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Abstract

A general functorial framework for recursive definitions is presented in which simulation of
a definition scheme by another one implies an ordering between the values defined by these
schemes in an arbitrary model. Under mild conditions on the functor involved, the converse
implication also holds: a model is constructed such that, if the values defined are ordered, there is
a simulation between the definition schemes. The theory is illustrated by applications to context-
free grammars, recursive procedures in imperative languages, and simulation and bisimulation of
processes. (© 2000 Elsevier Science B.V. All rights reserved.

Keywords.: Simulation; Fixpoint semantics; Recursion; Model

1. Introduction

The ideas we present here, came up in the search for rules to prove refinement and
equivalence between recursive procedures in imperative programming languages, cf.
[6]. In such a language, one may consider two procedures, p0 and pl, both defined
by mutual recursion, and ask whether p0 refines (i.e., implements) p1. One of the ways
to prove refinement is to give a simulation relation between the recursion schemes of
p0 and pl (a method akin to Hoare’s induction rule). This observation led us to the
question whether refinement can always be proved by simulation. Of course, the answer
is negative since refinement may be a consequence of specific properties of program
constructors like assignments and sequential composition. It turned out, however, that
the answer is positive if we want refinement independent of the interpretation of the
program constructors and even independent of the domain of interpretation.
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For the proof of this result it was convenient to take a number of abstraction steps,
via program schemes and polynomial functors, to almost arbitrary functors from sets
to sets.

Thus, the results we present are twofold. Firstly, soundness of inferring refinement
from simulation in a very abstract setting for very arbitrary models, and secondly
completeness of this proof strategy if model assumptions are discarded.

As a consequence of the abstractions, the recursive procedures we began with have
been replaced by arbitrary definition schemes, and the refinement relation is replaced
by an arbitrary partial order (which may be equality). The theory is applicable to many
classes of recursive definitions. Of course, in specific situations the soundness result
may turn out to be trivial, whereas the completeness result is irrelevant for specific
models. For example, in Moschovakis’ theory of functional recursion [10], the theory
trivializes: simulation is not much more than renaming of functions, and completeness is
irrelevant since the intended models satisfy specific laws not represented in our theory.
The theory is more fruitful in nondeterministic settings: we give examples with context-
free languages, recursive definitions in process algebras, and recursive procedures in
imperative languages.

Summarizing, the aim of this paper is to give a general framework with a sound and
complete rule (viz. simulation) to prove that one recursively defined value is greater
than another one, independent of the model in which these values are defined.

We now turn to a description of recursive definitions, and of the related concepts
of syntax and semantics, which culminates in a neat but abstract categorical setting.
A simple recursive definition defines a value in terms of itself. Strictly speaking, a
recursive definition is not a definition but a fixpoint equation, and the actual definition
amounts to the choice of the best solution of the equation in terms of a relevant order.
A general recursive definition defines a family of values in terms of itself (mutual
recursion), but its purpose usually is to define a specific value. For example, in a
context-free grammar each nonterminal is provided with a set of productions, but we
are especially interested in the productions of the start symbol.

For the analysis of a recursive definition it is useful to distinguish the syntactic def-
inition scheme from the semantic interpretation. The definition scheme consists of an
index set D for the family that is to be defined, a function ¢ that assigns to each index
an expression over D, and a special index d € D to point at the value we are inter-
ested in. At the semantic side, we have a set 4 of values, a function o that evaluates
expressions over A to values in 4, and an order to choose the best fixpoint.

For example, in the case of context-free grammars, D is the set of nonterminals,
function ¢ provides the production rules, 4 is the set of languages, function o represents
concatenation and union of languages, the order is inclusion, and the least fixpoint
is the context-free language defined. For details, see Example 3 in Section 5.2. In
Example 4 of the same section, D is a set of mutually recursive procedures, ¢ is
the declaration of the bodies of these procedures, 4 is the set of monotonic predicate
transformers, o provides operations for composition and nondeterministic choice, the
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order is implication order, and the least fixpoint gives the weakest preconditions of the
procedures.

