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Abstract

We study relation lifting in the context of universal coalgebra. In
particular, we develop a family of logics based on the cover modality.

Firstly, we prove a Hennessy-Milner-style theorem, showing that on
finite-branching coalgebras, logical equivalence coincides with a particular
form of bisimulation. We also give a characterization of those formulas
preserved under simulations.

Secondly, we present a sound and complete cut-free sequent calculus,
and use it to derive sound and complete cut-free sequent calculi for modal
logic and monotone modal logic.
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1 Introduction

In recent years, the categorical framework of coalgebra has gained importance as
a uniform way to model various kinds of state-based evolving systems. The the-
ory of coalgebras has close ties to automata theory and modal (fixpoint) logics.
Additionally, coalgebra has many applications in theoretical computer science;
including concurrency theory, formal verification and semantics of programming
languages.

While each of these fields have their own particular methods, they all feature
some notion of behavioral equivalence between systems. The most powerful
tool for establishing equivalence is by exhibiting a bisimilarity relation. Given
the universality of bisimulations in coalgebraic systems, an important task for
coalgebraists is to formulate a general theory of bisimulation and behavioral
equivalence. An elegant way of formulating bisimulation is via relation lifting

Relation lifting has its roots in relational algebra [2]. At its core, relation
lifting pertains to ways of ‘lifting’ a relation R between two sets X and Y to
a relation between T'X and T, for a given coalgebraic type T. From this, we
may call a relation R a bisimulation if, whenever two states are related by R,
their unfoldings are related by the lift of R.

In many settings, bisimilarity between coalgebras of type T is captured ex-
actly by a canonical relation lifting, called the Barr lifting. Indeed, the Barr
lifting is often taken to define bisimilarity in universal coalgebra[20]. However,
the Barr lifting only captures behavioral equivalence for functors preserving
weak pullbacks. Most relational structures are coalgebras for functors of this
type, but e.g. neighborhood-like functors often don’t preserve weak pullbacks.

This has prompted study into relation lifting for functors not (necessarily)
preserving weak pullbacks. In [I8], a characterization is given of relation liftings
that capture behavioral equivalence. There is also work on using relation lifting
to capture coalgebraic simulation, rather than bisimulation [I3][22]. Relation
liftings have also been used to capture relationships between coalgebras weaker
than behavioral equivalence [7].

On the side of coalgebraic logic, relation lifting is used to define the nabla-
modality V. The specific semantics of the V-modality on Kripke frames was
already implicitly present in work by K. Fine in modal logic [9], and explicit
in work by Janin and Walukiewicz on the modal p-calculus [14]. The general
formulation using relation lifting was first given by L. Moss [19].

Since then, work on the V-modality has largely stuck to the Barr lifting (an
early exception is [I]). The resulting logical system is certainly elegant; but given
the diversity in possible relation liftings, much may be gained from moving to a
more general setting. Moreover, since the Barr lifting only captures bisimilarity
for functors that preserve weak pullbacks, the scope of the V-modality has been
somewhat limited. We are also motivated by [2I], where a V-modality is used
based on the lifting M for the monotone neighborhood functor M, which is not
a weak pullback-preserving functor.



This thesis expands on work by A. Baltag [I] and J. Marti & Y. Venema
[18], where modalities are defined based on arbitary relation liftings. We will
explore these modalities in detail, both from a model-theoretic perspective as
well as a proof-theoretic perspective. We will see that, remarkably, many of the
standard results for the V-modality also hold in the more general setting. Our
main results are the following:

e We show that every functor admits a minimal lifting; and that the lift-
ing M arises in a natural way as the minimal lifting for the monotone
neighborhood functor.

e We establish an alternative characterization of liftings in terms of weak
distributive laws.

e We prove that the V-modality based on a lifting L fully captures L-
bisimulation. We also show that in suitable circumstances, a formula
is preserved under L-simulations if and only if it is equivalent to a formula
featuring only the L-based nabla.

e We present a uniform family of sequent calculi which is sound and complete
for logics involving any number of V-modalities. Moreover, we show that
in suitable circumstances, the resulting sequent calculi are decidable.

e We modify the sequent calculi for the V-modalities to derive sound and
complete cut-free sequent calculi for modal logic and monotone modal
logic.

This thesis is divided into the following chapters:
1. Introduction Introduction and motivation.

2. Preliminaries This chapter consists of a collection of definitions and ex-
amples from category theory and universal coalgebra.

3. Relation lifting In this chapter, we define the notion of a T-lifting and
give key lemmas regarding the behavior of liftings. We also give a charac-
terization of liftings in terms of weak distributive laws.

4. Coalgebraic logic In this chapter, we introduce the modalities based on
relation liftings, and prove a number of lemmas and propositions needed
in the next two chapters.

5. (Relative) expressivity of the V-modalities In this chapter, we explore
the connections between logical equivalence and bisimulation (invariance).

6. A uniform sequent calculus We present a uniform family of sequent cal-
culi to one which is sound and complete for logics involving any number
of V-modalities. We also highlight some interesting fragments for which
the calculus is sound and complete.

7. Conclusion Summary of results and avenues for further research.



2 Preliminaries

We assume that the reader is familiar with the language of categories and func-
tors, as well as the basic theory of coalgebras. This chapter serves only to fix
some notation, used throughout the thesis.

2.1 Preliminaries on functors

In this section, we introduce a number of important functors, as well as some
preservation properties of functors.

Notation 2.1. We will write Sets for the category of sets and functions.

Notation 2.2. For a functor T : Sets — Sets, a function f : X — Y and an
element o € TX, we will usually add brackets as

(T'f)ex

although we may in some cases write (T'f)(«) to avoid confusion.

Some important functors

Definition 2.3. We will denote the powerset functor with P. Explicitly, if
f X =Y is a function, then Pf : PX — PY is defined as

Pf: A~ fl[A]={f(a) ]| a€ A}

This makes the powerset into a covariant functor.

The powerset also has a contravariant version, which we will denote with p.
That is, PX = PX for all sets X; but if f: X — Y is a function, we set
Pf:PY — PX to be

Pf:Bw f'[B] ={a| f(a) € B}

Two more functors of interest are the neighborhood functor and the monotone
neighborhood functor.

Definition 2.4. We define the neighborhood functor to be the functor N =
PP. Since P is contravariant, A is a covariant functor. Explicitly, we have
NX = PPX foraset X, and if f: X — Y is a function, then

Nf: A= {U|(PfU € A}.
The monotone neighborhood functor is the subfunctor M of N given by
MX ={AeNX|VUV: ifUecAand U CV, then V € A}.

It is easy to verify that if f : X — Y is a function, and A € MX, then
Nf(A) € MY so, if we set

Mf=Nflmx

we obtain a well-defined functor M.



We will regularly return to the monotone neighborhood functor as an impor-
tant example. It will be useful to have simple notation for elements of MX.
We will write

(U1,Us,...,Uy) ={U € PX | U D U; for some i}

for the upset generated by {Ux,...,U}.

Notation 2.5 (Naming convention). In this thesis, we will come across elements
of sets X, but also of elements of TX for T" a functor, PX, as well as TPX and
PTX. To avoid confusion as much as possible, we use the following conventions
for elements of particular sets, following [5]:

Set Elements
Proposition letters | p,q,...
Formulas a,b,...
TX a, fB,..
PX A, B,.
PPX A, B,.
TPX DU, ..
PTX r,e,.
Figure 1

An important notion is that of a finitary functor.

Definition 2.6. A functor T': Sets — Sets is finitary if for sets X, we have

TX = |J im(Tux)
X'CX
X' finite
where ¢+ : X’ — X denotes the inclusion map.
For an arbitrary functor T : Sets — Sets, we can define a finitary version
T, as
T, = U im(Tex),

X'CX
X’ finite

where for a function f: X — Y we set

wa = Tf rTwX .

Remark 2.7. In the case that T preserves inclusions - that is, if X C Y, then
TX CTY - definition [2.6] reduces to

T,X = U TX'.
X'CX
X' finite
This is the case for the powerset functor, but not for, e.g., the monotone neigh-
borhood functor.



Definition 2.8. Let T : Sets — Sets be a functor, let X be a set, and let
a € T,X. We define

Base(a) := ﬂ{X’ CX|aeim(Tux )}

Then Base(«) is the smallest subset X’ of X with the property o € im(T'tx/).
If ' CTX, we define

B(T) := U Base(a).
We prove explicitly that the functor T,, defined in definition 2.6 is indeed a
functor, by deriving a useful ‘naturality property’ for Base.

Proposition 2.9. Let T : Sets — Sets be a functor, let X,Y be sets, and
f:X =Y a function. Then for all a € T, X, we have

Base((T'f)«a) C f[Base(a)]

Proof. Let B = Base(«). Then let B’ = f[B], and let ¢ : B — B’ be the
restriction of f to B. We see that

x 1,y

A

B2 B
commutes. Hence, if we apply 7" to this diagram, we see that

Tx 5 1y
TLBT TLB/

TB 4, TR

commutes. Now since B = Base(«), we know that there is o/ € TB with
(Tip)a = a. So, by commutativity, we see that

(Tf)o= (Tip)(Tg)d) € im(Tep)
which means that Base((Tf)a) C B’ by definition. O

Note that Base is not a full natural transformation from T, to P, since
only one of the two inclusions is present. In [I5], it is proved that for a weak
pullback-preserving functor, Base is a natural transformation.

Remark 2.10. There is a useful criterion for Base in the case of the monotone
neighborhood functor. Namely, if p ¢ Base(Uf), then for all U € U, we have

U el if and only if U \ {p} € U.

That is, adding or removing p does not change whether U is an element of I.



One notion which is common in coalgebraic logic is that of a weak pullback.

P25 Xx
Definition 2.11. Let lpl lf be a commutative square in Sets. We
vy 2 7z
call (P,pg,p1) a weak pullback of f and g if for every commutative square
PP x
lpll lf there is a (not necessarily unique!) map m : P’ — P such that
y 2 7
P/
Q\
P24 X
J/pl f
y 2z
commutes.
A functor T : Sets — Sets is said to preserve weak pullbacks if, whenever
P, X TP 7, TX
lpl lf is a weak pullback square, so is lTpl Ty
Yy 257 TY 225 TZ

Definition 2.12. Let T : Sets — Sets be a functor. We say that T' preserves
finite sets if TX is finite for all finite X.

2.2 Coalgebras

In this section we define T-coalgebras for a functor T, as well as behavioral
equivalence for T-coalgebras.

Definition 2.13. Let T : Sets — Sets be a functor. A T'-coalgebra is a set S
together with a map o : § — T'S. For a given set of proposition letters Prop,
a T'-coalgebra model with values in Prop, or simply a T'-coalgebra model in case
the set Prop is clear from context, is a T-coalgebra S = (S, 0) together with a
map m : S — P(Prop).

Ezxample 2.14. A P-coalgebra is simply a Kripke frame, presented in an unusual
way. Namely, let § = (W, R) be a Kripke frame, with W a set of worlds and
R C W x W be an accessibility relation. Then we can define a P-coalgebra
&% = (W, xr), where xg : W — PW is defined as

xr(z) = {y | zRy}.



Vice versa, if S = (S, o) is a P-coalgebra, then we can define S* = (S, 02), with

0@ ={(z,y) |y € o(x)}.

This correspondence extends to P-coalgebra models and Kripke models. Let
M = (F,V) be a Kripke model, with § = (W, R) a Kripke frame, and V :
Prop — PW a valuation. Then we can define M as (F*, V*¥), with

Vﬁ(x) ={p e Prop|zeV(p)}

Vice versa, if S = (S, 0, m) is a P-coalgebra model, we can set S* = (5,02, m”),
with
m’(p) ={z € S |pems)}

Definition 2.15. Let S = (S,0) and S’ = (S’,¢’) be T-coalgebras. A coalgebra
morphism from S to S’ is a function f : S — S’ such that o’ o f =T f o 0.

Let S = (S,0,m) and S’ = (5’,0’,m’') be T-coalgebra models. A morphism
of coalgebra models from S to S’ is a coalgebra morphism f : S — S’ such that
m'o f=m.

In cases where there can be no confusion, we will also use the term ’coalgebra
morphism’ for a morphism of coalgebra models.

Remark 2.16. Note that a morphism of P-coalgebras is the same as a bounded
morphism between Kripke frames.

Definition 2.17. Let S = (5,0) and §' = (57, 0") be T-coalgebras. For a given
se S,s" € 8, we call s and s’ behaviorally equivalent if there is a T-coalgebra
Z = (Z,(), together with T-coalgebra morphisms f : S — Z and g : §' — Z
such that f(s) = g(s').

If s and s’ are behaviorally equivalent, we write S,s ~ §', s’.

An important class of coalgebras is given by those that are finite branching.

Definition 2.18. Let T : Sets — Sets be a functor, and let S = (S,0) be a
T-coalgebra. We call S finite branching if for all s € S, we have o(s) € T,,S.

We call a T-coalgebra model S = (S,0,m) finite branching if (S, o) is finite
branching.



3 Relation liftings

In this chapter, we define relation liftings and give some examples for particular
functors. We show that any functor 7' admits a minimal lifting, and give an
explicit description of the minimal lifting for the monotone neighborhood func-
tor. Finally, we give an alternate characterization of liftings in terms of weak
distributive laws.

3.1 Relations and liftings

The fundamental notion of this thesis is relation lifting. Before defining this, we
first discuss the category of relations.

Definition 3.1. The category Rel of relations is defined as follows:
e Its objects are the sets.

e A morphism from X to Y is a relation from X to Y; that is, a subset of
X xY.

e If R is a morphism from X to Y and S a morphism from Y to Z, then
their composition is given by

R; S :={(z,z) | there exists a y € Y such that xRySz}.

(Note the order in which we write composition of relations.) We will denote
a morphism R in Homge(X,Y) as R : X — Y. We will denote the identity
relation on X with Ax = {(z,z) | z € X}, and call it the diagonal.

The category Rel has a lot of structure. We note the following facts:

Fact 3.2. 1. Rel is enriched over the category of posets. That is, for every
X the set Homge(X,Y) is a partial order under the C-relation; and if
RR :X —oYand 5,8 : Y — Z with RC R and S C §’, then
R;SCR:;S.

2. Rel comes equipped with an operation (—)° : Rel — Rel, given by
R® ={(y, ) | (z,y) € R}.
This operation satisfies
(R°)° =R, (R;S)° = S°%R°.
3. There is a canonical functor (—)8" : Sets — Rel defined as

X=X, (f:X = Y)¥:={(z, f(z)) |z € X}

We now come to the central definition.

10



Definition 3.3. Let T : Sets — Sets be any functor. A T-lifting is an assign-
ment L that associates to each relation R : X — Y a relation LR: TX — TY,
satisfying the following properties:

1. f RC S, then LR C LS.
2. Foral R: X —oY and S:Y — Z,

LR; LS C L(R;S).

3. If f: X =Y is a function, then
(T)F C L(f¥) and  ((Tf)*)° € L((F*)°)

A lifting L is said to be symmetric if it satisfies

4. For all relations R: X =Y,

L(R°) = (LR)".

L is said to preserve diagonals if it satisfies

5. for all sets X,
LAx C Arx.

T-liftings in this form were first introduced in [22], where they were called
monotonic relators.
There are a number of examples of T-liftings, for various functors T

Ezample 3.4. 1. Any functor T : Sets — Sets admits the trivial lifting T,
which maps a relation R : X — Y to the maximal relation TX xTY. Tp
is symmetric but does not in general preserve diagonals.

2. Let Cg : Sets — Sets be the constant functor with value (). That is,
for any set X we set Co(X) = @, and for any function f : X — Y we
set Cg(f) = idg. Then any preorder on ) gives rise to a corresponding
Co-lifting, in the following way: if < is a preorder on @, then

LjR = j

defines a Cq-lifting L<[T]

For, the condition that (Cqf)8" C L<(f#") simply states that Ag C =,
which is equivalent to < being reflexive; and the condition that LR; LS C
L(R; S) is equivalent to <; <= C <, which simply states that < is transitive.
It is easy to see that L< is symmetric if and only if < is an equivalence
relation, and preserves diagonals if and only if < = Ag.

Hn fact, it can be shown that any C@-lifting is of the form L~ for some preorder =.

11



3. Let Ty = (—)? be the ordered-pair functor. Then for arelation R : X —o Y,
we set

ToR = {((z,y),(2".¢)) | (z,2) € R, (y,y') € R}

This defines a T-lifting T which is symmetric and preserves diagonals.

4. The powerset functor has two natural liftings P and P. For a relation
R:X —Y, we set

PR:={(U,V)|Yue€ U €V : uRv},
PR:={(U,V)|Yv e VIueU:uRv}.

We also have the lifting P defined as PRf PRNPR. P and P are neither
symmetric nor diagonal-preserving, but P is both.

5. The monotone neighborhood functor has two natural liftings M and M.
For a relation R : X — Y, we set MR = P}FR, MR = PPR. Explicitly,
this means that

U, V) e MRifEVU € U3V €V : Vv € VIu € U : uRv,
U, V) e MRiffFVV € VAU e U :Yu e UTv € V : uRw.
As in the case for the powerset, we have MR := MR QNMR. M and

M are not symmetric and do not preserve diagonals, but M is symmetric
and preserves diagonals.

