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Abstract

A new approach to simulations is proposed within the theory of coalgebras by tak-
ing a notion of order on a functor as primitive. Such an order forms a basic building
block for a “lax relation lifting”, or “relator” as used by other authors. Simulations
appear as coalgebras of this lifted functor, and similarity as greatest simulation.
Two-way similarity is then similarity in both directions. In general, it is different
from bisimilarity (in the usual coalgebraic sense), but a sufficient condition is formu-
lated (and illustrated) to ensure that bisimilarity and two-way similarity coincide.
Also, suitable conditions are identified which ensures that similarity on a final coal-
gebra forms an (algebraic) depo structure. This involves a close investigation of the
iterated applications F"(()) and F™(1) of a functor F with an order to the initial
algebras and final objects.

1 Introduction

Simulations are relations between one (dynamical) system and another, ex-
pressing that if one system can do a move, then the other can do a similar
move. Simulations are heavily used for transition systems and automata (see
e.g. [15]), especially for refinement proofs. Also, they are studied in modal
logic [2], domain theory [16,7], category theory [22] (using spans, following
earlier, unpublished work of Claudio Hermida on modules). Here we study
simulations in a purely coalgebraic context, starting from a new, elementary
notion of ordering on a functor, and using familiar techniques based on “rela-
tion lifting” or “relators”. An early version appeared as [14].
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The main contribution of the paper is systematisation, namely, systematisa-
tion of the definition, examples, results (for instance, about the properties of
the order) and connections (e.g. between two-way similarity and bisimilarity).
But many research issues remain.

Part of our work, especially in Sections 8-10, is also closely related to Jifi
Adamek’s development in [1]. There, he defined an order on the final coalgebra
Z of a functor F' such that Z was the ideal completion of the initial algebra
(under the same order). His order is not typically a simulation for some order
C, as we study here, and so his result is not subsumed by our work here.
Nonetheless, his approach informed many of the choices we made, especially
our emphasis of bottom elements.

The paper starts with our main definition, namely of order on a functor in
Section 2. These orders are combined with ordinary relation lifting (recalled
in Section 3) to form “lax relation liftings” in Section 4. Simulations then
appear as coalgebras of such lax relation lifting functors. Similarity is the
greatest simulation, and two-way similarity is similarity in both directions. Its
relation with ordinary bisimilarity is established in Section 6. Section 7 turns
the similarity order on a final coalgebra into a dcpo structure in presence of
a certain distributive law, or equivalently, a preservation property. Section 8
investigates the order on sets of terms F"()) and observations F™(1) that arise
in the construction of initial algebras and final coalgebras as w-(co)limits. Sec-
tion 9 establishes that the limit order on such a final coalgebra coincides with
similarity (under a suitable preservation property). Section 10 then describes
conditions that guarantee that the final coalgebra forms an algebraic cpo in
which the finite elements arise from the finite elements from F"(1). Finally,
Section 11 shows how elements of F™(()) appear within a final coalgebra as
those elements without infinite transitions.

2 Orders on functors

We shall write Sets for the category of sets and functions, and PreOrd for
the category of preorders (X, <) (with < a reflexive and transitive relation
on X) and order-preserving (monotone) functions between them. There is an
obvious forgetful functor PreOrd — Sets sending a preorder (X, <) to its
underlying set X. This functor will remain unnamed.

Definition 2.1 Let F': Sets — Sets be an arbitrary endofunctor on Sets.
We define an order on F' to be a functor C: Sets — PreOrd making the



following diagram commute.

PreOrd
L

Sets Sets

F

In this paper our examples are of a set-theoretic nature, so we restrict the
above notion to endofunctors on sets, and we do not strive for the highest level
of generality. But it is very easy to generalise it to other categories C. The
category PreOrd should then be suitably replaced by a category of preorders
in C (or even a fibred category of preorder relations over C in some logic).

In concrete terms, an order C on a functor F', as just defined, assigns to
each set X a preorder Cy C F(X) x F(X) such that, for any Sets-map
f: X =Y, the function F f: FX — FY is monotone with respect to C x and
Cy. Preorderedness seems to be the minimal requirement that one wishes to
impose on such orders in the current setting.

Often, like in [16,7], notions of simulation are studied in an ordered setting,
where the functor F' acts on some category of dcpos. In that case each X
and F(X) is a dcpo and thus automatically carries an order. Our approach is
minimal in a sense, because it only requires an order on the images F'(X) of
F', and not on arbitrary objects.

Example 2.2 We illustrate the notion of order on a functor in the following
examples.

(1) For each functor F: Sets — Sets we have both the discrete order (only
equal elements are related) and the indiscrete one (any two elements are
related).

(2) Consider the functor S(X) = 1+ (A x X) which adds a bottom element *
to a product set A x X, where A is an arbitrary, fixed set. The behaviours
of coalgebras of this functor consist of both finite and infinite sequences of
elements of A. The sets S(X) carry the familiar “flat” order: for u,v €
S(X) ’

uCv <= u#t*x=>u=v
= Vac AVre X.u=(a,z) =v=(ax).

(In this formulation we have left the coproduct coprojections 1 — 1 +
(A x X) <= Ax X implicit.)

(3) Next we consider the list (or free monoid) functor L(X) = X*. A coal-
gebra of this functor maps an element to a finite list of successor states
(g, ..., Tn_1), so that order and multiplicity of such states matter. Sev-



(4)

(5)

eral orderings on L are possible, which may or may not take the order
and multiplicity into account.

(o, -+ Tn-1) C1 (Yo, -+ Ym—1)
<= there is a strictly monotone function
v:{0,1,...,n—=1} = {0,1,...,m—1}
with T; = Ypu), for @ <n.

Strict monotonicity means that © < j implies (i) < ¢(j). As a result,
15 injective, and n < m. This order Ty basically says that the smaller
sequence can be obtained by removing elements from the bigger one.

Our second ordering on L is much simpler, and ignores much of the
existing structure:

<x0,...,$n_1> Eg <y07'~->ym—l> — Vi < n. 3] < m.x; = Yj-

Thus, for different elements x,y,z € X we have (x,z) C; (x,z,y,z) for
bothi =1,2. But (y,x,z) C; (z,y) only holds fori = 2. Clearly, =, C L.
Our next example involves the related “bag” functor B, capturing free
commutative monoids (as algebras of the associated monad). It can be
described as:

B(X) = {a: X — N | only finitely many v € X have a(x) # 0}.

Often one says that such an a has “finite support”. When using the bag
instead of the list functor, we care about multiplicities a(x) of elements
x € X, but not about the order in which they occur. Like before we con-
sider two orderings on the functor B. The first explicitly includes a mul-
tiplicity requirement:

al) <= Ve X a(r) < [(x).

When we wish to ignore multiplicities and only consider occurrences we
order as follows:

alyf <= Vre X alx)#0= §(z) #0.

This says that if x occurs in «, then it should also occur in 3, without
regard to the multiplicities of each.

Our final example involves the powerset functor P with a set A of “labels”,
in the functor T (X) = P(X)* 2 P(A x X). As is well-known, coalgebras
of this functor are labeled transition systems. The obvious order on «, 3 €
T (X) is pointwise inclusion:

alC <= Vac A afa) C fa).



At the end of this section we like to point out that our general notion of order
on a functor, as given in Definition 2.1, allows us to formulate general results
like: given a natural transformation o: F' = G, then an order C% on G induces
an order CF % 5*(C%) on F, namely as u CF v <= oy (u) C¢ ox(v), for
u,v € F(X). In this way one can organise orders in a category which is fibred
over a category of endofunctors.

Also, for a functor I with order C one can define a category CoAlg:(F) of
F-coalgebras with “simulation mappings”: a map f from X —— F(X) to
Y -4 F(Y) in CoAlg. (F) is then a function f: X — Y with F(f)(c(z)) C
d(f(z)) on F(Y). Such a category is sometimes used for transition systems
(see [5, Definition 11], if one wants maps to only preserve (and not reflect)
transitions.

3 A recap on relation lifting and bisimulations

We shall write Rel for the category of binary relations. Its objects are arbitrary
relations R C X; x X5; and its morphisms from R C X; x Xoto S C Y] x Y,
are pairs of functions fi: X; — Y1, fo: X5 — Y5 between the underlying sets
which preserve the relation, in the sense that R(z1,x2) = S(fi(z1), fo(z2)).
There is then an obvious forgetful functor Rel — Sets x Sets mapping a
relation to its underlying sets. Notice that there is a full and faithful embedding
PreOrd — Rel, describing preorders as a subcategory.

It is fairly standard in the theory of coalgebras [9,12] to associate with an
endofunctor F': Sets — Sets a relation lifting Rel(F): Rel — Rel in a
diagram:

Rel(F)
Rel Riel
Sets x Sets Fx F Sets x Sets

For an arbitrary functor, this relation lifting Rel(F") can be defined on a rela-
tion (rq,79): R — X x X; by taking the image of the pair

(F(r1),F(ry)): F(R) — F(X3) x F(X3),

see e.g [4,17]. In the language of fibred categories, then,

Rel(F)(R) = T1 ., o, FOR)



and in set-theoretic terms,

Rel(F)(R)
= {(u,v) € FX; x FXy | Jw € F(R). F(r)(w) = u and F(ry)(w) = v}.

For the special case of polynomially defined functors F, Rel(F) may equiva-
lently be defined by induction on the structure of F, see e.g. [12].

This relation lifting is assumed to satisfy the following properties.
(1) Equality is preserved: Rel(F)(=x) = =p(x)-
(2) Composition is preserved: for RC X x Y and S C Y x Z, the relational
composition! S o R = {(z,2) | Jy. R(z,y) A S(y, 2)} satisfies:
Rel(F)(S o R) = Rel(F)(S) o Rel(F)(R).
(3) Inclusions are preserved: if R C S then Rel(F)(R) C Rel(£)(.5).
(4) Reversals are preserved: Rel(F')(RP) = Rel(F)(R)°P.