Back to the general setup. The shape of the expressions over 4 must be the same as
the shape of the expressions over D, since, for every “valuation” that assigns values
in 4 to elements of D, and for every expression over D, we need a corresponding
expression over 4. This requirement is formalized in the condition that the set of
expressions over X depends functorially on X. We can then abstract from the syntax
of the expressions.

The theory therefore starts with the choice of a functor F' from sets to sets. A scheme
is a triple (D, ¢,d) with D a set, ¢ a function from D to F.D, and d an element of
D. A model is a triple (4,a, <) with 4 a set, « a function from F.4 to 4, and < an
order on A, which has to satisfy some compatibility with /' and . We often use d as
an abbreviation of (D, ¢,d) and 4 as an abbreviation of (4, «, <). The meaning [d] of
a scheme d in a model A4 will be defined as f.d where f is the least function f from
D to A with oo F.f o¢@ = f (which is a hylomorphism in the sense of [8]).

p —2 FD

f Ef

A —  F4

The equality problem is the question whether two recursive definitions, i.e., schemes
d and e, define the same values [d] = [e]. Since model 4 has an order, we are even more
interested in the ordering problem, whether [d]< [e]. The answers to these questions
may depend on the model and then domain specific methods are needed to answer them.
This paper is devoted to the case that equality or order can be asserted uniformly, for
a large class of models.

The key concept is that of simulation, a functorial generalization of concepts intro-
duced by Milner [9] and Park [11]. For the definition of simulation we have to extend
the functor F' to binary relations between sets. It turns out that almost all important
functors have at least one such relational extension. In cases with nondeterminacy like
grammars and transition systems, there are usually two or three relevant relational
extensions, which behave differently.

Our first main result is soundness of simulation: if d and e are schemes with a simu-
lation from d to e, then [d] < [e] in every well-behaved model in which d has meaning
[d] and e has meaning [e]. Here the term “well-behaved” has a precise definition,
independent of d and e.

Our second main result is completeness in the sense that existence of a simulation
follows from the assumption that [d]< [e] holds in every well-behaved model.

Actually, we give a stronger completeness result. Let a model be called universal,
if every scheme d has a meaning [d] in it, and if [d]<[e] in it is equivalent to
the existence of a simulation from d to e. We show that a universal model exists
if, loosely speaking, the nondeterminacy is bounded by some cardinal number. Since
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cardinal numbers can be infinite and arbitrarily large, it follows that, if a universal
model does not exist, that is due to the limitations of ZF set theory.

The paper is organized as follows. In each section the results are numbered consec-
utively. When referring to a result from another section we add the section number to
it. In Section 2 we deal with notations and some basic category theory (only functors).

In Section 3, we present the first part of the theory and we conclude with the
soundness of simulation. In Section 4 we show that the functor and its relational
extension together are equivalent to a functor from sets to preordered sets, which
setting is more convenient for the actual constructions.

Section 5 contains the constructions of many functors with relational extensions.
Here we give a number of examples and counterexamples. In particular, we show how
the theory applies to context-free languages and to recursive procedures in imperative
programming. We also show that the simulations form a generalization of Park’s con-
cept of bisimulation of processes, and that another relational extension induces another
equivalence relation on processes.

In Section 6, we construct a univeral model and prove that an inequality [d] < [e] in
this model implies the existence of a simulation from d to e. We provide an example
to show that the universal model need not be the final coalgebra of [7, 12]. Section 7
contains the conclusion and some directions for future research.

This paper is based on the first part of [14]. The functorial approach is related to
the one of [7, 12], but we replace the interest in initial algebras and final coalgebras
by an emphasis on the interpretation of a coalgebra in an ordered algebra.

2. Notations and basic facts

We use ordinary ZF set theory, including the axiom of choice, cf. [13]. The set
of functions from a set X to a set ¥ is denoted by X — Y. Function application
is denoted by a left-associative infix dot, composition of functions by the operator o.
The identity function of X is denoted by ly. A functor F:Set — Set is a function
that assigns to every set X a set F.X, and to every function f € X — Y a function
F.f € FX — F.Y, such that

Fly =1fy,

F(fog)=F.foFgforalgeX —Yand f €Y — Z

Lemma 0. Every functor Set — Set preserves surjective functions and bijective func-
tions.

