,(X). Hence, we obtain a Kripke frame (X, R,) where for any
x € X, y(x) € X is finite, i.e., the set of successor states y(z) for any z € X is
finite. Therefore, (X, R,) is image-finite.

Consequently, for any P,—coalgebra, the corresponding Kripke frame is image-
finite. [see Ex 3.4.5]Hence, any two models M, M’ of these Kripke frames are also

image-finite.

On the other hand, given an image-finite Kripke frame (X, R), we obtain a
P,—coalgebra (X, vz : X — P, (X)) by defining a transition structure vz : X —
P,(X) on X with Vz; € X,

Y(z1) = Rz:] = {y € X | 21 Ry}

as the (finite) set of all successor states.

As a consequence, there is a one-to-one correspondence between P, —coalgebras

and image-finite frames.

If we take A = {)\DW, /\OW} then we see that the coalgebraic semantics of the

language L£(A) coincides with the ordinary Kripke semantics.

77



CONCLUSION

This thesis is mainly concerned with the coalgebraic modal logic based on the finite
power set functor. It also deals with the properties of the Kripke frame corresponding
to coalgebras of this functor and how the predicate lifting, constructed, of this functor

generalizes the box operator of usual Kripke semantics.
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