5) Inverse images (or substitution, or reindexing) is preserved: for functions
g g
fi: X1 —= Y1, fo: Xo — Y5 and a relation S C Y; x Y; we have:

Rel(F) (/2 x f2)74(5) ) = (F(f2) x F(£2)) ™ (Rel(F)(S))-
All these properties hold for functors F' that preserve weak pullbacks.
For example, as a consequence, the graph relation
Graph(f) = (f x id) '(=y) C X x Y

of a function f: X — Y satisfies

Rel(F) (Graph(f)) = Graph(F(f)).

A bisimulation is then just a Rel(F')-coalgebra. It is a map in Rel over two
maps in Sets, which are the underlying coalgebras. Concretely, in terms of
such coalgebras c¢: X — F(X) and d: Y — F(Y) of the same functor F', a
bisimulation (between ¢ and d) is a relation R C X xY satisfying for all z € X
andy €Y,

R(z,y) = Rel(F)(R)(c(x), d(y))-

! Note that we write relational composition in the same order as ordinary functional
composition.



Or, pictorially, as a map in Rel:

R-—————- >Re1(li)(R)
X XY ———>F(X) x F(Y)

The next result mentions some standard properties (see e.g. [18]) that are
relevant in the current setting. Proofs are omitted.

Proposition 3.1 Let F' be an endofunctor on Sets with a relation lifting
functor Rel(F) as described above. Then, with respect to coalgebras X = FX

andY % FY one has that:

(1) Bisimulations are closed under arbitrary unions; as a result, there is a
greatest bisimulation relation <= C X XY, which is called bisimailarity.

(2) The equality relation =x C X x X is a bisimulation (for the single coal-
gebra c). Similarly, bisimilarity < C X x X is an equivalence relation.

(3) An arbitrary function f: X —Y is a homomorphism of coalgebras (that
is, satisfies d o f = F(f) o ¢) if and only if its graph relation Graph(f)
15 a bisimulation.

Hence if [ is a homomorphism, then x < f(x).

(4) For a homomorphism f: X — Y and elements z,x' € X one has v < 2
iff f(x) = f(').

(5) If F' has a final coalgebra Z =, FZ, then bisimilarity on Z s equality.
Hence forx € X andy € Y one has x < y iff |(x) = |(y) —where ! is the
unique homomorphism to the final coalgebra. ([l

Example 3.2 We briefly describe bisimulations for the examples from the
previous section.

(1) Consider two coalgebras X < S(X), Y N S(Y) of the sequence functor
S(X) =14+ (A x X). A relation R C X x Y is a bisimulation iff for
all x € X and y € Y with R(x,y) we have either c(x) = d(y) = *, or
c(z) = (a,2') and d(y) = (b,y') with a = b and R(z',y').

(2) For two list-functor coalgebras X < X*| Y L Y* we have z & w iff
there is a relation R C X X Y with R(z,w) such that for all elements
re X andy e, if R(x,y), then if c(x) = (xo,...,Tp-1) and if d(y) =
(Yoy -+ Ym—1), then n =m and R(z;,y;) for all i <n.

(3) For bag-coalgebras X % B(X), Y 4, B(Y) the situation is more compli-
cated. A relation R is a bisimulation iff for all x € X and y € Y with
R(z,y) there is a v: R — N such that the following hold.

e y(z,y) =0 for all but finitely many x and y.
o o()(x) =5, {1, y') | R}
o d(y)(y) = L7 y) | R(x'y)}.



(4) Finally, for transition system coalgebras X - P(X)A, Y 5 P(Y)4, a
relation R C X X Y is a bisimulation as defined above iff it is a (strong)
bisimulation in the usual sense: if R(x,y), then both:

o ifx — 1’ (ie., 2 € c(x)(a)), then there is an y' € Y with y — ¢/
and R(z',y').

o ify —— v, then there is an o' € X with v — 2’ and R(2’,y/').

4 Lax relation lifting and simulations

In the previous section we have seen how bisimulations were defined as coalge-
bras. We shall follow the same approach in this section for simulations. They
are defined as coalgebras of a “lax relation lifting” functor Relc(F') which is
defined as a suitable combination of an order C on an endofunctor F and
standard relation lifting.

Definition 4.1 For an endofunctor F': Sets — Sets carrying a relation C
(as in Definition 2.1) we define a laz relation operation Rel-(F) as:

R+—— Cyo Rel(F)(R) oLy
={(u,v) | I, V. uCx ' A (W,0") € Rel(F)(R) ANV Cy v}
={(u,v) | Jw € F(R).u Cx F(r1)(w) A F(ry)(w) Cy v}
= (Fry X idpy) ™' Cy o (idpx x Fry)™' Cx,

where R has projections (ry,rs): R — X x Y.

In other terms,

Rele(F)(R) = [1,, .., (. F(r1) 0 m) ™ (Ex) N (F(ra) o mo,m) ™ (Ty))
as in the diagram below.

(71, F(r1) o ) (F(rq) o mo,m3)

FX xFX FXxFRxFY

(71, 73)

FX x FY

FY x FY

A stmulation is then defined as a Relc(F')-coalgebra.

What we call lax relation lifting is called a relational extension in [10] and a
(weak) relator in [20,2].

Lemma 4.2 For F with order T as above we have:



(1) Rel=(F) is a functor in commuting diagram:

Rel-(F
Rel el (F)

Rel

Sets x Sets Fx F Sets x Sets

(2) Rele(F)(=) =C.

(3) RC S = Rel-(F)(R) C Rel=(F)(S).

(4) Rele(F)(R) = Relces (F)(R)

(5) Simulations are closed under arbitrary unions.

(6) If R is a bisimulation, then both R and R°P are simulations.
(7) For every f: X — Z and g: Y — W,

Rel=(F)((f % 9 (R)) € (P x Fg) ™ (Rel=(F)(R) ).

(8) For every f: X — Z and g: Y — W,

IL, ., (RE(PY(R) € Reic(F)(IL,,, ).

Proof. We prove each claim in turn.

(1) Consider a morphism R — S in Rel, consisting of relations R C X x Y
and S C Z x W with functions f: X — Z and ¢g: Y — W between
the underlying sets with R(z,y) = S(f(z),g(y)). Assuming (u,v) €
Relc (F)(R) we have to prove that (F'(f)(u),F(g)(v)) € Relc(F)(95).
The assumption gives us v’ € F(X) and v’ € F(Y) with v C «/, (v/,0') €
Rel(F)(R) and v C v. Since C and Rel(F) are functors we then get
Ff(u) C Ff), (Ff(u'), Fg(e') € Rel(F)(S) and Fg(v') C Fg(v).
This establishes our goal.

(2) Because:

Rel-(F)(=) = Co Rel(F)(=) o C
Co=oC
CoC
=C since C is transitive.

(3) Obvious, because ordinary relation lifting preserves inclusions.



(4) Because:

(u,v) € Relc(F)(RP)
— v uCu AW, 0) € Rel(F)(RP) AV Co
— v U TP u A (W, 0) € Rel(F)(R)® A v CP o
< 0o EP VA (V,u) € Rel(F)(R) AN u/ C°P
<= (v,u) € Relger (F)(R)
<= (u,v) € Relgen (F)(R)°P
(5) Since composition of relations and ordinary relation lifting preserve in-
clusions.
(6) If R is a bisimulation then so is R°P, and hence R and R°P are simulations
because C is reflexive.
(7) Suppose that (u,v) € Relc(F)((f x g)"'R). Then, there are «/, v’ such
that
uCu' A (u,0v) € Rel(F)((f x g) 'R) AV C .

Since relation lifting preserves inverse images, we see that
(u',v") € (Ff x Fg)"'Rel(F)(R),
ie., (Ff(u'), Fg(v')) € Rel(F)(R). Thus,
Ff(u) EFf) A (Ff), Fg(v')) € Rel(F)(R) A Fg(v') E Fyg(v)

and so (u,v) € (Ff x Fg) 'Relc(F)(R).
(8) By (7), we have

Relc (F)((f x 9)7' [1,,, B) € (Ff x Fg)"'Rel(F)(]],, ).

and hence, since [[r, 1 (f x g)7',

HFfXFg RelE(F)(R) c HFprg RelE(F)((f X g)il fog(R))
C Rele(F)([1,,,, R). 0

Definition 4.3 We say that F' with order C 1is stable if the associated lax
relation lifting operation Rel- (F') commutes with substitution. This means that
the inclusion C in Lemma 4.2 (7) is an equality.

Throughout, we will consider the following class of polynomial functors (with
order) as a running example. These functors are of special interest to us, as
they provide the basic examples of functors in which the final coalgebra Z is
an algebraic cpo, as we will see in Section 10.

Definition 4.4 Poly is the least class of functors closed under the following.
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e For every pre-order (A,<)a, the constant functor X — A with the order
given by Cx = <4 15 in Poly.

o The identity functor X — X with Cy = =x is in Poly.

o Given two polynomial functors Fy and F, the product functor Fy x Fy with

componentwise order is in Poly.
o Given polynomial F, the functor F4 taking X — (FX)* with order

aC <= Vae A ala) CF B(a)
15 in Poly.
o Given Fy and Fy with orders C' and T2 respectively, the functor Fy + F

with Cx the disjoint union of Eﬁ( and ;§< 1s in Poly.
e Consider again the functor Fy + Fs, but with the concatenation order

aCvbiffaCxbor(a€ F1X and b e FyX),

where Cx is as in the previous item. This ordered functor is again in Poly.
(We use this order for the functor S(X) = 1+ (A x X) in Example 2.2 (2).)

Every polynomial functor is stable. However, not all of our examples involve
polynomial functors. We extend the result presently.

If F has a stable order CF, then the following are also stable.

e The functor P o F, with order
SCT<+=VseS qHeT st

e The functor £ o F, where £ is the list functor from Example 2.2 (3).
As before, there are two evident derived orders. The first is a strict order
involving multiplicities: (xq, ..., Zn_1) 51 (Yo, - - - , Ym_1) iff there is a strictly
monotone function ¢: {0,1,...,n—1} — {0,1,...,m—1} with z; CF y,@),
for i < n.

The second is a simpler order, given by: (zo,...,Zn—1) T2 (Yo, -+, Ym—1)
iff for each i < n there is a j < m with z; CF y;.

Finally, the bag functor B is stable with either order C; or Cy from Exam-
ple 2.2 (4).

Thus, all of the functors from Example 2.2 are stable.