Proof. Let F be such a functor. Let f € 4 — B be a surjective function. By the
axiom of choice there is a function g € B — 4 with fog = 1. Then F.f oF.g = lpp
and therefore F.f is surjective. If f is bijective we also have go f = 1, and hence
F.goF.f = 1p4 so that F.f is bijective. [
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A relation R between sets 4 and B is a subset RC A4 x B. Its converse cv.RC B x A
consists of the pairs (y,x) with (x,y) € R. A relation R is predominantly treated as
an infix operator. We then write x (R) y for (x, y) € R. The composition RoSCA x C
of relations RC A x B and S C B x C consists of the pairs (x,z) such that x (R) y and
v (S)z for some y € B.

We write =4 to denote the identity relation of A. A relation RC A x A4 is called
a preorder iff (=4)CR and Ro RCR. It is called an order iff moreover R N cv.R =
(=4) (so we omit the word “partial”). The identity relation =4 is also called the
discrete preorder on A.

For a relation R C 4 x B and functions f € X — 4 and g € X — B, we also use the
lifted relation R given by f (R)g = (Vx :: f.x(R) g.x). If A and B are equipped with
preorders <, function f € 4 — B is said to be monotonic iff f.x< f.y in B whenever
x<y in A. We write Prs to denote the category of preordered sets with monotonic
functions. Therefore, a functor F :Set — Prs is a functor Set — Set that additionally
provides each set F.X with a preorder <y such that every function F.f is monotonic.

We write (Vx:P:Q) to mean that O holds for all x for which P holds. Similarly,
(3x: P: Q) means that Q holds for some x for which P holds. In both cases, the range
predicate P may be omitted if it is identical to true. So we have (Vx:P:Q) = (Vx ::
P=0)and (3x:P:0)=(Ix = PAQ), and ~(Vx:P:Q) = (Ix: P:—Q). Here we
have assumed that the type of x is self-evident. If that is not the case, the binding
occurrence of x is written x € X. We use similar notations for the quantor inf for
infimum (greatest lower bound) and for 4 (functional abstraction).

3. The abstract theory

Given a functor F :Set — Set, we define in Section 3.1 the concept of relational
extension. This is done axiomatically. The important concepts coalgebra, algebra, in-
terpretation, model, pre-interpretation, post-interpretation, meaning, scheme, and refine-
ment are all defined in Section 3.2. In Section 3.3, simulations are introduced. There
we also define completeness and flatness of models, and we prove the technical lemmas
for soundness. The soundness theorem itself is proved in Section 3.4. As preparations
for the completeness results we there also give the definitions of universal models and
separating models.

3.1. Relational extension

For relations RCA x B and T CA’ x B', we define the relation R =T between
A— A" and B — B’ by

(L) ERZT =(Vx,y:x(R) y: f.x(T)g.y).

Note that this says that the product function f x g € 4 Xx B — A’ x B’ restricts to a
function R — T.
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Let F be a functor Set — Set. We define a relational extension of F to be a function
G that assigns to every pair of sets 4, B, and relation R C 4 x B, a relation G.R C F.A4 X
F.B such that

(rel0) (=r.4) S G.(=4),

(rell) RCSCAxB = GRCGS,

(rel2) RCAXxBASCBxC = GRoGS=G(Ro S),
(rel3) (f.g)ER=T = (F.f.Fg)€GR=G.T.

These particular conditions are proof-generated: they are precisely what we need in the
theory below. Yet, they are canonical to some extent: in Section 4 below, we show that
relational extensions correspond to “interpolating” functors from sets to preordered sets.
In Section 5 we show that many important functors have useful relational extensions.
In [14], the term relator is used instead of relational extension. Here, we abandon the
term relator to avoid confusion with the term used in [2].

In the following we fix a functor F and a relational extension G of F.

If R is a preorder on a set A, then G.R is a preorder on F.4. In fact. G.R is
reflexive because of (=g 4)C G.(=4) C G.R. It is transitive because of G.R o G.R =
G(R o R)CG.R.