3.2 Barr lifting

Any weak pullback-preserving functor comes with a ‘canonical’ lifting.

Definition 3.5 (Barr lifting). Let T : Sets — Sets be a functor. For a relation
R:X —oY,wedefineT:TX —TY

TR := {(a,B) | Iy € TR such that (T'm)y = o, (T'm1)y = B}
where g : R — X and m; : R — Y are the natural projection maps.

This definition was first given in [2]. It is a general fact that T is a lifting if
and only if T' preserves weak pullbacks (see the overview article [16] for a proof;
we will give the ‘if’-direction in this thesis as well). In example we have
seen two instances of the Barr lifting: the lifting T for the ordered-pair functor
Ty, and the lifting P for the powerset functor.

Most of the existing literature on relation lifting for coalgebraic logic focuses
on the Barr lifting. This is because the Barr lifting satisfies stronger versions of
the properties for T-liftings.

Proposition 3.6. Let T : Sets — Sets be a weak pullback-preserving functor.

12



(i) For all functions f, we have Tf9" = (T f)9";

(i) For all relations R: X —Y and S:Y — Z, we have

T(R;S) =TR;TS.

Proof. (i) We know that for a given relation R: X — Y, we have

TR := (Tr%)%; (Try)

with 7x, 7y the projection functions. But clearly, mx : f& — X, which
maps (z, f(z)) to z, is a bijection, with inverse p : X — f& : x —
(z, f(x)). Since functors preserves isomorphisms, Trx and Tp are inverses
as well. Hence,

TR = (Tr%)° (Tmy) = (Tp)®; (Tmx)® = Ty 0 p) = (T)¥

asy op=f.

We set up the situation. Let X,Y,Z be sets, and let R : X — Y and
S :Y —o Z be relations. Let P = {(z,y,2) € X xY x Z | ztRySz}. Then
consider the following diagram:

P

TXZ
S
oz

<,

where the functions are the obvious projection functions. We note that
the ‘back’ square formed by PRSY is a pullback square.

First, assume that (o, 3) GﬁTR; TS. That means that there is a v € TY
with (a,y) € TR, (v, 8) € T'S. By definition of T, that means that there
are £ € TR,n € T'S such that

(Trx)§=a, (Tny)§=~=(Toy)y, (Toz)n=270



From this, it follows that

/\
\/

commutes. Since T preserves weak pullbacks, we know that TP is a weak
pullback, and so there is a function 0 : {*} — P such that

§=Trxy)0, n=(Tryz)0
We may identify § with the element 6(x) € P. Let p = (T'mxz)6. Then

a=(Trx)E

and hence («, 8) € T(R; S) by definition.

For the other inclusion, we draw a second diagram. We may pick, for
every (z,z) € R; S, ayy », € Y such that xRy, ,Sz; this defines a function
y: R; S — Y. Moreover, we get functions f: R;S - Rand g: R;S — S
given by

f(@,2) = (2,¥z,2),  9(2,2) = (Yz,25 2)
This yields the following diagram:

R\f /
Yy

K / P72 oz
Y

A

Now if (o, 8) € T(R; S), then there is a u € T(R; S) such that

(Tox)p=a, (Tpz)p=72



Then let £ = (T f)u,n = (Tg)u,y = (T'y)p. Then

(T'rx)§ = (Trx )(Tf)p
= (T'ox)p

(Try )(Tf)p

(Ty)p

(Tmy )€

showing that (a,v) € TR. By a similar argument, (v, 3) € TR. Hence, (o, 3) €
TR:TS. 0

3.3 Operations on liftings

In this section, we discuss some important ways of obtaining new liftings from
old ones.

Definition 3.7. Let T : Sets — Sets be a functor, and L a T-lifting. Then we
define the T-lifting L~ by setting for R: X — Y,

LR := (L(R))°

It follows quickly from the definitions that L~ is indeed a T-lifting for every
T-lifting L. We note that a lifting L is symmetric if and only if L = L~.

Remark 3.8. In certain cases, we have separate symbols for R and R°; in par-
ticular, € versus 3 and IF versus 4. When dealing with these relations, we will
use equalities such as

(L~e)°=L>

without comment.

The T-liftings are closed under arbitrary intersections.

Proposition 3.9. Let T : Sets — Sets be a functor, and let A be a set of
T-liftings. For a relation R: X — Y, we set

(AMR:= [ (LR).

LeA
Then A\ A is a lifting for T.
Proof. Immediate from the definitions. O
We finish with an important lemma.
Lemma 3.10. Let T : Sets — Sets be a functor, and let L be a T-lifting.
(i) For any function f : X — Y and any relation R : Y — Z, we have
L(f*;R) = (Tf)"; LR

15



(i) For any relation R : X — Y and any function f : Z — Y, we have
L(R; (f9)°) = LR; (T'f)*)°

(iii) Let R :Y —o Z be a relation, and f : X — Y,g: W — Z be functions.
Then
L(f7" R; (9°")°) = (Tf°"); LR; (Tg"")°
(iv) Let R: X — Y be a relation, with X C X' andY CY'. Let R : X' — Y’
be equal to R, with only the domain and codomain expanded. Then
LR 2 {((Tx)a, (Tey)B) | (a, B) € LR}
Proof. (i) We calculate that
L(f*; R) = A L(f*; R)
ST (Tf)% LI R)
CTfEL((f5)°) L(f*; R)
ST L)% %5 R)
— Tf¥; L(AR)
=Tf®; LR
C L(f*);LR
C L/ R)

which shows that all inequalities are equalities, and hence L(f%";R) =
Tf%; LR.

(ii) We simply use part (i) to calculate
L(R; (£#1)°) = (L~(f*"; B%))°
= (T'f*; L~(R%))°
— LR (Tf=)°
(iii) By points (i) and (ii), we have
L(f*5 R; (9%)°) = L(f*5; R); (Tg®)° = (T'f*"); LR; (Tg*")°
(iv) Note that
R ={(tx(a), iy (b)) | (a,0) € R} = (1%)°; B; (oF)

and therefore

16



We will often find ourselves in the following situation:

Ezample 3.11. Take ® € T,X, and let B = Base(®). Take ® € T'B with
® = (T)®’'. By an inductive argument, we know (9, «) € L(R[p), and hence

by [3.10(iv)| we know that (®,«) € LR.
We will usually omit the intermediate steps, identifying ® and ®’, and ignor-
ing the distinction between LR and L(R|g).

3.4 Minimal liftings

Propositionimplies that any functor 7" has a minimal lifting T. The following
facts follow immediately from the minimality of 7.

Proposition 3.12. Let T : Sets — Sets be a functor. Let T be the minimal
T-lifting.

(i) T is symmetric.

(ii) T admits a diagonal-preserving lifting L if and only sz preserves diago-
nals.

Proof. (i) Note that T~ is a T-lifting, so T < T~. But of course, (=)" pre-
serves inclusions, so T~ < (T~) = T. Hence we have both inequalities,
showing T' = T, which means that T" is symmetric.

(ii) The right-to-left direction is trivial. For the left-to-right direction, let L
be a T-lifting that preserves diagonals. Then we know that for any set X,

TAx C LAx C Arx

showing that T preserves diagonals.
O

_ In general, it is not easy to give an explicit description of the minimal lifting
T. In the case of weak pullback-preserving functors, however, we get a fortunate
characterization.

Proposition 3.13. Let T': Sets — Sets be a weak pullback-preserving functor.
Then the minimal T-lifting T is equal to T .

Proof. Let L be any T-lifting, and let R : X — Y be a relation. Then R, being
a subset of X x Y, comes with two projections 7x : R— X and 7y : R = Y.
Then

(z,y) e Riff p € R:7x(p) =z, 7y (p) = y iff (z,y) € (7%)°; (75,

so R = (15)°; (7).
Note also that

TR={(a,) | Ip € TR: Trx(p) = o, Ty (p) = B} = (T7%)°; (T7y).
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So, we conclude that

LR = L((7%)% (7¥))
2 L(7%)% L(ny)
2 (Tn%)% (Tn5)
=TR
which shows that T is minimal. O

The monotone neighborhood functor The astute reader may recognise
the notation 7' in the M- lifting M. Indeed, we have the following proposition:

Proposition 3.14. The minimal M-lifting is the lifting M from example .

In light of this proposition, M really is the ‘canonical’ M-lifting. The proof
is not quite straightforward. We proceed in two steps: First, we show that MR
is minimal whenever R is a total and surjective relation. Then, we reduce the
general case to this specific case.

Lemma 3.15. Let R: X — Y be a total surjective relation. Then MR <LR
for all liftings L.

In [I1], a similar statement appears as lemma 4.7.

Proof. Consider the two projection morphisms 7x : R - X and 7y : R — Y.
Since R is total and surjective, both these functions are surjective.
We claim that MR = (Mn%)°; Mn§. The inequality > follows from R =

(r%)%5 7y

For <, let (U, V) € MR. Then we set
Wo = {(z,y) e R|z € u} |ucU}

Wi={{(z,y)eRlyeV}|veV}
W .= <WOUW1>

We claim that Mmx (W) = U. For this, we need to show that (1) if u € U,
then 73 (u) € W, and (2) if 7' (u) € W, then u € U.

(1) Clearly, if u € U, then ny'(u) = {(z,y) € R |z € u} € W, s0 75" (u) €
w.

(2) Assume 7y '(u) € W. There are two cases: (i) there is a v/ € U with
{(z,y) € R |z €u'} C7x'(u), or (ii) there is a v € V with {(z,y) € R |

y € v} Cryt(u).
(i) In this case, we know that mx[{(z,y) € R | z € v'}] C mx(mx'(u)).

But since R was total, we know that mx[{(z,y) € R |z € v'}] = v
and x [~ (u)] = u. So v’ C u, and hence u € U.
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(ii) Clearly, nx[{(z,y) € R |y € v}] = {x | Iy € v : zRy}. Since

(U,V) € MR, there is a u’ € U such that for all x € v/, there is a
y € v with zRy. But this just says that v’ C 7x[{(z,y) € R |y € v}].
So we conclude that there is a v’ € U with

o' Crxl{(z,y) € R|y€v}] Crx(rx (u) =u
and hence v € U.

So in both cases, we have u € U, as desired.

The proof that Mmy (W) = V is completely symmetrical; so, we can conclude
that (U, V) € (Mn§)°; Mr¥.

Now, let L be any lifting. Then

LR = L((7%)% 7%) > L(7%)°%; La¥ > (M7%)°; M7 = MR

With this lemma, we can prove the proposition.

Proof. Let R: X — Y be any relation. Let X’ be the domain of R and Y” the
range of R. Then we define X, = X U {*},Y, =Y U{*} and

Re=RU{(z,%) |z € X\ X JU{(*,9) |y € Y \Y'JU{(x,%)}
Then R, : X, — Y, is total and surjective.
Let tx : X — X, and ¢ty : Y — Y, be the natural inclusion functions. First,
we note that R = (5; Ry; (15 )° The inequality < is clear, since R C R,. For >,

notice that * is not in the range of either 1x or vty .
Now by lemma [3.10] we know that for any lifting L,

LR = (M/5); LR*; (M§)°.
So we can calculate that
LR = M LR,; (M§)°
> M MR, (MED)° by lemma [3.15
= MR

We conclude that Mv is minimal. O
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3.5 Lifted elements

In many situations, we will be concerned with the relation Le: TX — TPX.

Definition 3.16. Let T : Sets — Sets be a functor, and let L be a T-lifting.
Let ® € TPX. We define the set AL(®) of lifted elements of ® as

MN(@):={aeTX | (a,®) € (Lex)}
where €x: X —o PX is the element relation.

Lemma 3.17. Let T : Sets — Sets be a weak pullback-preserving functor.
Let X be a set, take and ® € T,,P,X. Then for all a € \T(®), we have that
a € T,X, and Base(a) C | Base(®).

Proof. Let B = |JBase(®), and let f : B — X be the inclusion. We prove
both statements by showing that o € T f[B]. Note that ® € TP f[PB] since
Base(®) C PB. So, there is a ® € PB with TPf(®') = ®. We see that

(o, @) € T; (TPf)° =T(&; (PfH)°).

But z € Pf(A) for some A € PB implies that € f[B]. Vice versa, if x €
Tf[B], then z € Pf({x}). So, €; (Pf&")° = (f#)°; €. Hence,

(o, @) € T((f¥)°;€) = (Tf#)* Te

and we see that o € im T'f, which means that Base(a) C B as desired. O

3.6 Simulations and bisimulations

In this section we will examine notions of (bi)similarity based on relation liftings.

Definition 3.18. Let T be a functor, and let L be a T-lifting. Let S = (S, 0, m)
and S’ = (5’,0',m') be T-coalgebra models. A L-simulation from S to S’ is a
relation R : S —o S’ with the following properties:

atom: If sRs’, then m(s) = m(s');
unfolding: If sRs', then (o(s),0'(s")) € LR.

If there is an L-simulation R from S to S’ with sRs’, then we write S, s =~ §’, s'.
A L-bisimulation from S to S’ is a relation R : S — S’ such that R is an

L-simulation from S to S’ and R° is an L-simulation from S’ to S. If there is an

L-bisimulation R from S to S’ with sRs’, then we write S,s<L 8, 5.

Remark 3.19. The usual definition of simulation requires the weaker property
weak-atom, which states that if sRs’, then m(s) C m(s’). The reason for our
deviation is that we want to have the following equivalences:

(i) R:S — S is an L-simulation if and only if R° is an L~-simulation;
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(ii) R:S — §' is an L-bisimulation if and only if it is both an L-simulation
and an L~-simulation;

(iii) R:S — §' is an L-bisimulation if and only if it is an (L N L~)-simulation.
Each of these equivalences would fail if the condition atom were replaced with
weak-atom

The following proposition can be seen as justifying the defining properties of

T-liftings.

Proposition 3.20. Let T be a functor, let L be a T-lifting, and let S,S',S" be
T-coalgebra models.

(i) If f :S = S is a coalgebra morphism, then f9" is an L-bisimulation.

(ii) If {R; | i € I} is a set of relations R; : S — S', such that each R — i is

an L-simulation, then J;c; Ri : S — 8" is an L-simulation.

(iii) If R ' S — 8" and R’ : S' — S" are L-simulations, then R;R' is an
L-simulation.

Proof. (i) Since f is a coalgebra morphism, the property atom is satisfied.
For the property unfolding, note that (s,s’) € f&" if and only if s’ = f(s).
So, we see that if (s, f(s)) € f#, then

(a(s),0"(f(5))) = (o(s), T f(o(s)))
e TfE
C L(f#)

by assumption on L.

So f&" is an L-simulation. Since L was arbitrary, we also have that f#" is
an L~-simulation; so by point in remark we know that f&" is an
L-bisimulation.

(ii) Assume (s,s’) € (J;c; Ri- Then there is an i € I with (s,s’) € R;. atom
is clearly satisfied. For unfolding, we see that

(0(s),0'(s")) € LR; € L(|J Ri)
el

since L preserves the ordering of relations.

(iii) Assume (s,s”) € R; R’. Then there is s’ such that (s,s’) € Rand (s',s") €
R'. Then by assumption, we have

m(s) — m/(sl) — m//(sll)

showing that atom is satisfied.
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For unfolding, we know that (o(s),o'(s")) € LR and (o’(s'),0"(s")) €
LR'; and therefore

(o(s),0"(s")) € LR; LR' C L(R; R')
O

Proposition 3.21. Let T be a functor, let L be a T-lifting, and let S,S’ be
T-coalgebra models. Then =% : S — S is an L-simulation; moreover, it is the
greatest such.

Proof. By definition, =% is the union of all L-simulations from S to S’. So
certainly, if R:S — §' is an L-simulation, then R < =T .

By point |(ii), we know that L-simulations are closed under union; hence =%
is an L-simulation, and moreover it is the greatest such. O

3.7 Relation liftings and distributive laws

In this section, we give an alternative characterization of relation lifting in terms
of distributive laws. Distributive laws at their most general are simply natural
transformations F'G = GF for two functors F,G. They can play a role in
defining interactions between algebraic and coalgebraic structure. In particular,
they are used in the study of coinduction and corecursion [3].

Definition 3.22. Let C be a category, and let T : C — C be a monad, with
unit 7 : 1¢ — T and counit p : T? — T. Then define the Kleisli category Cr to
have the same objects as C; set a morphism X —, Y in Cr to be a morphism
X = TY in C. Morphisms are composed via

gou f=poTgof

We remark that Rel is equivalent to the Kleisli category Setsp of the pow-
erset monad on Sets. The unit for P is the singleton map n : X — PX
given by n(xz) = {z}. The counit is the union map p : PPX — PX given by
1(A) =Ugen A

We also note that, like Rel, the category Setsp is enriched over Poset by
setting for f,g : X —, Y that f < g iff for all z € X, we have f(z) C g(x).
Moreover, Setsp has a ‘transposition’ operation (—)’: for f : X — PY, we set
f’:Y - PX as

Ply)={reX|ye fl@)}

We have already seen the operation (—)” in example

It is generally known that if a functor T" preserves weak pullbacks, then there
is a distributive law TP = PT; namely, we can map ® € TP to its set of
lifted elements AT (®) (see definition . There is also a partial converse; J.
Beck gave a general correspondence between distributive laws TM = MT, and
functors Cp; — Cjs acting as T on objects [4]. Applied to P : Sets — Sets,
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we get from distributive law TP = PT a functor Rel — Rel; however, these
are not required to be monotone (see [16] for a discussion).