In fact, the orders in which we are interested satisfy a stronger condition than
stability, namely: for every f: X — Y, we have

(idx Ff)™ Cy € I, Cx - (1)

11



One can show that I satisfies (1) iff (a) F' is stable and (b) for every relation
RCX xY,

Rel(F)(R) oCx C Cyo Rel(F)(R).

One finds that checking (1) is typically easier than checking stability. All of
our constructions above preserve (1), save one. The functor F} + F» with
concatenation order C’' need not satisfy (1) when F; and F, do. However, if
F} is constant and F, satisfies (1), then so does F} 4+ F», which applies to our
examples.

It seems that stability is a most reasonable condition to require for an order
on a functor. We shall require and use it throughout.

The condition is not trivial, however. Functors with “lexicographic” ordering
need not be stable. In particular, consider the functor F.X = 2 x X with the
order

(n,z) Cx (m,y) iff n <m or (n =m and = =y).
This order is not stable. For example, consider X = {z} and Y = {y} with
the functions iny: X — X +Y and iny: Y — X + Y. The reader may check
that the pair of elements (0, ), (1,y) is in the relation

(Finy xFiny) 'Rel=(F)(=x1v)
but not in the relation

RelE(F)((inX X iny>71 :Xer).

Example 4.5 We describe concrete simulations using the functors from Ez-
amples 2.2 and 3.2. Note that each of these functors is stable.

(1) For two sequence coalgebras X = S(X), Y 4 S(Y) of the sequence
functor S(X) = 1+(Ax X)) a relation R C X XY is a simulation iff for all
rx € X andy €Y with R(x,y) we have (c(z),d(y)) € Rel=(S)(R)—where
the order C is as described in Example 2.2 (2). This means that there
are u,v with c(z) C u, (u,v) € Rel(F)(R) and v C d(y). If c¢(x) = * this
yields no information, but if c¢(x) = (a,x’) we know that uw = (a,z’), and
so that v = (a,y’) with R(z',y'). But then d(y) = (a,y’). In conclusion, if
R(z,y), then either x is an empty sequence (c(z) = *), or c(z) = (a,z’)
and d(y) = (a,y") with R(z',y).

(2) For the list functor L(X) = X* we have seen two orderings Ty and Ty in
Example 2.2 (3). Hence for two list-functor coalgebras X = X*, Y 2y
there are two associated notions of simulation. A relation R C X XY is a
simulation for Cy if R(x,y) implies the following: If ¢(x) = (xo, ..., Tn-1)
and if d(y) = (Yo, .-, Ym_1), then there is a strictly monotone function
0:{0,1,...,n =1} = {0,1,...,m — 1} with R(x;,y,@)) for each i <n.

For the second order Ty we would only have: Vi < n.3j < m. R(x;,y;).

12



(3) For the bag functor B we only consider the first ordering Ty from Ezam-
ple 2.2 (4). For two coalgebras X < B(X), Y <5 B(Y) a relation R is a
simulation (wrt. Ty) iff for allx € X andy € Y with R(x,y), there is a
v: R — N such that v is zero almost everywhere and
e For each 2’ € X, one has c(z)(x") < X, {v(2",y) | R(«',y)}

e For eachy €Y, one has d(y)(y') > > {v(",y) | R(z',y)}.

(4) Finally, for transition system coalgebras X — P(X)4, Y A P(Y)4, a
relation R C X XY s a simulation with respect to the inclusion iff it is
a simulation in the usual sense: if R(x,y), then ¥ —— x' implies there is
any €Y withy %y and R(2',y).

5 Similarity

As a result of point (5) in Lemma 4.2 we can take, for given coalgebras, the
union of all simulations and obtain again a simulation, for which we shall write
<. It will be called similarity.

As one may expect, similarity arises as a greatest fixed point for a Rel-functor.

Lemma 5.1 Let a: A — FA and 3: B — FB be F-coalgebras. The similar-
ity order < between A and B is the greatest fixved point for the functor

R (ax B) ' Rel=(F)(R).

Proof. It is clear that < contains any fixed point for this functor, so it is
sufficient to show that < itself is a fixed point.

Clearly, < C (a x ) 'Relc(F)(S). For the other direction, suppose that we
have a(a) Relc(F)(S) (). Then < U{(a,b)} is a simulation, and hence

~Y

(a,b) €<. O

Since the equality relation is a bisimulation, it is included in similarity. Hence
similarity is a reflexive relation. In this section we shall look at properties
(especially related to transitivity) and examples of similarity. The next section
will concentrate on “two-way similarity”, i.e., on < N <SP,

Example 5.2 Transition system simulations, see Example 4.5 (4), are related
to trace inclusions in the following (standard) way. For a state x in a transition
system with label set A we define:

trace(x)
= {{(xo,a0), (x1,01),...) € (X x A)® |xzg =2 AVieN.g SN Tit1}

13



behtrace(z) = {(m2)*(0) € A® | o € trace(x)}.

Thus, the elements of behtrace(x) are the (finite or infinite) sequences of labels
that may occur via transitions out of x.

Given a simulation R with R(x,y), for each trace
o = ((zo,a0), (z1,a1),...) € trace(x)
there is a 7 = {(yo, ao), (y1,a1), .. .) € trace(y) with R(z;,y;). We thus see that

r Sy = behtrace(x) C behtrace(y).

For this reason simulations form a standard ingredient of proofs of refinement
(i.e., behaviour trace inclusion), where x is an initial state of an implementa-
tion, and y is an initial state of an abstract system (the specification) describ-
ing the appropriate behaviour.

What is special about the approach in this paper is that we take orderings on
functors as primitive, and define lax relation lifting in terms of this order (and
ordinary relation lifting, which is seen as canonical and taken for granted).
In [10] such a lifting (or relational extension, as it is called there) is taken
as primitive, subject to certain requirements. For a comparison we recall this
approach. A relational extension (for a given endofunctor F) is a mapping G
sending a relation R C X x Y to a relation GR C FFX x FY such that:

(1) =rx C G(=x)

(2) RCS = GRCGS
(3) GRoGS =G(RoS)
(4)

4) “functoriality”

This last requirement is written out in detail, but amounts to the property
that G is a functor Rel — Rel as in Lemma 4.2 (1). Interestingly, a “normal
form” is proven in [10] (Lemma 1) showing that each relator can be described
as a composite like in Definition 4.1, where the order C is G(=). This shows
that our approach—with a defined operation Relc(F') instead of an assumed
(G—is more primitive.

However, the third condition about preservation of composition requires some
attention in our approach. It follows from stability, as shown in [20, Theo-
rem 2.2.2].

Lemma 5.3 For a functor F with stable ordering T, lax relation lifting pre-
serves composition of relations:

Rel-(F)(R o S) = Rel-(F)(R) o Relc(F)(S).

14



(The inclusion C always holds, because ordinary relation lifting preserves com-
positions, and C is reflexive.)

Proof. We need to prove D. Assume (s1,592): S — X x Y and (r,7r9): R —
Y x Z. Then:

Relc (F)(R) o Relc (F)(S)
= (Fry x id)™ Co (id x Fry)™ Co (Fsy X id)™' Co (id x Fs;)™' C
by Definition 4.1
= (Fry x id)™! Co (Fsy x Fry) Y (CoC) o (id x Fs;) ™' C
= (Fry x id)™' Co (Fsy x F'ry) 'Rel=(F)(=y) o (id x Fs;)™' C
(Fry x id)™ Co Rele (F)((s2 x 1) ™' =y ) o (id x Fis;) ™' C
by stability

= LCo ]_[FSleT2 RelE(F)<(32 X))t =y )
C CoRele(F)(IT,,,, (s2 x r) ™ =v ) o
by Lemma 4.2 (8)
= Relc(F)(R o S) O

Here are some consequences of the preservation property of this lemma.
Proposition 5.4 Let F' be a functor with a stable ordering C. Then:

(1) Simulations are closed under composition.
(2) Similarity is a transitive relation.
(3) For homomorphisms f, g between coalgebras,

v Sy <= f(z) S 9y)
(4) Similarity < on the final coalgebra is the final Rel-(F)-coalgebra.
Proof. We prove each in turn.

(1) Obvious, because relation composition preserves inclusions.

(2) Suppose x <y and y < z. Then there are simulations R, S with R(z,y)
and S(y,z). Hence (S o R)(x,z), and so x < z because S o R is a
simulation by (1).

(3) Since f is a homomorphism of coalgebras, its graph relation Graph(f)
is a bisimulation. Hence both Graph(f) and Graph(f)°" are simulations.
This means that both z < f(z) and f(z) < z. Similarly, v < ¢g(y) and
g(y) < y. Hence we can easily prove the third point in the proposition,
using the second:

(=) Ifx Sy, then f(x) So Sy < g(y) so that f(x) S g(y).
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(<) If f(x) Sg(y), then 2 S f(z) S g(y) Sy, so that z S y.

(4) Let R be a simulation over A % F(A) and B LA F(B) and let 14: A —
Z and !g: B — Z be the unique homomorphisms into the final F-
coalgebra (: Z — F(Z) and consider the following diagram.

R— Relc(F)(R)

- o
S—Rel(F)(3)

—

IxJ—=FZxFZ

e

Ax B FAx FB

By (3), there is a (necessarily unique) arrow R — < in Rel, as shown on
the left. By functoriality of Relc(F') we have Relc(F)(R) — Rel=(F)()
on the right. One must show that this R — < is a Relz (#')-homomorphism,
i.e., that the top trapezoid commutes. This follows by the fact that
Relc (F)(S) — FZ x FZ is monic. O

Here is another consequence, that will be generalised subsequently.

Lemma 5.5 Let F: Sets — Sets have a stable order . Then F extends to
F: PreOrd — PreOrd by (X, <) — (FX, Rel- (F)(<)).

Proof. We need to show that Relz (F)(<) is reflexive and transitive. Reflex-

ivity is easy, because =x C < implies

=rx)CE =L o=px)oL

For transitivity we use Lemma 5.3:
Relc (F)(<) o Relz(F)(<) = Relg (F)(< o <) = Relc (F)(<). O

Definition 5.6 For a subcategory C — PreOrd we say that F with stable C
preserves C if F from the previous lemma restricts to C as in:

C (X, <) — C
£ (FX, Relc(F)(<)) J
PreOrd I3 PreOrd
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Later we shall use this definition especially when C is the category of dcpo’s
or of algebraic cpo’s.