Lemma 0. If a function f € A — B is monotonic with respect to preorders <, on
A and <p on B, then the function F.f € F.A — F.B is monotonic with respect to
the preorders G.(<4) on F. A and G.(<p) on F.B.

Proof. Since monotonicity of f is the same as (f, f) € (<4) = (<3p), this follows
from (rel3). O

A relation RC A x B can also be treated as a set with two projection functions
n9 € R — 4 and n; € R — B. Then we have (obviously):

X(R)y=@GzeRux(=4)m0z AN m.z(=p)y).

The next lemma describes a similar relationship between the set F.R and the relation
G.R.

Lemma 1. Let RCA X B, x € F.A and y € F.B. Then
x(GRYy = (FZz€FR :x(G(=4))Fmpz AN Fr.z(G(=p))y).

Proof. (=) We define the relations SCA x R and T CR x B to consist of all pairs
(a,(a,b)) and ((a,b),b), respectively, where (a, b) ranges over R. We then have SoT =
R. Therefore, (rel2) implies G.S o G.T = G.R.

Now let x(G.R)y. Then there exists z € F.R such that x(G.S)z and z(G.T)y. We
observe that (14,7) € S =(=,4). By (rel3), it follows that (1.4, F.7y) € G.S S3G.(=y).
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Since x({G.S)z, it follows that x(G.(=4))F.7p.z. Similarly, (7;,15) € T =(=35), and
hence (F.my, 1pp) € G.T = G.(=p), and hence F.7m;.z (G.(=p))y.

(«<). Let z € F.R be a witness for the righthand side. It is clear that (7o, 7;) €
(=r) 3 R. Therefore, F.ny.z(G.R)F.m1.z by (rel0) and (rel3). Since (=4)oRo(=p) =
R, the righthand side implies x (G.R) y by (rel2). [J

Remark. Let the relational extension G be called symmetric iff G.(=4) is symmetric
for all sets 4. Using Lemma 1, one can deduce from this that G.(cv.R) = cv.(G.R) for
all relations R. We leave this result as an aside, since the theory seems to be more
fruitful in the cases where G is not symmetric. [

3.2. Coalgeberas, algebras, and interpretations

We define an F-coalgebra to be a pair (D, ¢) where ¢ € D — F.D. We define an
F-algebra to be a pair (4,u) where o € F.A — A. See [12] for both definitions.

We define an interpretation of a coalgebra (D, @) in an algebra (4,%) to be a
function f € D — A such that o o F.f o ¢ = f. The reason for this definition is that
we regard ¢ as a recursive definition of the elements d of D by expressions ¢.d. The
requirement then expresses that each value f.d satisfies its recursive definition when
the expressions over A4 are evaluated by means of .

So, an interpretation is a fixpoint of the function P, from D — A to itself that is
defined by P,.f = o o F.f o ¢. We omit the parameter o in the notation of P, since
we often consider interpretations of different coalgebras in the same algebra (4, ). In
order to guide our choice of the most adequate fixpoint we introduce a (pre-)order on
the algebra A4, in the following way.

A G-premodel is an algebra (4, o) with a preorder < on A4, such that the function
o € F.A — A is monotonic with respct to the preorders G.(<) and < on F.4 and 4,
respectively. The premodel is called a model iff, moreover, the preorder < is an order
on A. Note that G.(<) need not be an order on F.A.

For an F-coalgebra (D, ¢) and a G-premodel 4, we define a function f € D — A4
to be a pre-interpretation iff f is a pre-fixpoint of Py, i.e., iff P,.f < f for the lifted
preorder on D — A. Similarly, f is called a post-interpretation iff f is a post-fixpoint,
ie., f<P,.f. Since there is a good fixpoint theory for monotonic functions, we observe

Lemma 2. Let (D, @) be an F-coalgebra and let (A,o, <) be a G-premodel. Then P,
from D — A to itself is monotonic.