For our purposes, a natural transformation is not exactly the right notion;
in particular, we are not interested in strict functoriality L(R;S) = LR; LS,
but only in ‘weak functoriality’ L(R;S) 2 LR; LS. Hence, we introduce weak
distributive laws A : TP ~~ PT:

Definition 3.23. Let T : Sets — Sets be any functor. A weak distributive law
for T is a collection of maps A_ : TP(—) — PT(—), satisfying:

(Monotonicity) For any two functions f,g: X — PY, if f < g, then
Ay oTf <Ay oTyg

(Weak naturality) For any function f: X — PY, we have

PTfolx < Apy oTPf

(Weak monadicity) For any Z, we have

prz o PAzoApz < AzoTuz and Az oTnz > nrz

There are also the optional properties

(Weak extensionality) For any Z,
AzoTnz <nrz

(Symmetry) For any map f: X — PY,
Ay o Tf)” = Ax o T(f°)
As mentioned earlier, we get a weak distributive law A" for each lifting L, as
defined in We also get a lifting L from a weak distributive law.

Definition 3.24. Let A : TP ~» PT be a weak distributive law. For a given
relation R: X — Y, we define L R as

L*R:={(o,B) | B € \y 0o Txgr(a)}

where xg : X — PY is the characteristic function of R given by yr(z) = {y |
zRy}.

It is not yet clear that these operations do result in a distributive law and a
T-lifting respectively. This will be the main theorem of this section.

Theorem 3.25. Let T : Sets — Sets be a functor.

(i) If L is a T-lifting, then AL is a weak distributive law. Moreover, if L
preserves diagonals then N is weakly extensional, and if L is symmetric,
then A\ is symmetric.
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(ii) If X is a weak distributive law, then L* is a T-lifting. Moreover, if X is
weakly extensional, then L* preserves diagonals, and if X is symmetric,
then L is symmetric.

(iii) The operations L — A\*" and X\ — L* are inverse to each other.

There is a slight disharmony in the definitions of L* and A, seen in point
(iii). It is interesting to note that we often consider the relation L~€, while
studying the behavior of L; we will see this again in the definitions and
4,10

Proof. (i) First, let L be any T-lifting. We check that AL satisfies all the
conditions.

(Monotonicity) Let f,g: X — PY with f < g. Then

a0 Tf(®) = (a,Tf(®)) € L(€py)
<= (a,®) € L(epy); (Tf*)°
< (a,®) € L(€py; (f*)°)
= (a,®) € L(€py; (9*)°)
= = ac A \oTy(®)

(Weak naturality) Let f: X — PY be a function. Note that
((F)% ex) C (epy; (Pf#)°),

since if (y, A) € (f8")°; €x, then there is an z € A with y = f(x), so
y € Pf(A). We can now calculate that
(Tf#)°% Lex € L((f#)°; €x)
C L(epy; (Pf*)°)
= Lepy; (TPf%)°

But we know that

a € PTfo)l%(®) < 3d':a=Tf(d) and ' € \5(®)
< Jd':a=Tf(a) and (', ) € Lex
= (a,®) € (Tf®)% Lex
= (a,®) € €py; (TPfE)°
— ac )5, o TPf(®)

So PTfoly <AL, oTPf.
(Weak monadicity) Let I' € TPPZ. Then

poPAzodpz(T)={z|3¢: (2,€) € Le and (£,T) € Le}
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Now take z € po PAz o Apz(T); then (2,T) € Le; Le C L(g;€).
Next, note that
€ (u8")° = €€,

since (z, A) € (€;(us)°) if and only if x € (J, 4 A if and only if
there is A € A with z € A if and only if (z,.4) € (€;€). So we see
that (2,T") € L(€;€) = L(€; (u#")°) = Le; (Tus")°, which says that
z2€ AL oTuy (1), as desired.

For the second inequality, we need to show that if « € TZ, then
a € A5 (Tnz(a)). This is true if and only if (o, Tnz()) € LE. But
this is clear: we have

(a,Tnz(a)) € Ty C Lny C Ley,

since 1z C €z;
(Weak extensionality) Assume that L preserves diagonals. We simply
note that €; (n%)° = Az. So, we know that if 8 € AL o Tnz(a), then
(B,a) € Le; (Tny)° = L(€;(n3)°) = LAz C Arg.

So 8 = a, so we see that 8 € {a} = nrz(a).

(Symmetry) Assume that L is symmetric. Then for a function f: X —
PY, and a € TY, we have

BeEW oTf)(a) <= a€ M oTf(B)
= (o, Tf(B)) € (L€)

= (a.5) € Le; (T
= (a.5) € L(&: (/5)°) by lemma BI0)(i)
= (B.0) € L(f*:2)

= (Ba)eL(&(f))  since f(z) Dy ifiz e )
= (B.0) € L& (T(f))

= (B.7(/)(a)) € Le

= BeXkoT(f)()

showing that
(Ay o Tf)” = Ax o T(f)

(ii) Let A : TP ~~ PT be a weak distributive law.

We first need that if S C R, then L*(S) C L*(R). But this follows directly
from monotonicity of A, and the fact that S C R if and only if xs < xg.
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Next, we show that L*(f&) > (T'f)#" for all functions f: X — Y. Let f
be any function. Then y e =1y o f. Let & € TX. Then we have

Tf(a)€nry o Tf(a)
C Ay oTny oTf(a)
= Ay o Txfer (),
since x e (z) = {y | (z,y) € f&} = {f(z)} = ny o f. We now have that
(a, Tf(a)) € L (f#); since a was arbitrary, we conclude that (Tf)8" <
IX(f#).
For the other inclusion, we investigate Tx(sryo (T f(cx)). This is equal to

”{I(mgr)o ° f)(@). But (s o f(2) = {2" | f(2") = f(2)} 2 {2} = nx (2).

Ax o Tx(gerye (T f()) 2 Ax o T(nx) (@) 2 nrx () 5 o
and hence we have that (T'f(«), ) € L((f&")°) by definition of L*. Since
« was arbitrary, we conclude that (7f8")° < LM ((f&)°).
Now, we show that L*(R;S) > L*(R); L*(S). To show this, it suffices to
prove that
AzoTxrs > prz 0o P(Az oTxs) o Ay o Txr,

this second expression being the characteristic function of L*(R); L*(S).

We note that xgr,s = ptz © Pxs o xr- And so

purz o Pz oTxs)oAy oTxr = purz o P \zoPTxsoAy oTxgr
<purzoPAzoApzoTPxsoTxr by weak naturality
<AzoTuzoTPxsoTxr by weak monadicity
= Az oT(uz o PxsoXr)
= Az oT(Xr;s)

The above chain of (in)equalities can be represented by the diagram below:

TX XS, ppy A2, pry
J{TXR I TMZT e HTZT
TPy X, pppy PAzodrs pppy

JAY L/ JAPZ ”

pry - 21xs prpz Pz, ppry

The top left square follows from the identity xr,s = 1z o Pxs o xr. The
top right square is the weak monadicity property. The bottom left square
is the weak naturality property.
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Next, we show that if ) is weakly extensional, then L* preserves diagonals.
But this is clear; if A is weakly extensional, then

(a,8) € LMAx) = B € AxoTxay(a)
<~ B e lxoTnx(a)
= B €nrz(a)

— f=a

Finally, we show that if A is symmetric, then L* is symmetric. We calcu-
late

(z,y) € L*(R®) y € Ay o Txgo(x)
Yy E€ Ay o Txg%(z)

y € (A\x o Txr)’(x)
r € Ax o T'xr(y)
(y,x) € L*R

(z,y) € (L*R)°

A

where we use that xgo = X?z-

(iii) This is an easy verification. First, let L be a T-lifting, and let R: X — Y
be a relation. Then

(a.8) € I R < Be I oTxr(a)

< (B,(Txr)a) € (L7€)

< (Ba) € (L7€); (TXR)°

= (Fa)€L(&(E)) by lomma EIO]
< (a,B) € L(x%:2) by definition of (—)~
~— (o,8) € LR

. L~
since x% ;2= R. Hence, L*" = L.

Second, let A be a weak distributive law, and let & € TPX. Then for all
a € TX, we have
o € XEY (@) = (a,8) € (L)) €)
— (D,0) € (L)
— a€lxoTx5(P) by definition of L*
< a € Ay OTidpx(‘b)
= a € Ix(P)

since x5 (U) ={z |z €U} =U for all U € PX, and hence x5 = idpx.
O
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One consequence of this proposition is that T-liftings are uniquely defined by
their action on the €-relation. This can also be seen directly: we have that

LR = L(€; (XRo)°) = L€ (TxRe)°

for any relation R.

28



4 Coalgebraic logic

The purpose of this chapter is to develop a family of logics for coalgebras based
on relation lifting. We will relate these logics to modal logic and monotone
modal logic, and give a number of logical laws that govern the interaction be-
tween the various logical symbols.

Throughout this thesis, we take a fixed set Prop of proposition letters.

4.1 The V-modalities

Definition 4.1. Let T : Sets — Sets be a functor, and let A be a set of
T-liftings. We define the set Lr(A) inductively as follows:

e If p € Prop, then p € L7 (A);

e If a € L1 (A), then —a € L1(A);

e If Ac P,Ly(A), then \/ A, \ A € Lp(A);
e IfaeT,Lr(A) and L € A, then

VLOé, ALOZ S ﬁT(A)

A symbol of the form V or Ay will be called a modality. We will use the
symbol © to stand in for an arbitrary modality. If p is a proposition letter, a
formula of the form p or —p will be called a literal.

Remark 4.2. A cautious reader may have some worries about the above ‘in-
ductive’ definition. After all, the inductive case for the modalities ranges over
elements of T,,Lr(A). Do we not need to have access to the entire set Lp(A)
for this to be well-defined?

Indeed, take for instance the monotone neighborhood functor M. Since any
(non-empty) object a« € M, La(A) contains the entire set L£aq(A), we cannot
give such an object before knowing what Lx((A) is in its entirety; and hence
the undertaking seems circular.

There are two ways to waylay this doubt. The first is to note that there is no
problem if T' preserves inclusions. There is no issue with the Booleans, since in
order to know what a ‘finite subset of Lr(A)’ is, we do not need to have access
to the entire set. Similarly, if for a finite subset B C L (A), the set TB is a
subset of Lr(A), an element of T,,Lr(A) just is an element of T'B for a finite
subset B of L7(A), and so an inductive definition is appropriate.

It so happens that every finitary functor Sets — Sets is equivalent to one
that preserves inclusions. And so, rather than work with T, itself, we could
replace it with an equivalent functor that preserves inclusionsﬂ

2This is essentially what we do for M, by giving elements of M, L((A) in tems of a finite
set of generators.
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An alternative route is explored in the appendix, where the functor is re-
tained, but the inductive construction is replaced by a colimit construction.

In either case, we are justified in arguing as though the set Lr(A) was in-
ductively defined. In particular, we can use induction on the complexity of
formulas, both in definitions and in proofs.

Remark 4.3. We will often explicitly treat =, A,/ as functions. In particular,
we will often apply the functor T" to them, yielding the expressions

(), @N). @\

Notation 4.4. In the case for the powerset functor, we will write
@? =: 6, @ﬁ = 6;

similarly, for the monotone neighborhood functor, we will write

C?/T/l =: O, Q?M =: Q.
If L =T for a weak pullback-preserving functor T, we will omit the subscript,
and simply write V, A for V7, Az

Definition 4.5. For a € L1(A), we inductively define the set of subformulas of
a as

Sfor(p) := {p}
Sfor(—a) := {—a} U Sfor(a)

Sfor(©A) := {©A} U | J Stor(a) oe{\.\}
acA
Sfor(Vpa) :={Vratu | J Sfor(a) Ve {V,A}

a€Base(a)

We define the set of variables occurring in a as Var(a) := Sfor(a) N Prop; that
is, the set of proposition letters that are subformulas of a.

Definition 4.6. A formula a € L7(A) is interpreted on a coalgebra model
S = (S,0,m) as follows:

S,slkFp iff  pem(s)

S, sk —a iff S,sKFa

S,slIkANA iff S,slkaforallae A
S,slIF\VA iff S,slkafor someac A
S,sl-Via iff (o(s),a) € LIF
S,slFApa iff  (o(s),a) ¢ LK

This is a well-defined inductive definition, since in each clause the definition
of S, slka depends only on lHSX(Sfor(a)\{a})~
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This V-logic was first introduced by L. Moss for specifically the Barr lifting in
[19]. In [1], A. Baltag generalized this method to general liftings. The modalities
used there are denoted [, and ¢ .; we have chosen to use V and A to emphasize
the connection with the original Moss logic.

We finish this preliminary section with a definition of semantic consequence.

Definition 4.7. Let a,a’ € L1 (A) be formulas. We say that a’ is a consequence
of a if for all T-coalgebra models S and all s € S, we have

S,slFa=S,slFa

If ¢’ is a consequence of a, we write a F a’.
If a E o’ and a’ F a, then we call a and a’ equivalent, and write a = d'.

4.2 Modal logic

In this section, we compare the logic L7 (A) with some known modal logics,
which are interpreted on certain coalgebra models.

Classical modal logic As noted earlier, a P-coalgebra model is essentially a
Kripke model. There is a standard logical language for reasoning about Kripke
models.

Definition 4.8. We define the set £ ¢ of modal formulas as follows:
e If p is a proposition letter, then p is a modal formula.
e If ¢ is a modal formula, then —¢ is a modal formula.
e If ¢ and v are modal formulas, then ¢ A1 and ¢ V ¥ are modal formulas.
e If p is a modal formula, then Oy and Q¢ are modal formulas.
Modal formulas are interpreted on coalgebra models as follows:

Definition 4.9. Let S = (5,0, m) be a P-coalgebra model, and s € S. Then
for a modal formula ¢, we define by induction when S, s IFk.

S,slFk p iff pem(s)

S, s lFk iff S,skk e

S,slkk p Ay iff S)slFk ¢ and S, s Ik @
S,slkk Vv iff S;slFk @ orS, sk v
S, s lkk Oy ifft Vteo(s),Stlhk e

S, slkk Op iff I eo(s),Sthke

The definition of the modalities can also be phrased in terms of relation
lifting;:

S,slFk Op iff (o(s), {o}) € (P Irg)
S,slkk Op iff (o(s), {o}) € (P Irg)
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From this, it is easy to see that the modalities (] and ¢ are expressible in terms
of V and V respectively. . N
Perhaps surprisingly, they can also be expressed in terms of A and A respec-
tively. For, note that
(U, {z}) € PR iff for all u € U,uRx
iff there is no u € U with uRx
iff not for all = € {z} there is u € U with uRx

iff (U, {«}) ¢ P(R°)
and similarly
(U, {z}) € PR iff (U, {z}) ¢ P(R°)

This tells us that for singletons {p}, we have the equivalences
“ —
Op=V{p} =2{a},  Op=Vi{a} =L{a}

We see that we can regard the classical modalities as highly restricted V-
modalities. It would therefore seem that ;Cp(ﬁ, ﬁ) is more expressive. This
is not the case however. For, we have that

S, sl ?{pl, ooy ot iff (0(8),{p1, ..., pn}) € (f’ IF)
ift Vt € o(s).3p; : S, tIF p;

iff vt € o(s) : S,tIE \/ pi
1=1

n

iff S, s IFx D(\/ i)

i=1
and
S, sl %{pl, cooypntiff (0(8),{p1,-..,pn}) € (ﬁ IF)
iff Vp;.3t € o(s) : S, t Ik p;
iff Vp; : S, s lFk Ops
iff S, s lFk /\ Op;

i=1
showing that ET(f’, ﬁ) and L0 ¢ are equally expressive on P-coalgebras.

Definition 4.10. Let S = (S, 0,m) be a P-coalgebra model. We call a modal
formula ¢ wvalid on S if for all s € S, we have S, s IFk ¢.
We write K for the set of modal formulas valid on all P-coalgebra models.
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Monotone modal logic The language £ ¢ can also be interpreted on M-
coalgebras [11]; this leads to a logic called monotone modal logic.

Definition 4.11. Let S = (5,0,m) be an M-coalgebra model. Then for a
modal formula ¢, we define by induction when S s Iy .

S,slkm p ifft pem(s)

S, s kM~ ift S,skmep

S,slkm Ay iff S sy @ and S, s Iy 9
S,slkmeVvy iff S;slkpy@or S, slkv ¥

S, s lkm Op ifft JA€o(s):Vte A:S,tlkm @
S, slkm O ifft VAe€o(s):3te€o(s),S,tlkm e

Here, too, the languages £ o and £ (/W, .7\;1) are interdefinable.
It is not hard to see that

op=V{p}), Op=Y({p}

In the other direction, we see that for a € M,,Prop,

S,slkw Va iff VA€ aaU € o(s) : Vt € Uda € A: S, tiFm a
iff VA€ adU €o(s): Ve U: Stk \/ A
if VAca:S,si-O\/A

iff S,s - /\ O\/ A

Aca

showing that V is definable in terms of Lo

V is more difficult; in [21] an explicit translation is given. This uses some
operations on MX that would take us too far to deﬁge here. Instead, we will
see in section that V can be defined in terms of A, which in term can be

defined in terms of V.