Example 5.7 We recall that the final coalgebra for the sequence functor S(X) =
1+ (A x X) is the set A of finite and infinite sequences with coalgebra struc-

ture A® — 1+ (A x A®) given by

if o is the empty sequence ()

- { *
(a,0") if 0 = a- o' with head a and tail o'.
This set of sequences A carries the usual “prefiz” order:
0 <T<= o0-p=T1, for somep e A®.
We claim that this prefiz order is the same as similarity.

The inclusion < C < is easy, because < is a simulation: if o < T, say via
oc-p=71,and o =a-0o, then T =a-7" where o' -p=71". This shows o' < 1’.

For the reverse inclusion < C < we assume o < T, say via a simulation R C
A% x A*® with R(o, 7). We determine elements ag,ay, ... € A and 0y, 04,... €
A with for eachn, o0 = ag-aq - - - ay,-0,. By induction we find 79, 11,... € A
with for each n, T =ag-ay---a, - 7,. There are two cases:

e 0 is finite, say, 0 =ag---a,. Then T =0 -7,, so that o < 7.
e o0 is infinite. Then o =1, and thus also o < 7.

As a consequence of Proposition 5.4 (8) we now have for arbitrary sequence
coalgebras X 5 8(X), Y % S(Y) and elements x € X,y € Y,

v Sy = !(z) <!y),

where ! is the unique homomorphism to the final coalgebra and < is its prefic
order.

6 Two-way similarity

Having seen similarity <, we define two-way similarity as ~<=< N <P,
i.e., as:
def,
r~y<—zcSyandy < .
An immediate consequence of Lemma 4.2 (6) is that bisimilarity implies two-
way similarity: < C . In this section we are interested in the converse, i.e.,
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in whether or not =~ C «=. The next examples show that this may or may not
be the case.

Example 6.1 We give an example in which ~C <, and one in which the
inclusion fails.

(1)

(2)

—_—

Let’s consider the sequence example, with two coalgebras X - 14+ (Ax X)

and Y 5 14 (AxY). Assume x =~ y. Then there are simulations R C

X XY and S CY x X with R(z,y) and S(y,z). The fact that R and S

are simulations means that for all z € X, w € Y:

(a) R(z,w) and c(z) = (a,z") implies d(w) = (a,w") with R(z',w").

(b) S(w, z) and d(w) = (a,w’) implies c(z) = (a, 2") with S(w', ).

We claim that T = (RNS°P) C X XY is a bisimulation with T'(x,y). The

last point is obvious. In order to show that T is a bisimulation, assume

T(z,w). Then:

o If c(2) = x but d(w) = (a,w’), then we get a contradiction by (1b)
above. Hence d(w) = *. The reverse implication is obtained similarly.

o If c(z) = (a,7), then d(w) = (a,w’) with R(z',w"), by (1a). Apply-
ing (1b) yields that c(z) = (a,z”) with S(w',z"). But then we get
2 = 2" so that T(z',w'), as required.

Here is a simple variation on the previous example. Let FI(X) = X + X

with order C given by:

uC v <= Voe X u=re(r)=v=r(x).

Notice that no relation is required in case u is in the first (left) component
of X +X.

The associated notion of similarity says, for given coalgebras c¢: X —
X+Xandd: Y = Y+Y, that R C X XY s a simulation if for each x,y
with R(x,y) one has that if c(z) = ko(2'), then d(y) must be of the form
ka(y') with R(2',y"). In case we have a two-way similarity there must also
be a relation S with S(y,x) implies that d(y) = k2(y'), then c(x) = Kao(2')
with S(y', x').

But this is not the same as bisimilarity for this functor, because then
we must also have a relation in the first components of the coproduct +:
R C X xY is a bisimulation if R(x,y) implies both:

o if c(x) = Kki(2), then d(y) = k1(y') with R(z',y');
o if c(x) = Ko(2'), then d(y) = ko(y') with R(2',y').

In the second example we see that there is something missing from the rela-
tion C that ensures that two-way similarity implies bisimilarity. The following
result gives a sufficient condition.

Theorem 6.2 Let F' be a functor with a relation C such that the associated
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relation liftings satisfy the condition:
RGZE(F) (Rl) N Relgop (F)(RQ) Q RGZ(F) (R1 N RQ)

Then two-way similarity (for coalgebras of this functor) is the same as bisim-
wlarity:
Ty = 1.

Proof. We only need to prove the direction (<), and so we assume z = ¥y, say
via simulations R, S with R(x,y) and S(y,x). The fact that R, S are simula-
tions says that R C (¢ x d)_1<Relg(F)(R)> and S C (d x c)_l(Relg(F)(S)).
We take as new relation 7' = (R N S°P), like in Example 6.1 (1). Clearly,
T(z,y). We are done if we can show that 7' is a bisimulation, i.e., satisfies
T C (¢ x d)~ (Rel(F)(T)). But:

)"

S € ((d x ¢)"Rel(F)(
= (ex F)(
(

d) ! (Relz (F)(S)*)
d)” (RQIEOP(F)(S p)) by Lemma 4.2 (4).
Hence:
T = (RN SP)
C (e x d)"(Rel=(F)(R)) N (c x d)~* (Relzen (F)(S))
= (e x )" (Rel=(F)(R) N Relcon (F)(S°P))
C (¢ x d)~(Rel(F)(T)).
The last step uses the condition of the theorem. [l

Notice that the condition in this theorem can be formulated because we take
an order C on a functor as primitive (and not the associated relator or relation
lifting). This allows us to change the order (by taking the opposite C°P) and
consider the associated lifting.

Example 6.3 In this example we show that the first ordering Ty for the list
functor L in Example 2.2 satisfies the condition of the previous theorem.

Assume two sequences u = (xg,...,Tn_1) and v = (Yo, .., Ym—1) Satisfy
(u,v) € Relg, (L)(R1) N Relcor(L)(Ry). This means that there are strictly
monotone functions
v:{0,1,...,n—1} —={0,1,...,m — 1},
v:{0,1,....m—1} = {0,1,...,n— 1}

with Ry (75, y,)) and Ro(xy ), y;). But this can only happen if n = m and
v =1 =1id. Hence (RN Rg)(xl,yi), so that (u,v) € Rel(L)(Ry N Ry).
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Example 6.4 For (labeled) transition systems it is not the case that two-way
similarity is the same as bisimilarity. Here is a simple (unlabeled) example.

s
% 3

4

O=<—T<—Q

The following is a simulation from left to right:

R = {<1’ a)? (27 b)v (37 b)7 (47 C)}
Indeed, R(z,y) and v — ' implies y — y' for some y' with R(x',y).

And a simulation from right to left is:

S = {<a7 1)7 (bv 2)7 (C> 4)}

This shows that 1 = a. But we do not have 1 < a.

7 Dcpo structure by finality

In Example 5.7 we have seen that similarity on the final coalgebra of sequences
coincides with the prefix order. The latter happens to provide a dcpo struc-
ture: every directed subset has a join. Such a dcpo structure can be used
in a denotational semantics of a programming language, to give meaning to
constructs like loops or recursion.

In this section we shall see that this dcpo structure results from a distributive
law between the sequence functor and the free decpo monad on preorders.
Moreover, the presence of such a distributive law is equivalent to requiring
that the functor Relc(F") preserves decpos. We begin with some rudimentary
facts about depos.

We write Dcpo for the category of directed complete preorders. It comes
with a forgetful functor & : Dcpo — PreOrd. This functor has a left adjoint,
for which we write D. It maps a preorder to its directed downsets, ordered
by inclusion. The join in D(X) of a directed collection (U;);er of directed
downsets U; is then simply their union U;c; U;. The adjunction induces a
monad on PreOrd, for which we shall also write D, with:

unit: nx: X — D(X) T— |l
multiplication:  px: D*(X) — D(X)  (U)ier — Uier Us.
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The following result is standard.

Lemma 7.1 For a preorder X the following are equivalent.

(1) X is a decpo;
(2) X carries an (Eilenberg-Moore) algebra structure for the monad D;
(3) the unit nx: X — D(X) has a left adjoint.

The structure map in (2) and (3) is of course the join operation
V:D(X) — X.

Successive left adjoints to the unit are studied in [11] and describe continuity
and algebraicity in the dcpo.

The next result is (almost) an instance of [21, Theorem 7.1] about the equiv-
alence of liftings to algebras of the monad D, namely dcpos, and distributive
laws. For the reader’s convenience, we include the main steps of the proof.

Lemma 7.2 A functor F' with stable order T preserves dcpos if and only if
there is a distributive law

PreOrdLPreOrd
PreOrd?PreOrd

(i.e., natural transformation) consisting of monotone functions Tx: D(FX) —
F(D(X)), where D(FX) carries the inclusion order C on the completion
D(FX)=D(FX,Rel-(F)(<)), and F(D(X)) carries the lifting Rel-(F)(C)
of the inclusion order C on D(X) = D(X, <). Such a distributive law is re-
quired to make the following two diagrams commute.

D(7x) TD(X)

FOME 0 prx))  DAR(X) S D(F(D(X)) 22Xk F(D2(X))
m lm W(x)l lp(ux)
F(D(X))  D(F(X)) - F(D(X))

Proof. Suppose that F' preserves dcpos and let (X, <x) be a preorder. As in
the statement of the theorem, we abuse notation by simply writing F'X for
(FX,Relc(F)(<x)), and similarly for maps.

By assumption, the preorder F'DX is a dcpo. Let 7x: DFX — FDX be the

adjoint transpose of F'ny: FX — FDX, so that 7x o npx = Fnx. We claim
that 7 thus defined is the desired distributive law.
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For the other direction, suppose we have a distributive law 7 and that (X, <y)
is a dcpo. Let \/FX: DFX — FX be the composite

DFX—X DX

It is easy to see that it satisfies the laws for Eilenberg-Moore algebras. U

The next result also follows from [21]. It says that the final coalgebra forms
a final 7-bialgebra (in the category PreOrd), for the distributive law 7. This
means that the coalgebra and supremum structures are compatible, in a suit-
able sense.