Proof. It suffices to verify that, for functions f,g € D — A:

P(p~f<P(P'g
= {definition of P,}

avoF.fop<aoFgoge
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< {o is monotonic from (F.4,G.(<)) to (4, <)}
F.f{G(L)) Fyg
< {see below}
/<y

Here, the last step follows from (rel3) with R = (=p) and T = (<), together with
(rel0) to prove (=gp) CG.R. [J

Remark. Here we prove f<g = F,.f <PF,.g by means of a sequence of implications
and equivalences with hints between braces. This linear proof format is due to Feijen,
see [4,6]. [

For an F-coalgebra (D, ) and a G-model (4,0, <), we define the meaning ue to
be the infimum (greatest lower bound) of all pre-interpretations, if that infimum exists.
We say that the coalgebra (D, ¢) has meaning in the G-model A4 iff o is welldefined.
Note that we do not impose completeness requirements on the G-model A.

Lemma 3. If it is defined, the meaning p is the least interpretation.

Proof. Since every interpretation is a pre-interpretation and p¢ is the infimum of the
pre-interpretations, it suffices to prove that p¢ is an interpretation:

o = Py.pip
= {4 is a G-model}
up<Poup N Pouo<pe
< {definition of e}
Po(Pp.pip) <Pp.up N Pppp<pip
= {P, is monotonic }
Py.up<pp
= {definition of pe}
(Vf P f < Ppuip< f)
<« {transitivity of <}

(Vf Py f<f:Poip<Py.f)
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<« {P, is monotonic}

(VP f ST pnp<f)
= {definition of ugp}

true. O

Remark. Here we prove ug = P,.up, since we give a linear proof that the formula
follows from true.

We define an F-scheme to be a triple (D, p,d) such that (D, @) is an F-coalgebra
and d € D. We speak of scheme d as an abbreviation of (D, ¢,d). The meaning of
scheme d in a G-model A4 is defined as [d] = up.d whenever the coalgebra (D, @) has
a meaning u¢@ in 4.

Let (D, ¢,d) and (E,\r,e) be F-schemes. We say that (D, ¢,d) refines (E,\r,e) in
the G-model A iff both coalgebras have a meaning in 4 and are such that ugp.d < .e
in A. This is denoted by

A= (D, p,d) T (EY,e).

The purpose of this paper is to derive a sound and complete proof rule for refinement.
This rule will be based on simulation, as introduced in the next section.

Example 0. Let n be a natural number. Consider the functor F given by F.X = X" (the
set of the n-tuples), with the natural action on functions. For every relation RC A x B,
let G.R be the lifted relation. Then G is easily seen to be a relational extension of F.
In this case, a G-model is a triple (4,%, <) such that < is an order on 4 and that
o € A" — A is monotonic. If we take n = 3, we have, for example, the systems of
recursive equations

(1) x = a.(x,x,x);

(i) y=o(»z,z) Nz =0z, y,2).

If we represent the variables x, y,z, by the numbers 0, 1,2, respectively, the systems
(i) and (ii) correspond to the F-coalgebras (D, @) and (E,y) given by

D={0},  ¢.0=(0,0,0),
E={1,2}, y.1=(L22)Ap2=(212).

The meaning of the coalgebra (D, @) is the least solution of (i), and the meaning of
(E, ) is the least solution of (ii). Let us assume that 4 is complete (every subset has
an infimum). Then both systems have least solutions. Since every solution of (i) gives
a solution of (ii) by y,z := x,x, we then have

AE(E 1) E(D,9,0).
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The converse relation also holds, but the proof of that fact will be a good illustration
of a result in the next section. Indeed we shall prove that, for this functor, all systems
of recursive equations define the same value. [J

3.3. Simulation

A G-simulation between a coalgebra (D, @) and a coalgebra (E, /) is defined to be
a relation RC D X E such that (¢,) € R=SG.R, ic., forall xe D and y € E:

x{R)y = @.x (GR W .y.

We first prove that the G-simulations form a category in the sense that identity relations
are simulations and that any composition of simulations is a simulation. In fact, the
identity relation =p is a G-simulation from (D, @) to itself because of (rel0). If R and
S are G-simulations from (D, @) to (E,y) and from (E,y) to (H,x), then R o S is a
G-simulation from (D, ¢) to (H, y), because of

x(RoS)z

= @yax(R)y A y(S)2)

=@y ex(GRY.y A Y.y(GS)yz)
= @.x{G.RoG.S) yz

= { (rel2) }

@.x (G(RoS)) zz.