4.3 Dualities and distributive laws

In classical modal logic, a number of equivalences between formulas are known.
The most relevant to this thesis are

Duality: Oy = -0—¢p
Distribution: O(p Ay) = Op A Oy

Analogues of these laws are known for the modality V7 for a weak pull-back
preserving functor (see e.g. [0]). In this section, we prove similar laws for the
languages Lr(A).
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Duality

Definition 4.12. For a given a € T,,Lr(A) and lifting L € A, define

Droa:={® € TPBase(a) | (o, ®) ¢ (L™ ¢)}
Spa:={(T \)®|® € Dra}
Dpa:={(T\/)® | ® € Dpa}.

In [B], Spa and Dpa are called L(a) and R(«) respectively, for ‘left’ and
‘right’. Since in this thesis the letter L already plays many roles, we have opted
for S and D instead, referring to ‘sinister’ and ‘dexter’ (which are latin for ‘left’
and ‘right’).

Ezample 4.13. We calculate Dr (), Sp(«) and Dy, (a) for some specific functors.

(i)

(i)

Let T = T be the ordered-pair functor X — X2, and let Lf Ts be the
Barr lifting. Then let o« = (a,b) be any element of ToLr,(T3). We see
that Base(a) = {a,b}. Now for a & = (A, B) € ToP Base(a), we have
® € Dg () if (a,®) ¢ (T ¢).

By definition, ({(a,b), (A, B)) € (T ¢) if and only if a ¢ A and b ¢ B. So
® € Dz, (a) ifa€c Aorbe B.

From this, we see that an element of Sy« is of the form (A A, A B) with
a€ Aorbe B. An element of Dy« is of the form (\/ A,/ B) witha € A
orbe B.

Let T'= P be the powerset functor, and let L = P. Note that L~ = P.

First we consider the case « = @. Then Base(a) = &, and so TP Base(a) =

PPo = {@,{@}}. For ® € TP Base(d), we have (&,P) € P if for all
A € @, there is an a € @ with a ¢ A. Clearly, this is only the case if
® =@. So, Dﬁ(@) has one element, {@}. Hence, Sﬁ(@) ={{A@}} and

Dg(9) ={{Va}}

In general, for a given a € Pﬁp(ﬁ, F), we have that Base(a) = «, and so
an element of Dﬁa is a set @ of subsets of «, such that (o, @) ¢ (F ¢).

This happens precisely when a € ®. For, if & € ®, then there is no a € «
with a ¢ «a, so it is not the case that for all A € ® there is a € « with
a ¢ A And if o ¢ @, then every element of ® is a strict subset of a,
and hence for every A € ® there is a € a with a ¢ A, which means that

(a,2) € (P ).
From this, we see that an element of Sﬁ(a) is some set of conjunctions,
at least containing A «; and an element of Dﬁ(a) is a set of disjunctions,

at least containing \/ «.
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(iii) Again, let T = P be the powerset functor, and let L = P (and hence
L~ = 1?’) The case @ = @ is now trivial: for all elements ® € PPg,
we have (&,P) € (P) ¢), as its condition is “for all @ € @, ...”. So
DF(Q)’ Sﬁ(@), Dﬁ(@) are all empty.

In general, for a given o € Pﬁp(f’, ﬁ), an element of Dﬁa is a set ® of

subsets of «, such that («, ®) ¢ (ﬁ ¢). For this to happen, it should not
be the case that for all a € «, there is an A € ® with a ¢ A. In other
words, (a, ®) ¢ (?’ ¢) if there is an a € a such that for all A € ®, a € A.
Or, put concisely: if ® has non-empty intersection.

An element of Sﬁa is a set of conjunctions, such that there is one element
a € « occurring in each conjunction. An element of Dﬁa is the same, but

with disjunctions instead of conjunctions.

Proposition 4.14 (Duality lemma). For a given pointed coalgebra model S, s,
the following equivalences hold:

S,slkFApa iff S, sl =V (T-)a iff S,s Ik V-8 for some 8 € Spa (1)
S,slEVia iff S, sk -Ap(T-)a iff S,s Ik Ap-8 for all 8 € Dy (2)

Proof. Let T be a functor, A a set of T-liftings, S = (5,0, m) a T-coalgebra
model, and let s € S. Finally, let « € TLp(A).

(1) First, assume that S,s IF Apa. Assume towards a contradiction that
S,s Ik Vi(T-)a. Then

(0(s), @) € LI (T=)° C L(IF; (=%)°) = L(¥)
since S,t IF —a if and only if S,¢ ¥ a. But this is a contradiction with
S, sk ALOé. SO, S, sl —\VL(T—')(X.
Next, assume that S, s |- =V (T—)a. Then define Th,, : S — Base(«) as
Th,(t) := {a € Base(«) | S,t - a}

and set ® := (T'Thy)o(s). We claim that ® € Dpa. For, if (o, ®) €
(L~¢), then as illustrated in figure

(0(s), (T=)a) € (TTha)*; (L #); (T)*" € L(Tha; #-*") € LI

since if a ¢ Thy(t), then S,s IF —a. This is a contradiction with S, s IF
-V (T-)a, and hence (a, @) ¢ (L~ ¢).

» 2 o,
TThirT IA lT_‘g:
o(s) —o @
Figure 2



Now if we set 8 := (T'\)®, then 8 € Spa. We claim that S, s IF V- (.
But this is straightforward: we see that

(0(s),8) € TThE;T /\ & C L(ThE; \#) S LIk
since for all ¢t € S, we have that S, ¢ I- A Th,(¢) by definition.

Finally, assume that S, s IF V-3 for some g € Spa. Let & € Dy« such
that 8 = (T'/\)®. Then assume towards a contradiction that (o(s),a) €
L I¥. We calculate that, as illustrated in figure [3]

(, ®) € (L7A; (L7 1F); (T \#)° € L~ (A (\#)°) S L™ ¢

since if S, ¢t ¥ a and S, ¢ IF A A, then a ¢ A. This is in contradiction with
(a,®) ¢ L~ ¢.
o(s) = B
LA Al T/\g"
L~ ¢ ®

Figure 3

So, we conclude that (o(s),a) ¢ LW, and hence S, s IF Apa.
(2) First, assume that S, s IF Vpa. Then
(0(s), T—a) € (L IF); T—& C L(lk; ~&) = LK

and hence S, s IF =A(T-)a.

Next, assume that S,s IF =Ap(T—)a. Let 8 € Dpa. Then there is ¢ €
Dra with 8 = (T\/)®. Assume towards a contradiction that (o(s), ) €
L~ W¥. Then as illustrated in figure [4, we have

(o, @) € T8 (LA); (L )5 (T'\/ #)° € L (=& A5 (\/ #)°) S L™ ¢

since if S, ¢ ¥ —a, and S,t ¥ \/ A, then S,t IF a and hence a ¢ A. This is
in contradiction with ® € Dy, and hence S, s IF Ap- 5.

(T-)a =70 o(s) == 3
R ¥
« =T o ®
Figure 4
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Finally, assume that S, s IF Ap. g for all 8 € Dpa. Let Th, : S — Base(«)
be defined as
Th, (t) = {a € Base(a) | S, t ¥ a}

and set ® = (T'Th,)(o(s)). Then («, ®) € L~ ¢. For, assume towards a
contradiction that (o, ) ¢ L~ ¢. Then ® € Dya; set § = (T'\/)P. Since
B € Dpa, we know that S, s IF Ap. 5 by assumption. But also,

(0(s),8) € (T Th,)#; (T \/#) € L*((Th,)#"; \/#) C LK

since certainly S,¢ ¥ \/ Th, (). This contradicts S, s IF Ap-~3, and hence
(o, @) € L~ ¢.

But now
(0(s),a) € (T'Thy)®; (L &) € L(Thy; ) € L IF

since if @ ¢ Th_ (t), then S, ¢ IF a by definition.

Distribution

Definition 4.15. Let A be a set of T-liftings, and let I" € P,T,,Lr(A). For
every v € I', let L, € A be an associated lifting, and let

VI:={VL y|yeT}

Recall from definition 2.8/ the notation B(I") = J, < Base(7). We call an object
® € TPB(T') a redistribution of VI if for all v € ', we have (v, ®) € L;€. We
will write

R(VT) :={® € TPB(T') | ® is a redistribution of VI'}.

Proposition 4.16 (Distributive law). Let A be a set of T-liftings, and let T €
P,T,Lr(A). Then write VI' = {Vp_ v | v € I'} and assume that Ly € A is
such that Lo < L., for ally € I'. Then for a pointed T-coalgebra model S, s, the
following equivalence holds:

S, s - /\VF iff S, sl Vi, (T /\)<I> for some ® € R(VT).
Proof. First, assume that S, s |- A VI'. Then let Thr : S — B(I") be defined as
Thr : ¢t — {a € B(T') | S, ¢ IF a}
and set ® = (T Thr)o(s).
We claim that & € R(VT). For, takey € I'. Then S, s IF V_~, s0 ((s),7) €
L., I-. Hence,

(v,®) € L3Hl; (T Thr)® C L (4, ThE) C (Lz€)
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as desired.
Moreover, we clearly have

s),(T \)®) € TThE:; T \# C Lo(Th{'; \#) € (Lo IF)
showing that S, s I- V(T \)®

Now assume that there is a ® € R(VI') with S, s IF Vi, (T'A\)®. Then let
v €I'. We see that

(0(s),7) € (Lo F); ( T/\gr 3)

(Ly I /\gf
Ly(F (/\ )°:2)
(Ly1F)

since if S,tIF A A and A 5 a, then S, ¢ IF a.
Hence, for all v € T', we have S,s |- Vv, and so S,s |- A\ VI, O

N 1N m

N

Remark 4.17. In order to make use of the distributive law in proposition
on some conjunction /\ VI, there must be a Ly € A with Ly < L., for all . For
this to be the case, we see that A needs to be filtered.

Definition 4.18. Let T be a functor, and let A be a set of T-liftings. We call A
filtered if for all Ly,..., Ly € A, thereisan L € A with L < L; fori=1,... k.

This is not such a strong requirement; we know that T admits a minimal
lifting Lo, and hence A’ = A U Lg is always filtered.

Strong distributive law One can wonder why we have chosen the distribu-
tive law for [ as our template for the distributive law for V. After all, the
V-modality can be seen as a generalization of { just as well as a generalization
of 0. And for ¢, the distributive law reads

Ol V) =00V Oy

It seems that the V-modality is closer to [J than to ¢, since both the V- and
O-modality have a ‘universal’ flavor, in contrast to the ‘existential’ flavor of the
0.

Still, in the specific case of V7 for a weak pullback-preserving functor, we do
obtain a distributive law for the disjunction.

Proposition 4.19 (Strong distributive law). Let T be a weak pullback-preserving
functor, and let A be a set of T-liftings containing T'. Let ® € T,,P,Lr(A), and
let S, s be a pointed T-coalgebra. Then we have the following equivalence:

S,s -V (T \/)<I> iff there is o € T, L7 () with (o, ®) € (T€) and S, s I+ Vo
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Proof. First, assume that S, s I+ V(T'\/)®. Then

and hence there is a with (o(s),a) € (T IF), and (o, ®) € (T€), as desired.
Next, assume that S, s |- Va for some a with (o, ®) € (T'€). Then
(o(5), (T\/ @) € (T IF); (Te); (T \))*

T(k; €\ #)
CT(IF)

showing that S, s IF V(T'\/)®.
0

It is instructive to note that the right-to-left direction holds not just for the
Barr lifting T', but for general liftings L. It is only in the left-to-right direction,
where we need to find the ‘intermediate’ point « in T(IF; €), that the strict
distributivity of the Barr lifting is needed.

4.4 Normal Forms

In this section, we will discuss a number of normal forms for L1 (A)-formulas.

Definition 4.20. Let T : Sets — Sets be a functor, and let A be a set of T-
liftings. A formula a € L7(A) is called clean if all negations in a occur directly
before a proposition letter.

Inductively, we define the set £5.(A) of clean (T, A)-formulas as follows:

e If p is a proposition letter, then p and —p are clean formulas;
e If A is a set of clean formulas, then A A and \/ A are clean formulas;
o If L e Aand o € T,L5(A), then Voo and Apa are clean formulas.

Proposition 4.21. Let T : Sets — Sets be a functor, and let A be a set of T'-
liftings. Then any formula a € Ly(A) is equivalent to a formula c(a) € LS(A).

Proof. We prove it by induction on the complexity of formulas. If a is not of
the form —a’, then the induction is straightforward. So, assume that a = —a’
for some a’ € L1(A). There are several cases to consider.

e If a/ = p is a proposition letter, then a is already clean.
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e If a’ = —a”, then we see that a is equivalent to a”, which by induction is
equivalent to a clean formula c(a”).

o If a’ = A\ A, then we see that a is equivalent to

\/{=a" | a" € A}

and by induction, for every a” the formula —a’ is equivalent to a clean
formula ¢(—a”). So, we see

a= \/{c(—\a”) |a" € A} =: c(a)
which shows that a is equivalent to a clean formula.
e The case a’ = \/ A is similar to the case a’ = A A.

e If @’ = VL, then by proposition we know that
a = —|VLOé = AL(T_\)CY

and by induction, we have a function ¢ : Base((T—)a) — L5 (A) such that
a” is equivalent to c(a”) for all a” € Base((T—)«). Hence, if we set

cla) =Ap(TcoT-)
we see that c(a) is a clean formula, equivalent to a.

e The case a’ = Ar« is similar to the case ' = Vya.

So now by induction, we have shown that every formula in £7(A) is equivalent
to a clean formula. O

If T preserves finite sets, then we can use the duality theorem to completely
eliminate the A-modalities.

Definition 4.22. Let T : Sets — Sets be a functor, and let A be a set of
T-liftings. We define the set LY.(A) of A-free (T, A)-formulas as those clean
formulas containing only V-modalities. Inductively, they are defined as follows:

e If p is a proposition letter, then p and —p are A-free formulas;
o If A is a set of A-free formulas, then A A and \/ A are A-free formulas;
o If L € Aand o € T,L5(A), then Vo is a A-free formula.

Proposition 4.23. Let T : Sets — Sets preserve finite sets, and let A be a set
of T-liftings, closed under (—)~. Then any formula a € L7(A) is equivalent to
a A-free formula m(a) € LY. (A).
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Proof. First, by proposition we may assume that a is a clean formula. The
only interesting case in the induction is the case a = Apa for some L € A, €
L5 (A). Then since T preserves finite sets, we know that Dy C TP Base(a) is
finite. So, Spa is finite, and hence we see that by proposition [£.14]

a= \/{VLN,B | B e Spa}l.

By induction, for every formula b € B(Sp«), there is an equivalent A-free for-
mula 7(b). So now,

VAV (Tm)B| B € Spa}

is a A-free formula equivalent to a. O

If A is filtered (see definition [4.18)), we can obtain an even stronger normal
form, where negations occur only before proposition letters, only V-modalities
appear, and conjunctions only apply to sets of literals and at most one modality.

Definition 4.24. Let T : Sets — Sets be a functor, and let A be a set of
T-liftings. We define the set LYF (A) of Normal Forms as follows:

o If P is a set of literals, then A P is a normal form.

e If P is a set of literals, L € A and « € T,LYF(A), then AP AV« is a
normal form.

o If A is a finite set of normal forms, then \/ A is a normal form.

Proposition 4.25. Let T : Sets — Sets be a functor, and let A be a set of
T-liftings, closed under (=)~. If T preserves finite sets, and A is filtered, then
any Lr(N)-formula a is equivalent to a formula NF(a) € LYF(A).

The idea is the following: first, we push negations down as in proposition
Then we flip each A as in proposition Finally, we push conjunctions
down by using the De Morgan law

anN(dVe)=(aAb)V(aNc)
and the distributive law from .16

Proof. By proposition we may assume that a is a A-free formula. The
cases ¢ = \/ A and a = Vpa are trivial. The only non-trivial case is that of
a=\A.

By induction, we may assume that all elements of A are normal forms. If
there is any o’ € A with o/ =\/ A’, then

a= \/{/\(A \{d'})ua’|d" € A’}
and every formula A(A\{a’})Ua” has lower complexity than a, so by induction

is equivalent to a normal form. Now a is equivalent to a disjunction of normal
forms, and hence a normal form.
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So, we may assume that every formula in A is either a conjunction of literals,
or a conjunction of literals and one nabla formula. That is, we have A = AqUA;,
with

Ay = {/\Pl,...7/\Pk}, Ay :{/\Q1/\VLlal,...,/\Qm/\VLmam}

Now let P =, P U Uj=, Q. Clearly, we now have that

a= /\P/\ 7\ Vi, a;
j=1

Let Ly < L; for j =1,...,m. Then by proposition we know that
N\ Vi,a=\{VL (T N2)| ® € R{VL,a1,..., VL, am})}
j=1

Hence, we can write

a=\/ \NPAVL(T /).

P

Now by induction, for any ® € R{Vyp,a1,..., VL, an}), every formula b in
{T' \ B | B € Base(®)} is equivalent to a normal form NF(b), and hence

a=\/ (/\P/\ vLO(T(NFo/\))@)

is a normal form for a.

We finish with a strong normal form theorem for L1 (T).