Theorem 7.3 Let F': Sets — Sets with a stable order T preserve dcpos. If
F has a final coalgebra, then it forms with its similarity order a dcpo.

Proof. Let (: Z — F(Z) be the final coalgebra. We may assume a distribu-
tive law 7, like in the previous result. We then define an (Eilenberg-Moore)
algebra structure \/: D(Z) — Z in the standard way by finality, as in:

F(DT(Z)) F(2)
D(F(2) =l
D(¢)]

D(Z) Z

By Proposition 5.4 \/ is monotone. It is an Eilenberg-Moore algebra. U

The dcpo structure on sequences in Example 5.7 indeed follows from Theo-
rem 7.3. Soon, we will show that all of our ordered functors in Poly (assuming
the constant functors involve depos) preserve depos, by explicitly exhibiting a
distributive law for each. Here, we confirm directly that S(X) =1+ (A x X)
preserves dcpos.

Let (X,<x) be a dcpo and let D C 1+ (A x X) be directed with respect
to Relc(F)(<x). If D C 1, then clearly \/ D = *. Otherwise, since x is a

bottom element for Relc (F)(<x), we have \/ D = \/ (D N (A x X)) The
order Rel-(F')(<x) restricted to A x X is given by

(a,x) Rele (F)(<x)(b,y) <= a=bandz <xy,
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i.e., the componentwise order for A x —. Because D is directed, one can write
DN(Ax X)={(a,z) |z € D'}

for some a € A and directed set D" C X. Hence,

\V/D=(a, \/ D).
Actually, the definition via finality of the join for sequences occurs already
in [8], but here we put this definition in a wider context via distributive laws.

We consider another such example.

Example 7.4 We fix a set V, and think of its elements as variables. We use
V' in the functor Ty : Sets — Sets given by

Tv(X) =1+ (V* x V x X*>
We shall write the final coalgebra as (: BT = 1+(V*xV xBT"). Its elements
will be considered as (abstract) Bohm trees, see [3]. For A € BT we can write:

AT1 ... Ty Y

C(A) - C(Am)

where, on the right, ((A) = ((x1,...,20),y,(A1,..., Apn)). The N’ is just
syntactic sugar, used to suggest the analogy with the standard notation for
Bohm trees [3]. The elements of BT are thus finitely branching, possibly infinite
rooted trees, with labels of the form A\xy...x,.y, for variables x;,y € V.

The order considered on Bohm trees as formulated in [3, §10.2] is:

A C B <= A results from B by cutting of some subtrees

This description is fairly informal. The question is how to make it precise,
via an order on the functor Ty,. Two possible orders come to mind: the flat
order from Ezxample 2.2 (2) or the precise order Ty on the list functor from
Ezample 2.2 (3). The following illustrations from [3, §10.2] help.

\T. x C M. x e,z € dx.x
ACSEAERCER
|

These pictures show that “cutting off subtrees” should be interpreted as: replac-
ing a node by *. Thus, the order C that we consider on the functor Ty is simply
the flat order, like for sequences in Example 2.2 (2): u C v iff u # * = u = v.
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The induced similarity order < on BT is then the above order C. The previous
theorem allows us to conclude that it is a dcpo.

Other examples can be readily constructed for polynomial functors Poly, de-
fined in Section 4, provided that the constant functors X — A are restricted to
dcpos A. It is sufficient, of course, just to confirm that these functors with order
preserve dcpos. Nonetheless, we give here the explicit associated distributive
laws, which can be found via the proof of Lemma 7.2. The distributive laws
are constructed by induction on the structure of the polynomial functor (and
its associated order) as follows.

e For any dcpo (A, <,), the constant functor F. X = A with order Cx=<,4
has a distributive law given by \/: DA — A. In particular, this applies
when we take <4 to be =4.

e For the identity functor FFX = X with the discrete order, the identity
transformation DX — DX is a distributive law.

e Suppose that functors F; and F3 have distributive laws 71 and 75, and define
an order C on F} X F;, by taking the orders on F) and F; component-wise.
Then

((11)x © D7y, (12)x © Dmy): D(Fy x F2)X — (F1 x F3)DX

is a distributive law.
e Let F have distributive law 7 and for each a € A, let ev,: FAX — FX
denote evaluation at a, i.e., ev,(f) = f(a). Then

DFAX — FADX
S — Aa. TX(HeV S)

is a distributive law for F4.
e Let I} and F5 be as above, and let C be the disjoint order for F} + F5. Then,

D(F1+F2)X —_— <F1+F2)DX
{ (Tl)XS lfS g FlX
S —

(19)x S else.

defines a distributive law for F; + F, with the given order.
e For the concatenation order C'y given by

aCybif aCxbor (a € F1X and b € F,X),
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there is a related distributive law given by

(Tl)XS lngle
S —
(12)x (S N FyX) else.

The functors £ o F and B (with either of their respective orders) do not
preserve dcpos. (This does not contradict Example 7.4 — there, the ordering
is the flat ordering, so it does not involve our orders for £ in Section 4.) The
powerset functor has no final coalgebra, so Theorem 7.3 does not apply to
it. Bounded versions of the powerset functor (finite powerset, etc.) do not
preserve dcpos.

8 Terms and observations

The situation that we shall investigate in this section is described in Figure 1.
It is obtained by repeated application of a functor F to the initial () and
final 1 objects. What we have not included is that if F' carries an order, all
the objects in this diagram carry a derived order. Some of the arrows in this
figure only exist if F' satisfies certain properties. The aim of the figure is to
give an overview of the structure that will be analysed below.

o A<~="F(A)
+ ; 1 initial
CcQllmi
- P algebra

- it n+1
NG NG - N S A O
Fn J_ ﬁnal
(L1)
coalgebra
Z? (Z)

Ln+1

Fig. 1. Terms F"(()) and observations F'"(1) with their colimit and limit

Hereafter, we will include subscripts on ! and 7 only when necessary to reduce
ambiguity:.
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8.1 Ordering terms

For an endofunctor F' the inhabitants of the sets F((}), for n € N, are usually
called terms. There are obvious inclusion maps F"(?p@q)): F"(0) — F™*1(0).
Zooming in on the upper row in Figure 1, we get for m < n the following
commuting diagrams.

_FCr0) i gy T Cr0) L T Cre)

\—”/

In this section we assume that our functor F' carries a stable order C. It
induces for each n € N an order C,, on the set F"™(()) of terms, namely via:

F™ () @) (2)

Co def =9 and Lt oo Relc (F)(C,).

Each C,, is then a preorder by Lemma 5.5.

Next we assume that our functor is pointed, i.e., comes with a point 1: 1 = F
such that each | x is a bottom element? for the order Cx on F(X). We note
that a natural transformation 1 = F' corresponds to an element in F((), as is
demanded in [1].

Given such a point |, we define, forn > 1, 1,, € F™(() to be the distinguished
bottom element L gn-1gy for E.

Lemma 8.1 (1) Each function F™(?): F™(0) — F"*(0) preserves L,,, and
s monotone, i.e., satisfies:

-1
Cn C (F"(?) x F'(?)) " (Cas)-
(2) Each L, is a bottom element for C,,.

Proof. (1) Preservation of L, is immediate from the naturality of L: 1 = F.
Preservation of the order is proved by induction on n. If n = 0, then the
claim is trivially true. For the inductive case, suppose that

F™(?): (F"(0),C,) — (F™1(0), o)
is monotone. Then

F () (F™PH0), Relc (F)(E,)) — (F™2(0), Rel (F)(Eny1))

2 We do not assume that Ly is the only bottom element for the preorder Cx. It
is merely a distinguished bottom.
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is monotone by definition of C. Of course, C,, 11 = Relc(F)(C,) and
C,i2 = Relc(F)(E,.41), so the result is proved.

(2) By assumption, L, is a bottom element for C. Because each C,, is reflex-
ive, so is Rel(F)(E,,). Hence for t € F"(()) we get L,, C ¢t Rel(F)(C,,_1)
tCt,andso 1L, C, t. O

Let, like in Figure 1, A be the colimit in Sets of the w-chain,

A
Ro
K1 R2

bV =——FO) =%

with coprojections k,, satisfying r,+1 o F™(?) = k,. We can then order the
elements of the colimit in the following standard manner?. For z,y € A,

<y <L ImneN. ' e F(0). 3y € Fr(0)
T=Kpt Ny==ry Am<nA
Fr 1N o...o F"(N) () C, ¥.

Then it is easy to see that (A, <) is the colimit of the w-chain (F"(0),C,) in
PreOrd.

Further, since L def k1(Lly) € A is the bottom element with respect to this
order we even get a colimit in the category PreOrd ; of preorders with bottom
element (preserved by homomorphisms). For this to work we need to drop the
empty set () as starting point of the w-chain.

A standard trick in this setting is to consider the cocone F""!(() o) (A)
in PreOrd , where F'(A) is equipped with the order Relc(F)(<) and bottom
element | 4. The fact that A is a colimit yields a unique monotone, bottom-
preserving map o: A — F(A) with @ 0 k,41 = F(ky). It is well-known (going
back to [19]) that if F' preserves colimits of w-chains, then « is an isomorphism
and its inverse a~!: F(A) —= Ais the initial algebra “of terms” for F. Note
that at this stage we only know for a, and not for the initial algebra o=, that
it is monotone.

8.2 Ordering observations

In this section we shift our attention from the sets F(()) of terms to the sets
F™(1) of observations in Figure 1. Between these sets of observations there

3 Using that the forgetful functor PreOrd — Sets creates colimits.
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are obvious maps F"(!): F"T1(1) — F™(1), satisfying the analogue of (2) in
Section 8.1. Moreover, there are maps F™(?1): F"()) — F™(1) between terms
and observations, making the following diagram commute.

) 0L i)
()| )
(1) Fri(1)

()
Each set of observations F™(1) carries a preorder C,, with a bottom element
L, via the definitions:

. . if = 0
C, % Rele(F)* (=)  and L1, % {* an

L pn-1(1) otherwise

We thus use *x for the sole element of the singleton set 1. It is easy to see
that L, is the bottom element of (F"(1),C,). Notice that we overload the
notation C,,, L, for the preorder and bottom element on terms F"()) and on
observations F™(1).

Lemma 8.2 (1) Each F*(!): F""'(1) — F™(1) is a map in PreOrd, that
18, it preserves C,, and 1,,.
(2) These maps F™(!): F""(1) — F™(1) have a left adjoint

F(Ly): F™(1) — F"(1)

with F*(1) o F"(L,) = id.
(3) Each L, is a bottom element for C,,.
(4) Each F™(?): F™(()) — F™(1) preserves C,, and (if n > 1) also L,,.

Proof. (1) Preservation of bottom elements is easy, and preservation of the
order follows by induction, much like in the proof of Lemma 8.1 (1).

(2) We first note that each F™(L;) is indeed a map in PreOrd, . That this
holds for n = 0 is trivial. For the inductive step: F"*!(L) preserves L,
by naturality of L: 1 = F and definition of 1, ;. Monotonicity follows
the proof of Lemma 8.1 (1). Note also that the identity F"(!) o F"(L;) =
1d is trivial.

To prove the adjunction, we proceed by induction on n, with the claim
obvious for n = 0. Suppose that the claim holds for n. The adjunction
F™(Ly) 4 F™(!) can be explicitly stated

(id x F*(1)7H(En) = (F"(L1) x id) ™ (Ensa)-

We will show the same equation holds for n + 1. Here, we use stability of
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the order.

(id x F*1 () (Cppr) = (id x F1(1) ' Rele(F)(C,)
= Relc(F)((id x F")"1(C,))
=) Relc (F)((F(L1) x id) ™ (Cai))
= (F"™1(1) x id) ™" (Relc (F)(Cat1))
= (F™(L) % id) ™ (Sare).

(3) The same proof as Lemma 8.1 (2).

(4) Recall from Lemma 5.5 that F restricts to a functor PreOrd — PreOrd.
Clearly, 7: (0,=p) — (1,=1) is a map of preorders. Therefore F"(?) is
a map of preorders from F"()) with order C,, = Relc (F)"(=p) to F™(1)
with order C,, = Rel(F)"(=;). Preservation of the bottom elements (for
n > 1) is trivial. O

We shall write Z for the limit in Sets of the w-chain 1 « F(1) « F?(1) « - - -,
with projections 7m,: Z — F"(1) satisfying F"(!) o w41 = ,, like in Figure 1.
This limit can also be understood as a limit in PreOrd; via the following
order and bottom element on Z.

<y Loy e N Tt 5y Ty and 1 = (L, )nen: (3)

The object® (F(Z),Relz(F)(<), Lz) in PreOrd, carries a cone structure
with maps F(7,): F(Z) — F"™(1) and !: F(Z) — 1. It yields a (mono-
tone and bottom-preserving) mediating map ¢: F(Z) — Z in PreOrd, . If
F': Sets — Sets preserves limits of w-cochains, ¢ is an isomorphism, and
¢ = ¢! a final coalgebra. Like for algebras, we do not know yet that ¢ is
monotone and bottom-preserving. It will be shown at the end of the next
section, when we give sufficient conditions that < and < coincide.

The polynomial functors Poly preserve limits of w-cochains.

Assuming finality we obtain for each n € N a coalgebra homomorphism
ln: F™(1) — Z in:

priqy—E ) gy

F”(J_l)T %TC
Fr ()2

4 Note L is the bottom element of Rel-(F)(<) and not the bottom element of
Relc (F)(S). That is, Lz = L5 <) in this section.
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By uniqueness we then get ¢,,17 o F"(L1) = 1,. This allows us to prove the
following alternative description.

w=Cloly and 1,0 = (1o Fu,). (4)

Note that each ¢, is monotone and bottom-preserving, as the composition of
monotone, bottom-preserving maps. The main result about these ¢,’s is the
following.

Lemma 8.3 The limit projections m,: Z — F™(1) have v, as left adjoint with
Tp O Ly = idpn()

Proof. We first prove the equation m, o ¢, = id, by induction on n, using the
formulation (4). The base case n = 0 is trivial. And:

Tpt1© bns1 = Tpp1 © (o F(i,) = F(m,) o F(i,) = F(m, 0 ty) @ .

This equation can be used to prove the C part of the claimed adjunction
(1, x id)"H(<L) = (id x m,) " (C,,). The proof is by induction, and the base case
is again trivial. The induction step uses that m,,; is monotone:

(Ln+1 X Zd)_l(g) g (Ln—l—l X id>_1<7rn+1 X 7Tn+1)_1(gn+1)
((Tng1 © tng1) X Tpg1) H(Engr)
(i X Tp1) " (Cosa)-

The proof of the reverse inclusion uses that (~': F(Z) — Z is monotone (by
construction). Specifically, it means that (((z),((y)) € Relc(F)(<) =z < y.
This is used in the last (inclusion) step in:

(1d X Tpy1)” ! n+l)

(C
= (id X 1) "Rele(F)(C,)
id x )7 (id x F(m,)) 'Relc (F

( J[(=)
(id x ¢) ™" Rele (F) ((id 7Tn)‘l(E )

C (id x ¢)Relc (F)((tn x id)"}(<))
( ) tn) % id) "' Relc (F)(<
( x ()" Relc (F)(<)
(

)
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9 Similarity < as an w-limit

Throughout this section, we assume that F': Sets — Sets preserves limits of
w-cochains, so the carrier of the final coalgebra (Z, () is given as the limit of
the w-cochain

1<t (5)
from Subsection 8.2. There we have seen that Z with order < and bottom _L
is the limit of 1<—— F1<E" p2q ... in PreOrd . In this section, we will

give sufficient conditions that < = <.

Remark 9.1 In fact, in what follows, we do not make any especial use of the
bottom element L. The same arguments would show that < = < in PreOrd,
without alteration. Since we’re interested in algebraic cpos hereafter, we do the
proofs in PreOrd | for convenience.

First, we show that the greatest simulation < is always contained in <. For
this, we do not require any assumptions aside from those listed above.

Lemma 9.2 < C <.

Proof. Recall < = ,cn(m, X m,)7! E,,. We will show that, for each n, we
-1

have < C (7, X 7,)
vious.

C,,. We proceed by induction, with the base case ob-

AN

N 1IN

¢ X {)"'Relc(F)(S) by Lemma 5.1

(
(¢ x O)7'Relz(F) ((m x m,) 71 Cp)
(¢ x ¢)"Y(Fr, x Fr,) 'Relc (F)(C,)
(
(

Tp41 X 7Tn+1)_1Relg<F)(En)

1
g1 X Tpt1) " Tyt - O

Thus, to complete the proof that < = <, we must show < C <. Since <
is the greatest simulation, it suffices to show that < is a simulation, too. For
this, we impose an additional condition on the functor F.

Definition 9.3 We say that a functor F with order C preserves intersections
of reflexive relations if, given a set (R; | i € I) of reflexive relations over X
and Y, we have

() Relz (F)(R;) = Rele (F) ([ Ry).-

i€l i€l

The inclusion D holds trivially, so F' preserves intersections of reflexive rela-
tions just in case N;e; Rele (F)(R;) € Rel=(F)(N;er Ri) above. This property
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is used at a critical step in the following proof that < C <.

The polynomial functors Poly defined in Section 4 preserve intersections of re-
flexive relations. In fact, with the exception of the order CY%. | -, these functors
preserve intersections of arbitrary (not just reflexive) relations.

Theorem 9.4 Suppose that F' has a stable order and preserves intersections
of reflexive relations. Then < = <.

Proof. It suffices to show that < is a simulation on the final coalgebra, i.e.,
that < C (¢ x ()7 'Relc(F)(Z).

< = N( n X M)t By
= ”; (Tat1 X Mnt1) ™ Saga
" N (Fm, 0 ¢ X Fr, 0 () 'Rel=(F)(E,)
= 0% 07 (Fr x Pr) Rl (P)E)
N (

¢ X )7 Relz(F) ((ma x m) ™" En)

neN
= (¢ x O N Relc(F) (7 x m,) 7' Ey)
neN
= (¢x O ReIc(P) ) (7 m) 7
neN
= (¢ x ¢)"'Rel(F)(). 0

In Section 8.2, we saw that (Z, <, L) is the limit of the w-cochain (5), although
we could not prove at that point (even assuming that F' preserves limits of
w-cochains) that the structure map (: Z — FZ is monotone. Of course, ¢
is monotone with respect to <, and hence, as corollary to Theorem 9.4, it is
monotone with respect to <.

10 Algebraic cpo structure on final coalgebras

In this section, we will investigate sufficient conditions that the final coalgebra
(Z,(), together with similarity order < and bottom element | = (1) forms
an algebraic cpo. We begin by reviewing some terminology and stating the
assumptions which we impose hereafter.

Let Cpo denote the category of complete pre-orders (directed complete pre-
orders with bottom) and continuous, bottom-preserving maps. Note that the
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final coalgebra (Z,¢) with similarity order < and bottom element (~!(1 ) is
a cpo—in presence of a distributive law.

Definition 10.1 Let (X, <x) be a cpo. An element x of X is finite if, for
every directed set D C X, we have

:U§X|_|D = dde D.x <xd.

Let K: Cpo — PreOrd; be the operator taking a cpo (X, <x) to its sub-
order KX of finite elements.

Definition 10.2 A cpo (X, <x) is algebraic if the following hold.

(1) For each v € X, the set {d € KX | d <x x} is directed.
(2) Furthermore, x = | |{d € KX | d <x x} (up to isomorphism).

Note that by (1), if (X, <x) is an algebraic cpo, z € X with x1, 25 < z both
finite, then there is a finite y < z such that x1, 29 < y.

The following lemma gives a sufficient condition that a morphism [: X — Y
between algebraic cpos X and Y preserves the finite elements of X. We use
it in constructing a colimit of K F™1 hereafter, and also in showing that the
constructed colimit consists of finite elements of the final coalgebra Z.

Lemma 10.3 Let (X,<yx) and (Y, <y) be algebraic cpos and let l: X — Y,
r: Y — X be monotone maps such that | - r.