Definition 4.26. Let T : Sets — Sets be a functor, and let A be a set of
T-liftings. We define the set of pure (T, A)-formulas L£F.(A) as follows:

e If P is a consistent set of literals, then A P is a pure formula.

e If P is a consistent set of literals, L € A a lifting, and a € T,,L%.(A), then
AP AViais a pure formula.

We call a formula a € L7(A) a pure normal form if it is a disjunction of pure
formulas.

Proposition 4.27. Let T': Sets — Sets be a weak pullback-preserving functor,

that additionally preserves finite sets. Then any formula a € L1 (T) is equivalent
to a pure normal form.

Proof. By proposition we may assume that a is a normal form. First,
we counsider the case a = A\ P for P a set of literals. If P is consistent, then
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a = V{A P} is a pure normal form. If P is inconsistent, then a = 1 =\/ @. So
in this case, a is equivalent to a pure normal form.

Next, assume that a = \/ A is a disjunction of normal forms. Then by
induction, we can write every a; € A as \/ A;, with A; a set of pure formulas.
Now a = \/|J; Ai, showing that a is equivalent to a pure normal form.

Finally, assume that a is of the form A PAVa for P a set of literals, and « €
T.,LYF(T). Then again, if P is inconsistent, @ = L, and hence a is equivalent
to a pure normal form. If P is consistent, then we continue. By induction, for
every b € Base(a), there is a set A(b) C L4.(A) such that b = \/ A(b). Hence,
we see that

a:/\P/\VaE/\P/\V(T\/OTA)a

Note that (TA)a € T, P, L5 (A). Let A:= {3 € T,,LL(A) | (B, (TA)a) € (Te)}.
By lemma we know that if 8 € A, then Base(3) C |JBase(T'A)a. Since
T preserves finite sets, we know that T'(|J Base(T'A)«) is finite, and hence A is
finite as well. By proposition we now know that

V(T\/oTA)a=\/ V8.
BeA

Using this, we see

a=\/ \PAVB

BeA

showing that a is equivalent to a pure normal form. O
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5 (Relative) expressivity of the V-modalities

This chapter is devoted to investigating which coalgebraic phenomena are cap-
tured by the languages L7 (A) for variable A. We start by proving an analogue
of the Hennessy-Milner theorem from modal logic[6].

The rest of this chapter explores the relative expressivity of the modalities.
There are two central questions we will be concerned with:

1. If a formula a is defined from a lifting L, and L’ < L, can a also be defined
from L'?

2. If a formula a is preserved under L-simulations, can it be defined from L?

5.1 Adequacy

In this section, we show that two T-coalgebra models are L-bisimilar if and only
if they are indistinguishable to L (L).

Definition 5.1. Let T : Sets — Sets be a functor, and let A be a set of T-
liftings. Let S = (S,0,m) and S’ = (S’,0’,m’) be T-coalgebra models, and let
s€ S, el Wecall S;s and S, s" L (A)-equivalent if for all a € L1(A), we
have

S, s I a if and only if ', s IF a.

If S, s and §', " are L(A)-equivalent, we write S,s =5 §', ¢’

Theorem 5.2. Let T : Sets — Sets be a functor, let A be a set of T-liftings,
and set Lo := N\ A. Then for finite branching T-coalgebra models S = (S, o, m)
and S’ = (S',0',m'), with s € S and s’ € S’, the following are equivalent:

(i) S,s o s s';

(ii) S,s=p S, 5.
Proof. (i)=>(ii): Assume that S,s <%0S, s’. Then let R : S — S’ be an Lg-
bisimulation. Note that since Lo < L for all L € A, we know that for each
L e A, Ris an L-bisimulation.

We prove by induction on a € Lr(A) that S, s IF a if and only if S/, s’ IF a.
The only non-trivial cases are the cases a = Vpa and a = Apa for some L € A

and a € T,,Lp(A).
So, assume that S, s IF V. Then (o(s),a) € (£ IF). Hence,

(0'(s'), @) € (LR®); (L IF) € L(R; k)

and by assumption, R°;IF C I (when we restrict the codomain of I to Base(«),
see example [3.11). Hence, (0/(s'),a) € (L IF), showing that §',s' IF V. By
symmetry, we now have S, s I~ a if and only if §', s IF a.

Next, assume that S,s IF Apa, and assume towards a contradiction that
(o'(s"),a) € (LW¥). Then

(0(s), @) € (LR); (L W) € L(R; ) € (L ¥)
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again by the induction hypothesis. But S, s I Ap«, and hence (o(s), a) € (L ¥¥),
and we have a contradiction. So, (0/(s'),«) ¢ (L ¥), and hence S',s" IF Apa.
By symmetry, we now have that S, s IF a if and only if §', ¢" I a.

So, by induction, we have S,s =5 S, s'.

(ii)=(i): It suffices to show that =, is an Lop-bisimulation. The condi-
tion atom is obvious. We prove by contraposition that if ', s’ =5 S, s, then
(0'(s"),0(5)) € (Lo =»).

Assume that (¢/(s"),0(s)) ¢ (Lo =a). By definition of Ly, this means that
there is some L € A such that (o(s),0'(s")) ¢ (L =a).

Since S and S’ were finite branching, we can take B = Base(o(s)) and B’ =
Base(o’(s")), being finite subsets of S and S’ respectively. Let J = {(¢,t') €
Bx B'|S,t#4 S',#}. Then by definition of =4, for every (¢,t') € J, there is a
formula d; 4+ € L7 (A) such that (a) S,t |- dyp and S',t' ¥ dy 4, or (b) S, t W dy v
and S/,t/ I+ dt,t“

By replacing d; ¢+ with —d, + we can make sure that for every (¢,t') we are in
case (a). Now define for ¢t € B the formula a; as

at . — m dt,t/
(t,t")ed

Then since we had ensured that we were in case (a) for all (¢,¢'), we see that
S,t I+ a; for all t € B. Hence, if S,t =5 S',t, then §',¢ I a;. On the other
hand, if S, ¢ #5 §',¢' for t' € B’, then §',¢ ¥ a, since d;» will be a conjunct in
Q.
We can summarize this as
a® C Ik, =AlBxB = IF; (a®)°

where we see a as a function B — Lp(A).
Now let 8 := (Ta)o(s), and let b = V3. Then
(0(s), B) € (Ta)* C L(a®) C (L1IF)
and hence S, s |- b. On the other hand, we see that if (¢/(s’), 8) € (L IF), then
(0'(5), 0(5)) € (L IF); (Ta¥)® € L(Is (a)°) € L(=4)

and hence (0/(s"),0(s)) € L(=a), which was not the case by assumption.
Thefore, we conclude that S, s’ ¥ V8, showing that §',s" #5 S, s, since
they disagree on the formula Vf.
O

In [I8], it is shown that for L a symmetric T lifting, L-bisimilarity is equiva-
lent to behavioral equivalence if and only if L preserves diagonals. Combining
this theorem with theorem [5.2] we obtain the following corollary:

Corollary 5.3. Let T : Sets — Sets be a functor, and let L be a T-lifting
such that LN L~ preserves diagonals. Then for given coalgebra models S,S' and
points s € S,s' € S, we have

S,s~§',s" if and only if S,s =1, §', s’
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5.2 Downward expressivity

In this section, we seek to answer question 1 from the introduction to this
chapter: “If a formula a is defined from a lifting L, and L' < L, can a also be
defined from L’?” It turns out that the answer is “not in general”. Consider the
following example:

Ezample 5.4. Let T be the functor X — Prop®. Then for all relations R, we
have TR = Apyopv, the diagonal relation (see definition .
Now consider the lifting L., defined as

LyR = {(u,v) € Prop* | {i | u; # v;} is finite }
Then clearly, T < L,,. Now let p be a proposition letter, and let a be the formula
a = vap’

where p is the constant function ¢ — p. We claim that a is not equivalent to
any formula in Lp(T).

Clearly, a is not equivalent to any formula of modal depth 0. For a constant
functor T, any Lp(A) formula is equivalent to a formula of depth < 1; so it
suffices to consider formulas of the form

b:\n/ 7\6 A V!

i=1 \j=1

with u® : w — Prop for every i.

Assume that b F a for some L7 (T)-formula b of the above form. Then for
every i, we must have u; = p for all but finitely many j; otherwise, we could
have S, s I Vzu' without S,s I V_p. Let jo be such that ué»o = p for all
i=1,...,n. Then if S = (S,0,m) and S, s IF b, we must have o(s);, = p. Now
consider S = ({*}, 0, m) with

o(%); = {p J 7 Jo

q j=Jjo

where ¢ is any proposition letter distinct from p.
_ Then clearly, (o(+),p) € Ly IF, and hence S, x I- V., p. But also, (o(x),u’) ¢
T I+ for any 4; so S, * ¥ VTui for every i, and hence S, x ¥ b.

The obstruction in example [5.4]is the fact that only finite boolean combina-
tions are allowed; otherwise, we could express Vi _p as

VoV

u:w—Prop
[{ui#p}<w

where the disjunction is taken over all w : w — Prop such that wu; is different
from p for only finitely many i.
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It turns out that this ‘finitarity problem’ is, essentially, the only thing stand-
ing in our way. We can remove it by stipulating that T preserve finite sets.

The crucial property of functors that preserve finite sets, is that if « € T X,
then T Base(«) is finite, giving us strong normal form theorems, as in section
In the remainder of this chapter, we will often use this without comment.

Theorem 5.5 (Downwards expressivity). Let T' be a functor preserving finite
sets, and let A be a set of liftings closed under (—)~. Let Lo be a lifting such
that Lo < L for all L € A. Then any formula a € Lr(A) is equivalent to a
formula ag € L1 (Ly).

Proof. Let v € T,Lr(A). Let L € A, and set S, := {® € TP Base(y) | (7,®) €
L~ €}. Note that S is finite, as Base(7y) is finite, so P Base(7) is finite, and T'
preserves finite sets.

Let S = (S,0,m) be a coalgebra model, and let s € S. Then consider the
following equivalence:

S,s - Viyiff S, 51k \/ Vi, (T )@
PeS

This is a special case of the distributive law given in proposition where I’
is a singleton {v}. So, we can define the following partial translation:
Let £Y(A) be the set of A-free (T, A)-formulas. Then we inductively define

T(0) =4 ¢ is a literal
7(0A) = or(4] oe{A\.V}
T(Vey) =\ V(T N2

deS,

Then by the above discussion, every a € LY.(A) is equivalent to 7(a). By
proposition u 4.23] for every a € L'T(A) there is a formula aV € LY (A) such that
a=a". So, if we set

we have obtained the desired translation £7(A) to L7 (Lg). O

5.3 Upwards expressivity

Next, we aim to answer question 2 in the affirmative. We will prove the following
theorem:

Theorem 5.6 (Upwards expressivity). Let T : Sets — Sets be a functor
preserving weak pullbacks and finite sets. Let a € Lp(T) be preserved under
L~-simulations. Then a is equivalent to a LY. (L)-formula.

This theorem is a generalization of the well-known fact that a modal logic
formula a € L, is preserved under simulations if and only if it is equivalent
to a negation-free formula containing only diamonds ([6], theorem 2.78).
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Our approach is similar to the method of K. Fine in [9]. In that paper,
modal logic is shown to have the Final Model Property by taking an arbitrary
satisfiable formula a, rewriting it into a particular normal form, and extracting
an explicit model from this normal form.

Proof (Sketch). Let a € L7(T) be preserved under L™-simulations. Then write
a as a pure normal form \/;_; a;. Define a’ by replacing every V in Vier ai
with V. Then a F a”, since at every V, the condition S, s IF Vya is less strict
than S, s IF Va.

For the other direction, assume that S, s I a”. Then there is an i € I with
S, s Ik ak. Now, Sfor(a;) can be regarded as a T-coalgebra, such that

e Sfor(a;),a; IF ag;
o IFr:={(s,a) | S,sIF al} is an L-simulation from S to Sfor(a;).

Then -y, is an L~-simulation from Sfor(a;),a; to S,s. Since Sfor(a;),a; IF a;,
we know that Sfor(a;),a; IF a. Since a was preserved under L~-simulations, we
conclude that S, s IF a, showing that a” k a. O

There are many technical details in this argument left to be filled in. The
rest of this chapter will be devoted to smoothing out the wrinkles.

5.4 Some semantic notions

In this section, we introduce some operations on and relations between models
that will be useful in the proof of theorem

Finite simulations

Definition 5.7. Let T : Sets — Sets be a functor, and L a T-lifting. Let
n > 0 be a natural number. Let S = (S,0,m) and S = (S’,0’,m’) be coalgebra
models. A (L, n)-simulation from S to S’ is a sequence of relations (R, ..., Ry,)
with R; : S — S’ such that

e For all 4, if sR;s’, then m(s) = m/(s);
e For all i > 0, if sR;s’, then (o(s),0'(s")) € L(R;—1).

If there is an (L, n)-simulation (R;);=o
will write S, s =L .
If S,s 2LS' s and §',s' =LS, s, then we will call S,s and §',s" (L,n)-

bisimilar and write S,s LS/ 5.

n from S to S’ with (s,s') € Ry, we

.....

Proposition 5.8. Let S,S’ be T-coalgebra models, and assume S,s LS s'.
Then for any a € L7(L) of modal depth at most n, we have

S,sl-aiff S',s IF a.
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Backwards unraveling

Definition 5.9. Let T : Sets — Sets be a functor, and fix some default value
0 € T{x}. Let S = (S,0,m) be a T-coalgebra model, and let n > 0 be a natural
number. The backwards unraveling of S is defined as p(S) = (p(S), p(o), p(m))
where

Tii—1(0o(s)) == (s,i), for some s € S,7 >0
T (9) otherwise

m(s) x = (s,i) for some s € S,i € w

p(m)(z) = {

%) €T = %

where we write ¢; : S — S X w U {x} for the natural map s +— (s,4), and ¢, for
the inclusion {x} — S x w U {x}.

We give an illustration of the backwards unraveling for a P-coalgebra in figure

Lemma 5.10. For every T-coalgebra model S, T-lifting L, natural number n >
0, default value 6 € T{x}, and s € S, we have

S, sk p(S), (s,n)

Proof. Setting R; = 8" gives a (L, n)-bisimulation by construction. O

Restricted models

Definition 5.11. Let S = (5, 0,m) be a T-coalgebra model. Let @ C Prop be
some (usually finite) set of proposition letters. We define the restriction of S to
Q as the T-coalgebra model S[g= (S, 0,m?), with

m®(s) =m(s)NQ

Lemma 5.12. If S is a T-coalgebra model, a € L1 (A) is a formula, and Q C
Prop a set of proposition letters with Var(a) C Q, then for any s € S, we have

S, sk a if and only if S[g,s Ik a

Proof. Simple induction on the complexity of a. O

5.5 Syntactic coalgebras

Pure formulas as coalgebras A generic pure formula has the form a =
AP AVia with o € TLE.(A) (see definition [4.26). It is natural to see a as the
unfolding of a. In this way, we can view L%.(A) as a T-coalgebra model, where a
formula a = A P A Vi is marked with the positive literals in P, and A\(a) = «
is the unfolding.
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Figure 5: The frame on the right is the backward unraveling of the frame on
the left, with default value @ € P{x}. It is obtained by taking w many copies
of the old frame, stacking them on top of each other, and shifting the target
of each arrow up one level. To illustrate this, we have kept the arrows of the
original frame in each copy, shown as dotted arrows.

There is still a gap in this definition, since there is a priori no way to unfold
pure formulas of the form A P. In order to give an unfolding for these formulas,
we pick a default value 1 € T{T}. This gives the following definition:

Definition 5.13. Let A be a set of T-liftings, and let 6+ € {T} be a default
value. Then we define a canonical (T, A)-coalgebra Cr(A) = (L% (A), A, m) by
setting

Aa) a a=/\PAVpaforsome P«
a) =
ot a= AP for some P

m(a) := P N Prop Wherea:/\P ora:/\P/\Va for some «

Proposition 5.14. Let a be a pure (T, A)-formula. Then Cr(A),al- a.
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Proof. We prove it by induction on the complexity of a. If a is of the form A P,
then since P is satisfiable, we know that it is of the foorm P = P U{-p|p €
P_} for disjoint sets of proposition letters Py, P_. Now m(a) = P, and so
Cr(A),alkp for all p € Py, and since P N P_ = &, we know Cr(A),a ¥ p for
all p € P_. So, we know

Cr(A),alk \P

as desired.

Let Cy be the set of pure formulas of modal depth less than d, and assume
that we have proven the proposition for formulas in Cy. Then let a = A PAVa
be a pure formula of depth d. Then we know that

(a,a) € Apc,(ny N (TCq x TCy)
= (Tug,)"; (Teg,)
L(ug,)°s Lig,
L((tg,)%5e,)
L(Acr ) N (Ca x Cq))
L

showing that Cr(A),a IF Via (since @ = A(a)). By the same argument as
above, we know that Cr(A),a Ik A P, and hence we have that

Cr(A),al- A PAVLa

as desired.

O

Now, if S is a T-coalgebra, then IF is almost an L-simulation from S to Cr(L).
But there are two obstructions.

(1) Once we reach a formula a of modal depth 0, its unfolding is not in any
relation to o(s), even if s IF a. For this reason, we introduced the back-
wards unraveling, since this allows us to replace s with a node p,(s) that
only has interesting behavior up to depth n. Still, if a = Va is a pure
formula of depth n, there may be a’ € Base(«) of depth much smaller than
n, which means that the ‘syntactic coalgebra’ Sfor(a) will display default
behavior much earlier than p,(s).