(1) If r is continuous then | preserves finite elements, i.e., restricts to a map
KX — KY, as in the commutative diagram below.

l
e
T

(2) If r ol = id, then | reflects finite elements, i.e., if (x) is finite (in'Y ),
then so is x (in X).

Proof. We prove each claim in turn.

(1) Let x € X be finite and we will show that {z is also finite. Suppose that
lx <y ||D for some directed D C Y. Then z <x r|UD = || HTD.
Consequently, there is a y € D such that x <x ry and hence lz <y y.

(2) Suppose now that r o [ = id and = € X such that I(z) is finite and we
will show that x is finite. Let D C X be directed and x <x | | D. We must
show that there is some d € D such that x <x d. Then I(z) <y (| D).
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Since [ is a left adjoint, it preserves colimits and hence is continuous.
Thus, we have [(x) <y II; D and hence there is a d € D such that
l(xz) <y l(d). Hence, x = (r o l)(z) <x (rol)(d) =d. O

Hereafter, we assume that the pointed functor F' with stable order C preserves
dcpos (as in Definition 5.6), so that the final coalgebra (Z,() together with
< forms a dcpo, as in Section 7. We also assume that F' preserves algebraic
cpos. In fact, we use this assumption only to ensure that each preorder in the
cochain 1 « F1 « F?1 « --- is an algebraic cpo (with order C,), so we
could have simply assumed the algebraicity of each F"1 instead. In any case,
the polynomial functors Poly from Section 4 all preserve algebraic cpos, with
some caveats. The constant functors X +— A preserve algebraic cpos iff A is
an algebraic cpo. Also, the disjoint order on F; + F» must be altered so that
it has a bottom element, either by introducing a new L or by identifying L p,
and Lp,.

We also continue our assumption from Section 9 that F' preserves intersections
of reflexive relations. Thus, the carrier Z of the final coalgebra with similarity
order < is the limit in PreOrd, of the cochain 1 «— F1 « F?1 « ...
Note that F"(!) is trivially continuous for n = 0, and is continuous for n > 0
by the assumption that F' preserves dcpos. Hence, since the forgetful functor
Dcpo — PreOrd | creates limits, (Z, <) is also the limit of the same chain in
Dcpo. In particular, this entails that the projections 7, : Z — F"1 and both
¢ and ¢! are continuous.

Summing up, we assume

) F has stable order C and bottom 1: 1= F}
) F preserves dcpos;

) F preserves algebraic cpos;

4)

5)

(
(
(
(4) F preserves intersections of reflexive relations;

(5) F preserves limits of w-cochains.

The polynomial functors Poly satisfy these conditions, given that the constant
functors involve algebraic cpos and the functor has a bottom element.

Recall that 1, is the bottom element in the preorder (F'1,C;). For each n,
F™(1,) is an injection from F™1 to F™"'1. Intuitively, the F"1’s are finite
approximations of the final coalgebra Z and F"(L;) is the “inclusion” of the
nth approximation into the (n + 1)st. The following lemma ensures that these
inclusions preserve finite elements. We aim to show that the union of the finite
elements appearing in the cochain (5) in Section 9 is exactly the set KZ of
finite elements of the final coalgebra (Z, ().

Lemma 10.4 For each n, the function F™(L,) preserves and reflects finite
elements, so that F™(Ly) restricts to a function KF"1 — KF" 1.
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Proof. We wish to apply Lemma 10.3. By Lemma 8.2, F™(!) is right adjoint
to F™(Ly) with F™(!) o F™(L;) = id and is continuous as noted above. O

Let A denote the colimit (in PreOrd ) of the w-chain

Kl——KFl—F—>KF?*1

14 Fl, (6)

F?1,

with colimiting cocone (j,,: KF"1 — Ag)nen. In [1], it was shown that, if
F' preserves colimits along w-cochains, then the initial algebra is given as the
colimit A of

2
1 1, F1 FJ_lFl

F2l,

as shown in Figure 1. In this case, one can show that A is the set of finite
elements of the initial algebra A (ignoring the technicality that A is not a cpo
— Ak is not literally KA, since the latter is not defined). This observation
explains our basic strategy. We will show that the set KZ of finite elements
for the final coalgebra is essentially (up to two-way similarity) Ax — that
is, (assuming F' preserves such colimits) the set of finite elements for the
initial algebra. We do not, however, need the assumption that F' preserves
these colimits in the following. We include this digression here merely for
motivational purposes.

First, we construct an injection Ax — Z. In the case that A is initial, this
map is the restriction of the unique (algebra and coalgebra) homomorphism
from the initial algebra into the final coalgebra. This injection arises as the
mediating map for the cocone below.

)
131 Lo
2
L P - PP 7
1 Fl 21
K1—>SKFP1——= gpei—% - Ak
J1 J2
Jo

We proved that ¢,,: F"1 = Z formed a cocone in Section 8.2, and the squares
commute by Lemma 10.4. The ¢,’s are compositions of monotone, bottom-
preserving maps by (4) in Section 8, so this cocone takes place in PreOrd, .
This yields a mediating map m: Ax — Z, as promised. Finally, each ¢, is
injective (by Lemma 8.3), so m is also injective.

As we will see, the image of this injection is exactly K Z. The next lemma
proves half of this claim.
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Lemma 10.5 For eachx € Ak, the element m(z) of Z is finite, i.e., Im(m) C
KZ.

Proof. Let x € Ag. Then there is an n and z’ € K F"1 such that j,(z') = .
Since m o J, = t,, it suffices to show that ¢, (2’) is finite, i.e., that ¢,, preserves
finite elements. For this, we apply Lemma 10.3 (1). By Lemma 8.3, ¢,, has
right adjoint m,. Moreover, 7, is continuous, as mentioned above. U

We turn our attention to proving the other inclusion (up to two-way similar-
ity). To do this, we first construct, for each z € Z, a chain in Im(m) with join
z. From this, the result easily follows.

Lemma 10.6 Let z € Z. The sequence ((t, o m,)(2) | n € N) is a <-chain.

Proof. We use the fact that F™(!) o m, 11 = 7, as starting point to derive the
required result:

Tz T (F™(!) o mpe1)z

(F"(Ly) omn)z Cogr Tpug12

(Lemma 8.2 (2))

(Monotonicity)

(tng1 0 F"(L1) omp)z S (bng1 © Tpy1)2
(tnt1 0 F™(L1) = tn)

~Y

(tn o)z S (bnt1 © Tny1)2
OJ
The following theorem shows that each z € Z is determined by the chain

constructed above, in the usual algebraic sense. In other words: each z is the
join of the chain

(o omo)(2) S (1 om)(2) S (eom)(z) ...

Of course, in a complete pre-order, such joins are determined only up to iso-
morphism, i.e., two-way similarity. (In the case that ~ =< ==, as in
Theorem 6.2, then Z is a complete partial order and the stronger result at-
tains.)

Lemma 10.7 For each z € Z, we have z = | ,en(tn © m,)(2).

Proof. Clearly, 7,z C,, 7,2, and so (¢, o m,)(2) < z, by ¢,, 4 7. Since <
by Theorem 9.4 we get (¢, o m,)(2) < z, and thus | ,en(tn © ) (2

~Y

For the other direction, we note that, for every n, we have (¢, o =
Unen(tn © mn)(2). Hence, for every n,

T(2) En T Unen(tn © m0)(2)).

In other words, (2, ,en(tn © T0)(2)) € Npen(Tn X m,) " HE,) = <. We apply
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Theorem 9.4 (< = <) completes the proof. d

The following corollary expresses the relationship between KZ and Im(m) in
a general case. If bisimilarity is not the same as two-way similarity, then the
best one can do is: each finite element of z is two-way similar to an element
of Im(m). If the & and = are equal relations, then one can do better. In that
case, since Z is final, we have Im(m) = KZ.

Corollary 10.8 Im(m: Ax — Z) = KZ up to two-way similarity. In other
words,
{z |3 €lm(m).z ~2'} = KZ.

Proof. We already have C from Lemma 10.5. Thus, we wish to show, for
each z € KZ, there is an n € N and x € KF"1 such that z = ¢,z. Let finite
z € Z be given. Since z < (¢, o m,)(2), we see that z < (¢, o m,)(z) for
some n. But, by the adjunction ¢, 4 m,, we also have (¢, o m,)(2) < 2z and
hence z ~ (¢, © m,)(2). Thus, (¢, o 7,)(2) is finite and since ¢, reflects finite
elements (Lemma 10.3 (2)), so is m,(2). O

We have now characterized KZ in terms of the finite elements of the finite
approximations F"1. We use that characterization to show that the set of
finite elements below a given element of Z is directed. This is the last “big”
step in showing that (Z, <) is an algebraic cpo.

Lemma 10.9 For every z € Z, the set {v € KZ | v < z} is directed.

Proof. Let y and ' be finite elements of Z such that y,3" < z. Without loss
of generality, we may assume that y and y’ are in Im(m). Then there are k, k&’
such that y = (1, o m)(y) and ¥ = (¢ © m)(y') and such that my and mpy
are finite in F*1 and F*'1, respectively (14 and 1 reflect finite elements).

Note that, for all n € N and x € Z, if (1, o m,)(z) = x, then

T S (tn 0 m)(2)
< (tpg1 © Tpy1)(z)  (Lemma 10.6)
5 Z (by bnt1 B 7Tn+1)a

SO (tn41 © Tnt1) () = x. Also, if © = (1, © m,)(z) where x is finite then m,(z)
is finite too (since ¢, reflects finite elements by Lemma 10.3 (2)).

Suppose that &' < k. We may conclude that ¢’ ~ (1, o 7)(y") and m(y/) is
finite. Hence, without loss of generality, we may assume that k& = £’

By the adjunction ¢ o 7, we see that m4(y), 7x(y’) T mx(z). Since both 4 (y)
and 7 (y') are finite, there is a finite € F¥(1) such that m(y), 7 (v)) Cp
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and = Ty 7(2). Hence, tx(z) is finite (in Z) and by the adjunction again,
te(z) < z. Since ¢, is monotone, we also have y ~ (1 o 7)(y) < w(z) and
similarly v' < (). O

Theorem 10.10 Let F' with an order satisfy conditions (1)-(5) from the be-
ginning of this section. Then the final coalgebra (Z, () with similarity order <
s an algebraic cpo.