(2) If a = A\ P is a conjunction of proposition letters, then the truth condition
for sk a is P C m(s), while the condition for a simulation is m(s) = P.

We will remove these obstructions by considering classes of even more well-
behaved formulas.

Definition 5.15. The set £g~7d(A) of homogeneous formulas of depth d is in-
ductively defined as follows:
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If p is a proposition letter, then p is homogeneous of depth 0.

If a is homogeneous of depth d, then —a is homogeneous of depth d.

If A is a finite set of homogeneous formulas of depth d, then A A and \/ A
are homogeneous of depth d.

o If a € TwE’fﬂ,d(A), and L € A, then Vya and Apa are homogeneous of
depth d + 1.

Notation 5.16. Let @ be a finite set of proposition letters, and let o : @ — {0, 1}
be a function. We write

No=/ A\Uplop) =13 U{-p|a(p) =0}

Definition 5.17. Let @ be a finite set of proposition letters. The set of Q-full
formulas C%(A, Q) (or simply full formulas if @ is understood form context) is
defined as follows:

o If 0: Q — {0,1} is a function, then A o is full.
e If g is full, then —a is full.
e If A is a set of full formulas, then A A and \/ A are full.

o Ifae Tw/l;(A,Q), and o : Q — {0,1} is a function, then for all L € A,
NoAVia and Ao A Apa are full.

Definition 5.18. If a formula a € L1(A) is a pure formula that is (Q-)full and
homogeneous, we will call a a full homogeneous pure formula, or fhp formula.
We will denote the set of fhp formulas with Eghp (A).

If a formula a € L7 (A) is a pure normal form with every disjoint being an
fhp formula, we will call a a full homogeneous pure normal form, or fhp normal
form.

We will prove in several stages that every formula is equivalent to an fhp
normal form.

Lemma 5.19. Let T be a weak pullback-preserving functor, and assume that T
preserves finite sets.

(i) Ifa € LYF(T) is a normal form of depth d, and d' > d, then a is equivalent
to a homogeneous normal form of depth d'.

(i) If a € LA(T) is a homogeneous normal form of depth d, and Q is a finite
set of proposition letters with Var(a) C Q, then a is equivalent to a Q-full
homogeneous normal form of depth d.

(i1i) Every homogeneous full normal form is equivalent to a hfp normal form.
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The proof strategy will be to first pump up the modal depth of too-shallow
end points by using the equivalence

=\ vy

YET{T}

and second use the equivalence

p=(gAp)V(=gADp)

to ‘fill out’ any conjunction of literals. Both these steps introduce new disjunc-
tions, but these can be pulled out using the distributive law from proposition

E19

Proof. (i) As an initial case, we prove that T is equivalent to a homogeneous
formula of depth d for all d > 0. As T = A @, we know that it is
homogeneous of depth 0.

Now assume that T is equivalent to a homogeneous normal form T, of
depth d. Then let j: {T} — E%d(A) be the function T — T,4. Note that

T= \/ Vv
yeT{T}

and hence
-

\ V(T

YET{T}

is a homogeneous normal form for T of depth d + 1.

Now we can prove by induction that every normal form a is equivalent to
a normal form of depth d’ whenever d’ > a.

First, assume that « = A P is a conjunction of literals. Then let d > 0;
above, we have seen that there is a set S such that T =\/__,Vyis a
homogeneous normal form for T of depth d. Now

aE/\P/\TE \//\P/\VV

y€ES

yeES

is a homogeneous normal form for a of depth d.

Next, assume that a = /\ P A Va for some o € T,,LYF(T). Let d' > d(a).
Then for every b € Base(a), we know d(b) < d(a) < d’, so there is a
homogeneous normal form h(b) of depth d' — 1. Now

a= /\P/\V(Th)a

is a homogeneous normal form for a of depth d'.
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Finally, if a = \/ A for some set A of normal forms, then let d' > d(a).
Clearly, for every b € A we have d(b) < d’, so there is a homogeneous
normal form h(b) of depth d’. Now

a= \/ h(b)

beA
is a homogeneous normal form for a of depth d’.

We proceed by induction on the complexity of the formula. First, let
a = /\ P be a set of literals, and assume that Var(a) C Q. Then if P is
inconsistent, we know that a = \/ @, which is a Q-full normal form. So,
we assume that P is consistent. Now, consider the partial function

1 qe P
00:Q—{0,1}:q— <0 -q € P
undefined ¢ ¢ P and —~q ¢ P

Let S ={o:Q — {0,1} | o extends o¢}. It is now clear that

a=\/ \o

oceSs

showing that a is equivalent to a full homogeneous normal form.

Next, let a be homogeneous of the form A P A Va for P a set of literals,
and o € T, LYY (T). If P is inconsistent, then a = \/ @, so we may assume
that P is consistent. Assume that Var(a) C @. Then by induction, every
a € Base(a) is equivalent to a @-full homogeneous normal form f(a).
Now, as before, let g : @ — {0,1} be the partial function defined as

1 peP
op:p—140 -peP
undefined p¢ P,-p¢ P

and let S = {o:Q — {0,1} | o extends o¢p}. Then
a= \/ (/\J/\V(Tf)a)
S

which is a full homogeneous normal form.

Finally, if a is of the form \/ A for A a finite set of homogeneous normal
forms, then assume Var(a) C @. By induction, for every b € A we have a
Q-full homogeneous normal form f(b), and hence

a=\/ f(b)

beA

is a @-full homogeneous normal form for a.
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(iii) This proof is analogous to the proof of In particular, let us look at
the case a = \ P A Va for P consistent.

Let d be the modal depth of a, and let d > d. Let Q be a finite set of
proposition letters with Var(a) C Q. By induction, we know that for every
b € a, there is a set A(b) C E;{é’,_l(f, Q) such that b = \/ A(b). Hence,
we see that

aE/\P/\VaE/\P/\V(T\/oTA)a

Now let B = B((TA)a), and let A := {p € T,Lr(A) | (B,(TA)a) €
(T€)}. Then A is finite: by lemma if B € A, then Base(8) C B.
Since T preserves finite sets by assumption, we know that T'B is finite.
Since every element of A is of the form Ti(y) for some v € TB, we know
that A must be finite as well.

Now by proposition [£.19] we know that
V(T\/oTA)a = \/ \Ye)

BeA

Note that A C Twﬁgf b (T,Q), and hence for each 3 € A, we have
B e Twﬁyf_l. Set og : @ — {0,1} given by
1 peP
go:p—<0 -peP ,
undefined p¢ P,—p ¢ P

and let S = {o:Q — {0,1} | o extends o¢p}. Then
a= \/ \/ (/\JAVﬂ)
BEATES

is an hfp normal form for a.
O

Note that for all sets @ of proposition letters, Eéhp(T, Q)U{T} is a subcoal-
gebra of the canonical T-coalgebra Cr(T) (see definition [5.13). We will write
this subcoalgebra as C%hp (Q). We will indicate the set of fhp formulas of depth
d with CJ"7(Q).

Lemma 5.20. Let Q be a finite set of proposition letters. Let S = (S,0,m) be
a T-coalgebra model, such that m(s) C Q for all s. Let

R; :={((s,i),a) | s€ S and a € C%ZP(Q),S,S Ik a}.
Let S" = p(S) be the backwards unraveling of S. Then

R=JRiu{(xT)}

i<n

is an L-simulation from S’ to CI"(Q).
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The definition of p(S) depends on some default value § € {}, and the defini-
tion of C""(Q) depends on some default value 6+ € {T}. There is, of course, a
unique isomorphism ! : {x} — {T}. We choose § and é1 such that (T1)§ = .

Proof. First, let (s,i) € S’, let a € C’%ZP(Q). Then a is of the form Ao or
A\ o A Va for some function o : @ — {0,1}. We see that if S, s IF, a, then

q € m(s) if and only if S, s IF ¢
if and only if o(q) =1
if and only if g € m(a).

Note that if S, s I g, then o(q) is well-defined, as m(s) C @ by assumption.
Additionally, we of course have m(x) = & =m(T).

Next, we prove that if ((s,i+1),a) € Rit+1, then (p(o)((s,i+1)), A(a)) € LR;.
But this is clear: if ((s,7), AP A Va) € Rit1, then (0(s),«) € L IFy. Taking
into account the restricted domain of R;, we have

(p(o)((s,i+1)),a) € (Tu5)%5 LI Tgy C L((¢7)% Ik 9:) = LR;
where we write g; for the inclusion C’%Zp Q) — CI"™(Q).
If ((s,0),a) € Ro, then
(p(0)((5,0)),A(a)) = (6,671) € T'®" C L!® = L{(%, T)} C LRy C LR,

which also shows that (p(o)(x), A(T)) € R.

5.6 Proof of the upwards expressivity theorem
Now we are ready to prove theorem

Proof. Let a be a L (T)-formula of depth d, and assume that a is invariant
under L~-simulations. Let @ be the set of variables occurring in a, and let o’
be an fhp normal form for a of depth at least d. Then let (a’)Y be the formula

a’ with each instance of V replaced with V. We claim that a is equivalent to
(a")L.

First, we prove that a £ a” for all A-free formulas a. This is a simple
induction on the complexity - if a is of modal depth 0, then a” is identical to
a. If a is of the form ®A for ® € {A,V}, then

akE " |be A} =a”

Finally, if a = Ve, then by the induction hypothesis, we know ((—)L)g" C F if
we restrict to Base(«). Hence,

(o, (T(=)¥)a) e LE.
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Now if S, s IF Va, then
(0(s),(T(—)")a) € (T IF); (L F) € Lk F) C LIF

showing that S, s I- V1 (T(—)*)a = a®, as desired.
Since a’ was thp, it is A-free, and so

a=d F(d)t
which is one of the two directions.

Now assume that S, s IF (a’)?. Take S’ = S|g. By lemma we know that
S, s Ik (a')F. Let p(S') be the backwards unraveling of S’. Then since S, s and
p(S), (s,d) are d-bisimilar, we know p(S'), (s,d) IF (a’)¥; that is, p(S'), (s,d) IFr.
a.

Since @’ is an fhp normal form, we know that it is of the form \/ A, for A a set

of thp formulas. So, there is an ag € A with p(S'), (s, d) IFf, ag. By lemmal5.20]
we know that quwhp(Q), ao =L p(S’), (s,d). By proposition [5.14} we know that
C’%hp(Q),ao IF ag. As ag is a disjunct in a’, we know that C’Thp(Q),ao Ik a'.
Since a and o' are equivalent, we conclude that C%hp (@),a0 I+ a. Since a
iss preserved under L~-simulations, we now have that p(S'), (s,d) IF a. And
p(S'), (s,d) iss d-equivalent to §', s, and d is at least the modal depth of a. So,
S’, s IF a. Finally, since Var(a) C @, we have by lemma that S, s IF a.

Hence, (a')! F a as desired. O

Remark 5.21. We used the assumption that T preserves weak pullbacks to argue
that every formula in £7(T) has a pure normal form. In [21], it is shown
that for the monotone neighbourhood functor, disjunctions below a V 5= can be
eliminated, yielding a distributive law similar to proposition From this,

we see that the proof of theorem will also apply to L7(V 3).

o7



6 A uniform sequent calculus

In [5], a sound and complete sequent calculus is given for the L7 (T)-formulas,
where T is a weak-pullback preserving functor. In this chapter, this sequent
calculus is extended to Lp(A)-formulas for arbitrary functors T and sets of
liftings A.

6.1 The sequent calculus

Definition 6.1. Let T" be a functor and A a set of T-liftings. A (T, A)-sequent
is an expression of the form A = B, where A and B are finite sets of
Lr(A)-formulas.

A sequent A = B should be read as an implication

/\A—>\/B.

In light of this reading, we will say that a sequent A = B is wvalid if the
following holds: For every pointed coalgebra model S, s such that S,s I a for
all a € A, there is a b € B such that S, s |- b. We will call a sequent refutable if
it is not valid.

Our goal is to obtain a sequent calculus G27(A) such that a sequent T is
derivable in G27(A) if and only if it is valid. We build our sequent on top of
the propositional sequent calculus G2. The rules of G2 are the following:

A/A = B {A = b,B|lac B}
T p— | ) A-r ,
Ap = p,B A, \NA = B A= A\B.B
Aa = Blacd A = BB
\/_1{ ,CL |a’ } \/_r b

A\/A = B A= \/B.B

1 A = b,B A,a = B
A — B A — -uB

Note that A = B is an initial sequent if there is a proposition letter p with
p€e AandpeE B.

It should be noted that weakening is not a rule in G2; though it is admissible.
The exchange and contraction rules are implicit, as in this thesis sequents are
considered pairs of sets.

Notation 6.2. If O is a modality, we will write QT for a set of the form

{Or,ylyeTl}

with I' € P, 1,£L, and for every v € I' an associated lifting L.
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Separated joint slim redistributions In order to define the modal rule,
we first introduce the concept of the separated redistribution. Recall the redis-
tributions we had defined in proposition [£.16] A similar notion will allow us
to reduce validity of a sequent to validity of sequents of smaller modal depth.
However, when dealing with sequents, we will need to keep track of which side
the formulas in the Base originate from.

Definition 6.3. Let VI', P = (@, AO be a sequent, where P,Q are sets of
proposition letters, and VI', A© are of the form

VI ={Vry|vel}, AG={AL0]0c 6}
Then we define
B(T) = {(a,0) |a € B(I)}, B'(©)={(b1)|be B(O)}

and let fo : B(T') — BY(T), f1 : B(©) — B'(O) be the natural maps. We identify
B(T') W B(©) with B°(I") U BY(O), with fo, f1 as canonical inclusions.
The set of separated redistributions of VI', P = @Q, A© is defined as

RV, P = Q,40) = {& e TP(BI) wB(©)) | if v €T, then ((Tfo)y,®) € (L;€),
and if 0 € O, then ((Tf1)0,®) € (Lge)}.

If » € R¥(VI, P = Q,AO) is a separated redistribution, then an element
A € Base(®) is some subset of B(I') W B(©). That is, it is of the form

A={(a,0)|ac A U{(D,1)|be A}
for some sets A; C B(I'), A, C B(©). Note that 4; = Pfy(A), A, = Pfi(A).

This will be our formal definition:

Definition 6.4. Let I',© € P,T,,L, and let A € P (B(I') ¥ B(©)). We define
A;:=(Pfo)A and A, := (Pf1)A.

Then we can see A as being itself a sequent 4; = A,. This will be
important in defining the modal rule in the sequent calculus G27(A).

The sequent calculus SCr(A) To the propositional calculus G2, we add the
following rules governing the modalities:

{A,VLNB — B ‘ B € SLOé}
ALOt,A — B

{AP = A?| D eR(,0)}
VILP = Q,A0O

Recall the notations Sr, Dy, from definition The rule T(VA) should be

read as follows: If P and @) are sets of proposition letters, and I',© are as

described in the sequent VI', P — (@, AO can be concluded from a

premise set II if for every ® € R*(T,©O) there is some A? € Base(®) with
AP = A? eIl

{A = Ap-B8,B|peDra}
A = Vpa,B

AT,L—I VT’L—I'

T(VA) V®.A® € Base(®)
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Notation 6.5. In text, we will call the Ag -1 and Vg -1 rules the interchange
rules, and the T(VA) rule the modal rule.

Remark 6.6. The modal rule T(VA) can be understood by thinking of proofs as
two-player games, played between a Prover who aims to show that a sequent is
provable, and a Refuter who aims to show that it is not. On a sequent A = B,
the Prover proposes a rule with A =— B as its conclusion. Ordinarily, the
Refuter then chooses a premise as the next position, at which point it is Prover’s
turn again, who chooses a rule, etc. The game continues until an initial sequent
is reached, at which point Prover wins; or a sequent is reached that is not the
conclusion of any proof rule, at which point the Refuter wins.

The behavior of the modal rule is special: if the Prover proposes the modal
rule, then the Refuter does not pick a premise, but rather a separated redistri-
bution ®, at which point the Prover is allowed to pick an A € Base(®) with
which to continue.

In general, a proof of A = B in G271 proceeds as follows: first, a series
of propositional rules reduces every formula to one that starts with a modal.
Next, the interchange rules are applied until all modals occurring on the left are
V'’s, and those on the right are A’s. Finally, the modal rule T(VA) is applied,
which reduces the modal depth.

Examples We give some example derivations to illustrate G2 (A).
Example 6.7. Let T be the functor X + X2. Consider the T-sequent

Vip,q) = Alp,p).

We see that in any proof of this sequent, the last rule applied will be the modal
rule. Therefore, we will want to calculate R*(V{(p,q) = A(p,p)).
An element of R*(V(p,q) = A(p,p)) will be an element of TP{(p,0), (¢,0), (p,1)};
that is a pair (A, B) with A, B C {(p,0), (¢,0), (p,1)}. Such a pair is an element
of R*(V(p,q) = A(p,p)) if it satisfies the following conditions:

1. (p,0) € 4;
2. (¢,0)
3. (p,1
4. (p,1

Conditions 1 and 2 together ensure ((T'fo)(p,q), (A, B)) € T€, and conditions
3 and 4 ensure that ((Tf1){p,p), (A, B)) € Te.

For such an (A, B) € R*(V(p,q) = A(p,p)), we have that Base(A, B) =
{4, B}. Moreover, A will be equal to either {(p, 0), (p,1)} or {(p,0), (¢,0), (p,1)}.
So, we see that

eB
) € 4
)eB

p = p p.q =D
Vip,q9) = Ap,p)

T(VA)
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is a valid instance of the modal rule. Since both p = p and p,q = p are
initial sequents, this is already a complete proof. So V(p,q) = A(p,p) is a
derivable sequent.

It is instructive to look at the above proof from a semantic perspective. The
formula V(p, q) is true at S, s if p is true at the left successor, and ¢ is true at
the right successor. The formula A(p, p) is true at S, s if p is true at either the
left or the right successor. So, the sequent V(p,q) = A(p,p) is valid. The
proof also reveals why it is so: given that V(p,q) is true, we can move to the
left successor to find a witness for the truth of A(p,p). This is reflected in the
fact that for all separated redistributions, we chose the left element as our base
element.

Example 6.8. Consider the P, {P),ﬁ}—sequent = ?&%{T}. This sequent
expresses that every point in a Kripke frame either has zero successors or at
least one successor.

We will give a derivation for this sequent. Using the calculations from exam-
ple {13} we have that

D3(2) = {{\ 21
DY = (VT

This lets us build up a derivation

= A\ oL A\/{TH
= A{\/ 2}, V{T}
— f}@,%{T}

with two applications of the interchange rule. We are now at a point where
we can apply the modal rule. An element of R*( = 6@, %{T}) is some set
® of subsets of {(\/ &,1),(\/{T},1)} such that

Vor
Ver

e {(V@,0)},9) € (?—56); that is, there is an element A € ® with (\/ @,1) €
A.

e {(V{THL D} @) € (?e); that is, all elements of ® contain (\/{T},1) as
an element.

From this, it follows that a separated redistribution always contains {(\/ &, 1), (\/{T},1)}
as an element, and may additionally contain {(\/{T},1)} as an element.

We see that both separated redistributions have {(\V/{T},1),(V @,1)} as a
base element; so, we can give our derivation as
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= \{TL\ @
= AVer&\ViTh
= A{\/ 2}, V{T}
= ﬁ@,%{T}
where we recall that T is an abbreviation for A @.

Ezample 6.9. Consider the M-sequent V({p}) v V{{¢}) = V{{p},{q}). We
first need to know what DM (({p},{q})) is. It turns out that ® € DM ({p}, {a})

if and only it satisfies the following three conditions:

(i) Base(®) C P{p,q};

P(VA)
Vr
Ver

(ii) There is an «, € ® such that every A € o, contains p;

(iii) There is an o € ® such that every A € a, contains q.

From this, it follows that v € D./V\;l ({{p},{q}) if and only if Base(v) C {V @, V{p}, V{i¢}, V{p,q¢}},
and there are A,, A; € v such that every disjunction in A, contains a p, and
every disjunction in A, contains a g.

So, let v € Djw\;l(<{p}, {q}). We need to provide a proof of V{{p}) => Au;
the only applicable rule is the modal rule. If ® is a separated redistribution of
V{{p}) = Av, then all @ € ® contain a B with (p,0) € B, and there is
ap € @ such that every A € «, contains an element of the form (\/ P,1) with
P > p (this the condition for (v, ®) € (ME) applied to A, x {1}).

Then let of, be equal to oy, N Base(®). By the criterion from remark
o), € ®. Then we know that there is a A® € o], with (p,0) € A®. Moreover,
since o, C ap, we know A® has an element of the form (\/ P,1) with p € P.
Since aj, C Base(®) by definition, we know that A® € Base(®).

Now for this A%, the sequent A? = A? is of the form X,p = \/P,Y
with p € P, and this is easily derivable by the \/-r rule.

So, for all ® € R*(V({p}) => Av), there is a derivable A® € Base(®), and
so by the modal rule we can derive Vﬁ({p}) — Av. Since v was arbitrary, we
can use interchange to derive 6({19}} = ?({p}, {¢}). By the same argument,
we can derive ?({q}) = Vﬁ({p}, {q}); so, finishing off with

L V) = Vi) {a) Viah) = V(). {a})
Vi) v Vi{a}) = Vi{ph{a})

we have shown that the sequent §<{p}> \Y &({q}> = §<{p}, {q}) is derivable.
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From these examples, it can be seen that actually using G27(A) can be quite
complicated, even for relatively simple sequents.

6.2 Soundness

In this section, we will prove soundness of G27 . That is, we will show that
if a sequent A = B is derivable, it is valid. As is standard, we proceed by
proving that every rule is sound; by which we mean that if

_ I
A — B

is any instance of a rule, where II is a set of valid premises, then A = B is a
valid sequent.

We will not concern ourselves with the soundness of the Boolean rules, and
only focus on the rules governing the modals.

Interchange rules To prove soundness of the interchange rules, we make
heavy use of the duality lemma (proposition [4.14]).

Proof. Let
{A, V- = B|pe€SLa}

A,ALOt — B

be an instance of the V1 r-1 rule for some L, and assume that for each 5 € Spa,
the sequent A, V-8 = B is valid.

Then let S, s be a pointed coalgebra model, and assume that S, s I a for all
a € AU{Apa}. Then by the duality lemma, we know that there is a 8 € Sp«
with S;s IF V5. So now S,s I+ a for all a € {A} U V-8, and since by
assumption the sequent A, V-8 — B was valid, we know that there is some
b€ B with S, s I b.

We conclude that the sequent A, Ay = B is valid.

Next, let
{A = A;-3,B | B8 e DLCV}

A = Vya,B

be an instance of the Ap r-r rule for some L, and assume that for each 8 € Dpa,
the sequent A = Ap-3, B is valid.

Then let S, s be a pointed coalgebra model, and assume that S, s IF a for all
a € A. Then since for every 8 € Dy, the sequent A = Ap-[, B is valid, we
know that either S, s I b for some b € B, or else S,s - Ap-8 for all g € Dya.

In the first case, we clearly have that S, s I+ b for some b € BU{V a}. In the
second case, we know by duality that S, s IF Vpa, and hence S, s I b for some
be BU{V_a}. So, we conclude that the sequent A — Va, B is valid.

O

Remark 6.10. Note that in fact, the interchange rules are invertible; the con-
clusion is valid if and only if all the premises are valid.
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Modal rule To prove soundness of the modal rule, we need the following key
lemma:

Lemma 6.11 (Refutability lemma). Let P, Q sets of proposition letters, VI', A©
of the form

VI ={Vr v|veTl}, AO={AL,0]0¢c O}
The following are equivalent:
(i) The sequent VI', P — @, AO is refutable;

(ii) PNQ = &, and there is a ® € R*(VI, P = Q, AO) such that for every
A € Base(®) the sequent A; = A, is refutable.

Proof. (i)=(ii): Assume that S, s is a pointed coalgebra model such that S, s I-
a foralla € VU P but S,s ¥ b for all b € QU ABO. Then clearly PN Q = &;
for the second part, define A : S — P, (B°(T") U BY(©)) as

t— {foa|ae€B()and S,tl-a}U{fib|bec B(O) and S,t I b}
and set & =T A(o(s)).
First, we show that ® is a separated redistribution of VI', P = @, AO.

Let Vi v € VI then S,s IF Vp_v. Note that if a -l ¢, then foa € A(t).
Hence, (f§")°;l; A8" C €. So, we can calculate that

(T'fov, @) € (Tf5)%5 (Ly IF)s TAS C L((f57)°5 H; A®) € L€
as illustrated in figure [6]

Lol

|

a(s)
TA®"

o

S5
>
2
l <

L€
Figure 6
On the other hand, if Az,0 € A®, then S, s ¥ A, 0. Note that if b A ¢, then
f1b € A(t). So, we have
(Tf10,®) € (Tf")% (Lo ¥)°; TAS C Lg((f17)° A% AF) C L€
as illustrated in figure

0 o= o(s)

fri A TA®
(Tf1)) ——o @

Figure 7
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Next, we show that for every A € Base(®), the sequent A; = A, is not
valid. But this is clear: since ® = T A(o(s)), we know that

Base(®) C {A(t) | t € Base(s)},
and for every ¢, the sequent A(t); = A(t), is refuted at ¢.

(ii)=-(i): Assume that PN Q = @, and that there is a ® € R*(T",0) such
that for every A € Base(®), the sequent 4; = A, is refutable.

Then fix for every A € Base(®) a pointed coalgebra model Sy = (Sa,04,Va,ta),
such that A, = Apg is refuted at S4,t4. Note that ¢ defines a map
Base(‘I)) - HAEBase(é) Sa

Then define S = (S,0,V) as

5= B Sa ) wiso}
A€Base(®P)
(s) (Tea)(oa(s)) s € Sa for some A
o(s) =
Tt((I)) S = 8o
V(s) = {VA(S) s € Sy for some A
P s =S

We claim that VI', P = @, AO is refuted at S, sq.
First, we clearly have that S, sqg IF p for all p € P and S, sq ¥ ¢ for all ¢ € Q.

Let v € T'. By assumption, for all A € Base(®), if foa € A, then Sa,t4 IF a.
Since the inclusion S 4 < S is a coalgebra morphism, we also have that S,t4 I a.
This means that f§'; €;t8" C Hl. So,

(0(s),7) € (Tt)°5 (L5 €)% (Tf57)° € Ly ((t¥): 25 (f57)°) € Ly I
as illustrated in figure

o Oi (Tfo)V

tgrl N TT e

o(s)y T v

Figure 8

Similarly, if 8 € O, then
(0(s),0) € (Tt&)%; (L™ €)% (TfF)° € L((¥)% 25 (f£)°) S LI

We conclude that VI', P = Q, A© is refuted at S, sg, showing that it is
refutable.
O
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Validity of the modal rule is now simply the contrapositive of (i)=-(ii) in
lemma If for every ® € R*(T,©) there is an A € Base(®) such that
A; = A, is valid, then point (ii) is false, so point (i) is false, meaning that
VI, P — Q,AO is valid.

6.3 Completeness

Our proof of completeness proceeds as follows: to every sequent A — B, we
associate a measure m(A = B) € w?, where we order w? lexicographically.
That is, we set (n,k) < (0, k') if n <n’ or n=n' and k < k’. We aim to define
m(A = B) in such a way that the following claim is satisfied:

Claim 6.12. In any instance of a rule, the measure of any assumption is strictly
smaller than that of the conclusion.
Since the lexicographic order on w? is a well-order, we will be able to use
induction to show that every valid sequent is derivable.

Remark 6.13. Formally, claim only applies to productive instances of rules.
To illustrate this, consider the following application of the A-1 rule:

a,b,aNb — ¢
ahNb = ¢

Al

If we are building a proof of a Ab = ¢, the above instance of the A-1 rule
will not be useful in finding a proof, since we have not reduced the complexity
of the sequent. Such an instance can be considered unproductive.

To be slightly more formal: in all rules except the initial and modal rule,
there is a single formula in the conclusion that is active. If

A1:>Bl Ak:>Bk:
Aja = B

is an instance of a rule, where a is the active formula, we call this instance pro-
ductive if a does not appear in any of the A;, and similarly if the active formula
appears on the right of the conclusion. For technical reasons, we consider all
instances of the initial and modal rules to be productive.

In the completeness proof, we will show that every valid sequent has a deriva-
tion where all instances are productive.

Remark 6.14. Note that if claim[6.12] holds, then the proof game from remark[6.6]
always ends after finitely many turns (again, provided the Prover only chooses
productive instances of rules): because the measure of the sequent chosen by
Refuter is strictly decreasing, there are no infinite games, since there are no
infinite descending sequences in (w?, <).

Measure
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Definition 6.15. By induction on the complexity of a formula a € £, we define

ki(p) =0 kr (p) =0

ki(—a) =1+ k.(a) k- (—a) =14 ki(a)

k(@A) =143 cakila) k(©A) =143 c4ke(a) (©€{AV})
kl(VLa) =0 k,(VLa) =1

ki(Apa) = kr(Apa) =0

We then define

m(A = B):= (max(d[A UB), Y kia) + > kr(b))

a€A beB

It is now easy to see that claim holds. After all, in any productive
instance of a boolean rule, the boolean complexity of at least one formula de-
creases; in an interchange rule, a ‘heavy’ modal is replaced with a ‘weightless’
one; and in the modal rule, the maximal modal depth decreases.

We are now ready to prove the completeness of G27(A).

Proof. As a base case: assume that A = B is a valid sequent, and m(4A =
B) = (0,0). This can only happen if A and B are both sets of proposition
letters. Therefore, A = B is only valid if A N B # &, meaning that it is an
initial sequent, and hence provable.

Now, assume that A = B is a valid sequent of measure m(A = B) =
(d, k), and assume that any valid sequent A’ =— B’ with m(4’ = B’) <
(d, k) is provable.

If K #0, then A = B is the conclusion of a boolean or interchange rule,

say
II

A — B

We have previously noted that these rules are invertible, so every sequent in II
is valid. Moreover, by claim [6.12] we know that every sequent in IT has measure
strictly less than (d, k), so is derivable. Hence, A => B is derivable.

We are only left with the case that £ = 0. This can only be true if A = B
is of the form VI', P = @, A©, with P, (Q sets of proposition letters, and

VI ={V.~y|yeTl}, AO={A.0]|0cO)}.

Here, we know by (ii)=(i) of the refutability lemma that since VI, P —
@, AO is valid, either PN Q # &, in which case A = B is an initial sequent
and hence derivable, or for every ® € R*(VI,P — @, A®), there is an
A% € Base(®) such that AY = A? is valid. Since m(AY = A®) < (d,k)
for all @, the induction hypothesis tells us that each of the sequents A = AP
is derivable, and hence by an application of the modal rule, so is VI', P —
Q,AB.

O
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6.4 Finitarity and decidability

We first note that not all rules in G27(A) are necessarily finitary. In particular,
the interchange rules may introduce infinite branching, since Sy« and Dy« may
be infinite sets.

At first blush, it may seem as if the modal rule may require infinitely many
premises as well; this is not the case, however. If

{Al = A7}
VI,P — Q,A0

is an instance of the modal rule, then for any ®, we know that AY C B(T')
and A® C B(O©). Since B(I') and B(©) are finite, there are only finitely many
different sequents among the A == A, even if there may be infinitely many
distinct ® € R*(VI, P = Q,AO).

Still, if R*(VI, P = @, A©) is infinite, it may be undecidable if a partic-

ular expression
II

A= B
is a valid instance of the modal rule or not. So even if we restrict our attention
to sequents containing only A-free formulas on the left and V-free formulas on
the right, it may not be decidable if such a sequent is valid.
Hence, if we wish to ensure that G27(A) is decidable, it seems necessary to
demand that T preserve finite sets. The question now is: is this sufficient?

A common method of establishing decidability of a sequent calculus is to show
that it has the subformula property. A sequent calculus C' has this property if in
a proof of a sequent A = B, only subformulas of formulas in AU B appear.

Unfortunately, G27(A) does not enjoy the subformula property, since in an
application of the interchange rule, new modalities are introduced. Moreover,
the boolean complexity of the formulas in its Base increases.

However, these increases in complexity are not too large; we can derive a
weaker form of the subformula property, from which decidability follows in
favourable conditions.

Definition 6.16. Let a € Lp(A) be a formula. We define by simultaneous
induction two sets of supporting formulas; the left support supp'(a) and the
right support supp”(a).

supp'(p) = {p} supp” (p) = {p}
supp!(-a) = {-a} Usupp”(a) supp”(—a) = {-a} Usupp'(a)
supp' (A 4) = {AA}U U supp' (a) supp"(A4) ={AA}U U supp” (a)
supp'(\V A)  :={VA}U U supp' (a) supp”(V 4) ={VA}U U supp” (a)
supp'(Vipa) = {VLa}U U supp'(a)  supp”(Vpa) = {VLa}U U supp” (Ar-f)
ac€Base(a) BeEDLa
( (

supp!(Ara) = {Aralu |J supp/(Vi-B) supp”(Ara) :={Ara}U

U

supp”(a)

BeSLa aEBase(a)
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For a sequent A = B, we write

¥(A = B) U supp'( U supp’ (
acA beB

We will call ¥(A = B) the support of the sequent A — B.
We now prove the following lemma:

Lemma 6.17. Let A = B be a L1 (A)-sequent. If 7 is a proof of A = B,
and A’ = B’ appears in m, then

A" B'CX(A = B)
Proof. First, we note that for any sequent A’ = B’, we have
A, B cyl(A = B)

Next, the key observation is that if
and A’ = B’ €I, then

v i 5 is a valid instance of a proof rule,
(A" = B')CX(A = B)

From this, the statement follows by a simple induction on the length of the
proof.

As an illustration, we show the key observation in two specific cases.
—=-1: Assume we have some application of the —-1 rule

A = a,B
A,—a = B’

Then

Y (A,~a = B) = U supp Usupp -a) U supp’ (

a’'€A beB

= U supp'(a’) U {—a} Usupp”( U supp’ (
a’'€A beB

D) U Supp ) Usupp’ ( U supp” (
a’'€A beB

=3(A = a,B)

showing that the support of the assumption is included in the support of
the conclusion.