Proof. Theorem 10.9 establishes that each {v € KZ | v < z} is directed and
Theorem 10.7 yields

2 S Unen(tn 0 m)(2) S U{v € KZ | v S 2} O

~Y

11 Terms and finite behaviour

In the previous section we have seen how the (finite elements from the) sets
F"(1) play a role as finite approximations of elements in the final coalgebra.
This section concentrates on sets F™(()), and shows that its elements corre-
spond to the elements of the final coalgebra with “finite behaviour”, i.e., with
only finite transition sequences. In order to be able to express such a result
we first describe transitions in a general coalgebraic sense, using temporal
logic [13].

So far we have made extensive use of the relation lifting Rel(F): Rel —
Rel of a functor F': Sets — Sets. There is also a useful “predicate” lifting
functor, which lifts F' to an endofunctor on the category Pred of predicates.
Its objects are predicates (P C X) on an underlying set. And its morphisms
[+ (P C X)— (Q CY) are functions f: X — Y which restrict to the
predicates: if P(z), also written frequently as z € P, then Q(f(z)). For an
arbitrary category C one sees the notation Sub(C) for the suitably generalized
version of this category Pred.

For an arbitrary functor F': Sets — Sets one can define predicate lifting
Pred(F'): Pred — Pred on a predicate (or subset) m: P < X by taking the
image of F'(m), as in:

F(P)

Pred(F)(P)
I ie., as Pred(F)(P) = HF(m) F(P)

For many of our examples the functor F' preserves inclusions (monomorphisms)
so that we simply have Pred(F")(P) = F(P). This is for instance the case when
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F preserves weak pullbacks. But it is conceptually clearer to make a distinction
between F' and its lifting to predicates.

We shall use the following preservation properties of predicate lifting.

(1) Inclusions: P C @ implies Pred(F)(P) C Pred( Q).

(2) Arbitrary intersections: Pred(F)(N;e; P;) = Nier Pred(F)(F;).

(3) Inverse images: Pred(F)(f~4(Q)) = F(f)"!(Pred(F)(Q)), for f: X —Y
and Q CY.

The first point is automatic. The third one follows if the functor F' preserves
weak (binary) pullbacks, and the second one if it preserves arbitrary pullbacks.

Given a coalgebra ¢: X — F(X) we can define associated temporal operators
in terms of predicate lifting (following [13]). The most important operator
that we shall use is “nexttime” (). It is defined on a predicate P C X on the
coalgebra’s state space as a new predicate ()P C X, namely as

OP ¥ ¢1(Pred(F)(P)) = {z € X | ¢(z) € Pred(F)(P)}.

Intuitively, ()P contains those states x such that P holds for all of the suc-
cessors of z, if any. This intuition will be made precise below. Notice that the
coalgebra c is left implicit in the notation O)P.

Once we have nexttime () we can set up an extensive temporal machinery,
see [13]. For instance, P is called an invariant if P C (QOP. And O P may be
defined as the as the greatest fixed point of @ — P A (OQ. This O P is then
the greatest invariant contained in P.

Our next step is to associate an unlabeled transition system with an arbitrary
coalgebra c: X — F(X). For states z,2’ € X we define

r—a < ae(-0-){yly=2}
=a¢0{yly#a}) (7)
= clx) ¢ Pred(F)({y | y # 2'}).

We need the following two basic results about this induced transition relation.

Proposition 11.1 Let ¢: X — F(X) be a coalgebra with induced transition
relation — C X X X as defined above. Then:

(1) For a predicate P C X,

OP={reX |V o — 2o = P)}.
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(2) If the functor F carries an order T such that predicate lifting is down-
closed (i.e., u C v € Pred(F)(P) implies u € Pred(F)(P), for all P C X
and u,v € F(X)), then for all z,2" € X,

r<yandr — 2 = .2 Sy andy — .
where we assume a second coalgebra d: Y — F(Y') withy € Y.

Proof. (1) For the inclusion (C), assume x € OP, and let + — 2’ but
—P(z'). The latter gives P C {y | y # 2’} and so we get a contradiction
fromz € OP C Oy | y # 2'}) = {# | =(2 — 2')}. For the reverse
inclusion (D), assume © — 2’ = P(2’), for all 2/. Then -P(2') =

c(xz) € Pred(F)({y | y # 2'}), and so:

x) € ﬂw/ePPred(F)({y [y #2'})
= Pred(F) (", v |y # '})
C Pred(F)(P).

The latter inclusion follows from N,¢p{y | ¥ # 2’} € P. Hence we have

OP(x).
(2) From z < y we obtain a simulation (ry,79): R — X x Y with R(x,y).

Then (¢(z),d(y)) € Rel=(F)(R), which means that there is a w € F(R)

with ¢(z) C u & F(r)(w) and v & F(ry)(w) C ¢(y). We then reason as

follows.

r— 2 <= c(x) & Pred(F)({z | z # 2'})
— u ¢ Pred(F)({z | z#2'})
= w ¢ F(Tl)*lPred(F)({z | z # :v/})
= Pred(F)(ri'({z | = # 2'}))
= Pred(F)({(a,b) € R | a # 2'})
= w ¢ Pred(F){(a,b) € R| =R(«',b)})
= Pred(F)( '(~R(x',-)))
F(r2) ™ (Pred(F)(=R(«’, -)))
<= v ¢ Pred(F)(—R(z',—))
— ¢(y) & Pred(F)(—R(2', —))
=y ¢ Ok, -))
& 3y R ) Ay — .

Notice that downclosure is used twice, for the first and third implication
(. O
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Our next step is to consider for an arbitrary coalgebra those states that have
only finitely many successor states. We introduce this predicate as a least fixed
point of nexttime, following [12, Section 8|. Hence, for a coalgebra with state
space X,
FMS ¥ \{PC x| OPCP).

By construction, the predicate FMS is the least one with FMS = QOFMS =
{z | V2.2 — 2/ = 2’ € FMS}. We claim that it contains those states
with only finitely many successors w.r.t. the transition relation —.

Lemma 11.2 (1) If v — 2’ and x € FMS then o' € FMS.

(2) x € FMS <= —3(x,)nen.- To = & A V1. Ty — Tpyq.

(3) If v Sy and y € FMS then x € FMS—uwith assumptions as in Proposi-
tion 11.1 (2).

The second point expresses our intuition: elements in FMS are the states that
do not have infinitely many successors.

Proof. (1) If z — 2/ and 2’ € FMS, then z ¢ OFMS = FMS.

(2) (=) Suppose there is an infinite sequence (z,)nen of successors with
xg = = and x, — x,41. Take P = FMS — {x¢, z1,29,...}. We claim
that OP C P. If this holds we are done, because then FMS C P, and
thus z = xg ¢ FMS.

Clearly, OP C OFMS C FMS. Hence it suffices to show that y € OP
implies that y # x,,, for any n. Well, suppose we do have x,, € ()P. Then
ZTne1 € P, which gives a contradiction.

(<) Suppose x ¢ FMS. Then we can choose an infinite sequence
(n)nen as follows.

(a) Take xg = .
(b) Since zg ¢ FMS = OFMS, there is an z; with 0 — z; and z; ¢
FMS.
(c) Since z1 ¢ FMS = QOFMS, there is an x5 with 27 — x5 and x5 &
FMS.
(d) Et cetera.
(3) Suppose = < y and x ¢ FMS. By the previous point there is then an

infinite sequence © = xy — 27 — x5 ---. By Proposition 11.1 (2) we
then also get an infinite sequence y = yg — y; — ¥ - - - where x,, < .
This means y ¢ FMS. OJ

For an arbitrary coalgebra c: X — F(X) we define for n € N a function
™ X — F"(X) by induction:

A9 = id and At = F(c™) o ¢

= F"(c) o c™.

For the final coalgebra (: Z = F (Z), if any, we have that each (™ is an
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isomorphism. Hence we can define for each n € N a function 1,,: F"(0) — Z
by

Tn d:ef (Fn(@) Fn(?Z> Fn<Z) (((T;>l Z)

There are various alternative ways to describe these maps T,. For instance
as unique map to the final coalgebra from F"(())—with coalgebra structure
F™(?p(p)). Alternatively as:

()

tn=(F"© P17

or as:
To=72:0— 2 and Top1 = (o F(Ty).

Via this inclusion we may consider the sets of “terms” F™(()) < Z as subsets
of the final coalgebra.

Theorem 11.3 Call a coalgebra c: X — F(X) finitely branching if for
each state x € X, the set {x' | v — 2’} of successors is finite. This means
that the induced transition system (7) is of the form X — Pgn(X).

(1) For such a finitely branching coalgebra ¢ one has:

x € FMS <= In € N.c™(x) € F*()
<= In € N.3y € F*(). F*(?)(y) = ™ (z)

(more formally.)

(2) For the special case when ¢ is a final coalgebra this becomes:

FMS = Upen F"(0)
= Unen HTn F™(®)  (more formally.)

Proof. (1) Let L be the predicate false (or empty subset (). Then (O)"(L) =
{|-3x,...,20.0 — 21 —> -+ — x,,}. We also have that O"(L) =
(c™)~LE" (). Hence we must prove FMS = ey O™(L).

(D) Assume z € O™(L), but x ¢ FMS. The latter means by Lemma 11.2 (2)
that there is an infinite sequence x = xg — vy — -+ — x, — - - -.
But this contradicts z € O"(L).

(C) Suppose now z € FMS, but & U,ey O™(L). Then x € =1L 2 -~ O!
(L) D =0O?*(L) D :--. The tree of transitions out of z is thus infinite,
and it is finitely branching, by assumption. Hence there is by Konig’s

Lemma an infinite path + = x¢ — x; — ---, contradicting that
x € FMS.
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(2) Because

T € Upen HTn F*"((0) <= Ine N.3y € F"(0). T.(y) ==
< In e N.Jy e F(0). F*(7)(y) = ("™ (z)
<= v € FMS. H

This last result FMS = U, o F"(0) shows that the elements of the sets F"(0)
appear within a final coalgebra as those with only finitely many outgoing
transitions. Notice that orders on functors do not a play a role here.
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