V-r: Assume we have some application of the V-r rule

{A = Ap- B,BWGDLCY}
A — VLaB
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Then for any 8y € Dpa, we see that

(A = V,pa,B)= U supp'(a) Usupp” (Vpa) U U supp” (

acA beB

= (Jsupp'(@)U | J supp"(AL-B)U (] supp’(
acA BEDLa beB

> | J supp!(a) Usupp”(AL-Bo) U | J supp’(
a€A beB

= Z(A — AL~B(),B)

showing that the support of each assumption is included in the support of
the conclusion.

O

We can use this lemma to prove decidability of G27(A).

Theorem 6.18. Let T : Sets — Sets be a computable functor that preserves
finite sets, and let A be a set of computable T-liftings closed under (—)~. Then
the set of valid L1(A)-sequents is decidable.

Proof. Let A = B be an Lr(A)-sequent. Let ¥ = ¥(A = B) be the
support of A =— B. Since T preserves finite sets, we know that X is finite.
In the proof of completeness, we saw that any valid sequent has a proof where
the measure is strictly decreases in every step. So, let 7 be the set of trees,
annotated by sequents A’ = B’ for A’, B’ C ¥, such that for any m € T, the
measure of the sequents strictly decreases along the paths. Clearly, T is finite
as well, and computable from A = B.

Now by the completeness of G27(A), we know that A = B is a valid
sequent if and only if at least one annotated tree m € 7T is a valid proof in
G2r(A). And for each such annotated tree , it is decidable if it is a valid proof
in G2T(A)

For this, we note explicitly that since T preserves finite sets, we know that
for any sequent A = B, the set R®*(A = B) is finite; hence it is decidable
if a given instance

II
A= B
is a valid instance of the modal rule. Hence, the set of valid L1 (A)-sequents is
decidable. O

6.5 Fragments

In this section, we highlight some interesting fragments of Ly (A) for which
G27(A) is complete. This can be given a meaning in two different ways:

Definition 6.19. Let £ C Lr(A) be a set of formulas. We will call £’ a
complete fragment if whenever A = B is provable in G27(A), and A, B C L/,
there is a proof containing only formulas from L'
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Let £}, L] € L7(A) be two sets of formulas. We will call S = {A = B |
A C L},B C L.} a complete sequent-fragment if, whenever A = B € Sis a
provable sequent, there is a proof containing only sequents from S.

We note that £’ is a complete fragment if and only if {A = B | A,B C L'}
is a complete sequent-fragment.

We can give a general sufficient criterion for some subset £’ C L (A) to be
a complete fragment. In lemma [6.17] we showed that G27(A) has an adjusted
form of the subformula property. In particular, it tells us the following:

Proposition 6.20. Let L' C Lp(A) be a set of formulas, and assume that for
all a € L', both its supports supp'(a),supp”(a) are subsets of L'. Then L' is a
complete fragment.

Let L, L) C Lp(A) be sets of formulas, and assume that for all A C L], B C
L, if¥(A = B')CX(A = B), then AC L],BC L. Then

{A = B|ACL,BCL}

18 a complete sequent-fragment.

Unidirectional fragments Consider a T-lifting L. We have previously seen
that the Lp(L, L~)-formulas preserved under L-simulation are those equivalent
to a clean formula only containing Vi~ and Ap. Let £5(V -, Ap) be the set
of these formulas.

By a straightforward induction, it can be seen that if a € L5(V~,Ap),
then supp!(a),supp”(a) € L5(V~,AL). So by proposition we know that
L5(V~,AL) is a complete fragment.

Classical modal logic We can construct a sequent calculus for the classical
modal logic K based on G2 p(?, ﬁ) After all, we have equivalences

Vipb=Op=A{pl,  Vip}=0p=Ap).

5o, a L, ¢-sequent can be seen as a Ep(ﬁ}, F)—sequent, where all modalities are
applied to a singleton. Moreover, we can do this in such a way that only V’s
occur on the left, and only A’s occur on the rightE|

Formally, we can define by simultaneous induction two translations ¢ — ¢!
and ¢ — "

P = p P = p

()t = " ()" = oy
@A) = AeLd'y (eny) = A vT}
(pve) = V{e' o'} (pve) = V{¢" v}
Cp) = V') Qo) = A7)
(0p)! Vgt 0w = Ay

3this is to eliminate the interchange rules, which don’t have a productive counterpart on
the L (-side.
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Then for sets A and B of modal formulas, the sequent A = B is valid if
and only if the sequent A\ == B" is valid, where A' = {¢! | ¢ € A}, B" =
{v | b BY.

We can now give a proof system for K. We define a sequent calculus GK
consisting of the following rules:

it Al Ao, ) = B Ar A= ¢,B A = ¢,B
Ap = pB A,oNYy — B A= oAY,B
v Ajp = B Ay = B Vor A = p,¢,B
AoV = B A= oVi,B
1 A = ¢,B o Ao = B
A—-p = B A = —-p,B
modal {A;D — A?} VP.A% € @

DF1,0F27P — Q,O@l,Dez

The modal rule should be read similarly to the T(VA)-rule in G27(A): Call
® € P((I't UT2) W (O©1 UBOy)) a separated redistribution if

e forallU € &, 'y wO®; C U, and

e for all (z,47) € T W O, there is a U € ® with (x,i) € U,
If for all separated redistributions ® there is an A® € ® such that 4; = A,
is derivable, then OI'y, Ty, P = @, 001,00, is derivable.

This defines a sound and complete sequent calculus for K. To prove this, we
argue that GK - A = B if and only if G2p(P, P) - A! = B". The crucial
point is that

A, = By ... Ak = By

A — B

R

is an instance of a proof rule in GK if and only if

VAl = B ... A, = B;
Al = BT

R"

is an instance of a proof rule in G2p(ﬁ, ﬁ) Moreover, {A! = B" | A,B C
L0} is a complete sequent-fragment, since it satisfies the criterion from

So, any proof of A => B in GK can be turned into a proof of A' = B" in
G2p(ﬁ, ?) by translating; and any proof of A\ = B" in G2p(ﬁ,$) is equal
to the translation of some proof of A = B in GK.

We can be more explicit about the modal rule if we examine the separated
redistributions. Any sequent ("1, OI's, P = @, 001,005 has a ‘canonical’
redistribution

P = {T1WO1)U{(7,0)} [y € T2} U{(T1 W O1) U{(6,1)} | 6 € O}
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So, if
1I

0r'y, 0, P = Q,001,000,

is a valid instance of the modal rule, there is some sequent AF° = AP0 € II
for A% € .

Moreover, for any separated redistribution ®, every A € ®q is contained
in some element A’ € ®. So, if there is some A € ®, with 4; =— A,
derivable, then by weakening, every separated redistribution ® contains an A’
with A] = A/ derivable. So, we can replace our modal rule with the following
two rules:

modal

',y = ©
-1 1,7 1 ~eT,
0r'y, Oz, P = Q,00,000,
Fl — 0,@1

-
VO, 00y, P — Q,00,,00,

0 € Oy

Monotone modal logic We can perform the same process for monotone
modal logic: we define

P = D p" = p

()t = " ()" = oy

Ap) = AeLd'} (eny) = MMy v}

(pV) = M{wl,wl} (V) = V{" v}

Op) = VHe'h @) = Ay

(Op)! = V{¢'h)  0v)" = A{e"})
and write down rules for M such that

Al = By ... Ak — B
A — B
is an instance of a proof rule in GK if and only if
Rbr Al —= By ... AL = B

Al — B

is an instance of a proof rule in G2M(M, j\;l)
In order to refine the modal rule, we investigate R*(VI! = AO").

Let Ty, T, 01,05 € MLy (M, M), such that
r= {<{a%}>7 R <{a11€1}>}
Ty = {{{al}),..., ({ai, 1)}
61 = {<{b%}>”<{b7ln1}>}
02 = {({t1}), ..., ({0, 1)}

Let B = B(I'1UT'2)WB(©1UO3). A given ® € M PB is a separated redistribution
of VT'1,VTy = A0, A0, if and only if
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(i) Fori=1,...,kq, for all A € ® there is an A € A with (a},0) € A.

)
(ii) Fori=1,..., ko, there is a A; € ® such that for all A € A;, (a?,0) € A.
(iii) For i = 1,...,my, there is a B; € ® such that for all B € B;, (b}, 1) € B.
(iv) Fori=1,...,ma, for all B € ® there is a B € B with (b?,1) € B.

Again, we can consider the ‘canonical’ redistribution ®,, defined as follows:
Fori=1,...,ke and j =1,...,my, we set
Ai ={{(a},0), (a7,0)} | ' =1,... ks } U{{(b3,1),(a],0)} | /' =1,...,ma}
B; == {{(ap,0), (b, 1)} [ =1,.... ki) U{{(67, 1), (b;, )} | j' =1,...,ma}
Then we define
Dg:=(A1,..., Apy, B1, ...y, Bimy)

It is easy to check that ®q satisfies conditions (i) - (iv), and hence is a separated
redistribution. We also see that

ko mq
Base(@o) = U .Al U U Bj
i=1 j=1

So if 6111, %FQ — K@l, K@g is valid, then one of the following four cases
occurs:

1. There are a € T'1,a’ € 'y such that a,a’ = is valid.
2. There are a € I'1,b € ©7 such that a« = b is valid.
3. There are a € I'5,b € ©5 such that a« = b is valid.
4. There are b € O1,0' € O3 such that = b,¥ is valid.

We claim that vice versa, if any of these four cases occurs, then every separated
redistribution ® of ?Fl, %FQ — Z@l,ﬁ@g has an element A® € Base(®)
with AP = A? derivable.

To illustrate this, we consider case 1. Let a € I'1,a’ € I's with a,a’ = valid.
Ifd c Rs(ﬁlﬁ, %I‘g — K@l, K@g), then since it satisfies condition (ii), there
is a A € ® such that all A € A contain (a’,0). Now let A" = A N Base(®).
By the criterion from remark we know that A’ € ®. Since ¢ satisfies
condition (i), there is an A® € A’ with (a,0) € A®. Now A? € Base(®), and
(a,0),(a’,0) € A®. So, we have that A = AP is of the form

Aa,d/ = B

for some sets A, B. Since a,a’ = was derivable, we know by weakening that
AP = AP is derivable.
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This motivates the following sequent calculus GM for M:

it 1A7tp,w=>B A= p,B A= ¢,B
mi - -Tr
Ap = pB ANy = B A= pAY,B
v1A7<p:>B Ay = B v A= ¢,9,B
- -r
A,pViYp = B A= ¢oVi,B
1 A= ¢,B Ao = B
A—-~p = B A = -p,B
A

Y,y =
1,04 €l,y el
¢ 0T, 0Oy, P — Q,000,,00, | = b7 =72

v = 0
-1,0- €el,0€0
O an P = 0.06,.00, | < L

v = 0
0-1,0- €l 00
RO P = Q.06.00, | <12 ’

= 0,0
O-r,0-1 0ec©,0 O,

OT,l2, P = Q,001, 006,

By the discussion above, we see that for any £g ¢-sequent A = B, GM I

A = B if and only if G2 (M, M) - Al = B". Since G27(M, M) was
complete, we know that GM is complete for M.
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7 Conclusion

7.1 Summary

In this thesis, we have studied relation lifting as a general approach to coalge-
braic logic. We have defined a family of logics L7(A) based on Moss’ V-modality,
and showed that on finite-branching coalgebras, logical equivalence coincides
with the natural associated notion of bisimulation. It is also shown that for
functors preserving weak pullbacks and finite sets, the L~-simulation-invariant
formulas are (up to equivalence) those defined from V7.

We have further given a family of sound and complete cut-free sequent calculi
G27(A), and demonstrated how these calculi may be modified to obtain proof
systems for specific coalgebraic logics of interest.

7.2 Further Research

One of the places the V-modality arises naturally is in the study of the modal
p~calculus [14] [§]. Indeed, coalgebras are the natural models for fixpoint logics
in general. Hence, there may be a universal method to add fixpoint operators
to L7 (A). The proof theory of the p-calculus is notoriously complex; taking the
calculi G27(A) as a starting point may give a new perspective.

Another line of research would be to compare relation liftings to predicate
liftings. In [I7], it is shown that for weak pullback-preserving functors, the logic
L7(T) can be translated into a language based on predicate liftings. A natural
question is: can this translation be extended beyond weak pullback-preserving
functors? Are predicate lifting-based logics and relation lifting-based logics
always equally expressive?

Here, we also mention research by Gorin and Schroder on simulations based
on predicate liftings [I0], which in some ways mirrors the work in this thesis.

We further note that in general, the structure of the class of T-liftings is
not well understood. In this thesis, it is shown that there is always a minimal
element; however, as of yet, no explicit construction is known. For the neigh-
borhood functor A/, no non-trivial lifting is known. In [12], several notions of
equivalence for the neighborhood functor are given; it may be possible to adapt
one of these into a N-lifting.

Of particular interest is the question of which functors admit a diagonal-
preserving functor; since these are the functors for which behavioral equivalence
is captured by L-bisimulation for some L.

Finally, in the upward expressivity theorem 5.6, we made essential use of pure
normal forms. The existence of a pure normal form is guaranteed if T preserves
weak pullbacks. But there are other functors that admit pure normal forms -
notably, the monotone neighborhood functor. This leads to the question: can
the reliance on weak pullback-preservation be eliminated from the proof of
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A A colimit construction for L7(A)

Let us recap the problem with the given construction of L7 (A). In the definition
of formulas of the form Va, we take oo € T,,L7p(A). The problem is that it is not
always clear what an object in T, L7 (A) looks like, without first having L1 (A)
available.

One solution would be to make the inductive nature of the construction
explicit. We could define Lg := Prop, and

Liyr:=LiV{~alae LIU{\A N\ A|AePL}U{VLa,Ara| L e acT,L}

and set Lp(A) := Ui, L.

This will however lead to an overdefinition of many formulas. Consider, for
instance, the monotone neighborhood functor M. At stage i, we may define
some modal formula V(A;j,..., Ag);. At the next stage, we can define this for-
mula again as V(Ay,..., Ag)it1. Here, we denote by (A1, ..., Ag); the upwards
closure of {41,..., Ay} in L;.

We would ideally want to identify these formulas. This identification is not
completely straightforward, as their identification will also have consequences
for formulas where they occur as subformulas. To coordinate the identifications,
we perform a suitable colimit construction.

Define the functor F : Sets — Sets as

FX =X x{"}+PX x {\,\/} + D T.X x {V5,AL}
LeA

and set Lg := Prop. We define Ly to be the coproduct of Ly and FLg. This
yields the diagram

LOL}Ll

s

FLy
Now apply F to fy to get the diagram

LOLLI

e

FLy <5 FLu

We define Lo as the pushout of g9 and F fy. This gives us

Lo fo I f1 Lo

.FLO ﬁ .FLl
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Now we set Ls to be the pushout of g; and F fi, yielding

Lo fo L f1 Lo f2 Ls
FLg 70 FLy 77, FLy

Continuing like this, we obtain an infinite diagram

/////

./T'.LQ*>.7:L1 LQ

Fh 7 T ls 5 Fla —,

We define L7(A) to be the colimit of the above diagram. Note that this is
simply the colimit of

fo f1 f2

Lo

Iy Lo

What makes this the right construction? Consider FLr(A). F is a sum of
finitary functors, and is hence itself finitary. It is a fortunate fact from category
theory that a functor is finitary if and only if it commutes with directed colimits.
Since L7 (A) is the limit of a directed diagram, we know that FLr(A) is the

colimit of

Ffo Ff1 Ff2

FLg FLy FLy

By construction, we have a collection of maps g; : FL; — L;y1, from which we
get a map between the colimits g : FLp(A) = Lr(A).
We can read g as the following map:

There are a few properties that we expect g to have.
(1) g is injective, and L1 (A) is the disjoint union of Prop and the image of g.

(2) Set a < bif a € Base(8) with b = g(5); then the transitive closure of < is
a well-founded relation.

Each of these properties is easily verified. The result is the following;:
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(1) Every formula a € L1 (A) is of exactly one of the following forms:

e a = p for a unique p € Prop;

e q = —b for a unique b € L1 (A);

a= /A for a unique A € P, Ly (A);

a =\/ A for a unique A € P,Lr(A);

a = Vya for unique L € A, a € T,,Lr(A);

a = Apa for unique L € A,a € T,,Lr(A).
(2) If o(p) is true for every proposition letter p, and the implication
(Va <b:p(a)) = ¢(b)
holds for all formulas b, then ¢ holds for all formulas.

Hence, by point (2) we can perform induction on the complexity of a formula,
and by point (1) we can unambiguously distinguish the cases.

This procedure may seem overly complicated to obtain something as simple
as ‘the set of formulas’. Yet there is a hidden merit to this construction.

For, note that both the syntax of the modalities, as well as the semantics of
I, rely on there being an ‘object of formulas’ inside the category. This poses a
problem when we move beyond the category of sets. For instance, what if we
were to attempt relation lifting on the category of Stone spaces? If we simply
define our ‘set of formulas’ by induction, we run into problems, since (a) a modal
formula of the form Va takes an o € TLr(A), requiring L7(A) to be something
that T' can be applied to, and (b) the semantics of I+ require it to be a relation
between the coalgebra and L1 (A), meaning that £7(A) needs to live in the same
category as the (carriers of the) coalgebras.

Both these problems can be solved if we view L£r(A) not as a collection
of formulas on a meta-level, but as a colimit computed inside the category of
interest.
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