We say that R is a G-simulation of schemes from (D, @,d) to (E,y,e) iff R is a
G-simulation of coalgebras from (D, @) to (E,y) that contains the pair (d,e).

Remark. If the relational extension G is symmetric, every G-simulation R from a
scheme d to a scheme e induces a G-simulation cv.R from e to d.

We now prepare the ground for the main soundness result, which is Theorem 7
below. In Lemma 4, we show that simulation between schemes implies ordering be-
tween the values defined (i.e., the least fixpoints), if the order of model 4 is “complete
enough”. In Lemma 6, we show that a similar assertion holds for another class of
models, which are called flat.

The cardinality of a set X is denoted by #X. Let y be a cardinal number. A pre-
ordered set (4, <) is said to be y-complete iff (4, <) is ordered and every subset
U C A with cardinality #U <y has an infimum.

Lemma 4. Let (4,0) be a G-model such that the coalgebra (D, @) has a meaning @
in A. Let g € E — A be an interpretation of a coalgebra (E,\) in A. Assume that
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A is #E-complete. Let R be a G-simulation of schemes from (D, @,d) to (E,\{,e).
Then up.d<g.e.

Proof. Since 4 is #E-complete, we can define a function f € D — 4 by

fx=(@Gnfy € E:x(R)y:g.y).

Then we have f.x<g.y for all pairs x, y with x (R) y. This implies (f,g) € R=(<).
Since R is a simulation of schemes, we have d (R ) e, and hence f.d <g.e. Therefore,
it suffices to prove that ue < f. This is proved in

Hp < f

<« {definition of u¢}
Ppo.f<f

= {definition of f}
(Y%, y:x(R)y:P,.fx<g.y)

= {definition of = }
(Ppof,9) € R=(<)

= {g is an interpretation, definition of P, and P,}
(o F.fogpaoFgoy)eR=3(L)

< {4 is a G-model : (a,2) € G(<L)3(L)}
(F.fop,Fgoy) e R=G(<)

< {R is a G-simulation : (¢,}) € R=G.R}
(F.f,F.g) € GR=G(L)

< {(rel3)}
(f.9) € R=(<)

= {see above}

true. O

Example 1. We come back to Example 0 with F.X = X" for a fixed number n, with
its induced relational extension G. Let (D, ¢,d) and (E,,e) be arbitrary F-schemes.
Let T be the trivial relation such that x (T )y holds for all x € D and y € E. Tt is
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easy to verify that T is a simulation relation between the schemes, and that cv.T is a
simulation in the other direction.

Assume that (4,0, <) is a complete G-model, so that the schemes have meaning
uep.d and wj.e in A. Since < is an order, the Lemmas 3 and 4 imply that ue.d = wj .e.
So, in this case, completeness of the model implies that all schemes define the same
value, which is the least solution of the analogue of system (i) of Example 0.

The next result is a technical lemma to prepare the proof of Lemma 6.

Lemma 5. Let (E, /) be a coalgebra with an interpretation g € E — A in a G-
premodel (A,a, <). Let (D, @) be a coalgebra and let r € D — E.

(@) If Frop{G.(=g))Yor in D — F.E, then gor is a pre-interpretation of D.

®) If yor{G(=g))Frog@ in D— F.E, then gor is a post-interpretation of D.

Proof. (a)

Py,.(gor)<gor
= {g is an interpretation}
Pplgor)<Pygor
= {definition of P}
aoF(gor)op<aoF.goyor
< {4 is a G-premodel}
FgoFrop(G(<L))Fgoyor
< {Lemma 0 with g € (E,=g) — (4, <) for f € A — B}

Frop(G(=g))yor.

The proof of (b) is obtained by interchanging the sides of the inequations. [

We define a G-premodel (4,a, <) to be flat iff f<g holds for every coalgebra
(D, @), every post-interpretation f € D — A, and every pre-interpretation g € D — A.

Notice that, if 4 is a flat G-model and f is an interpretation of a coalgebra (D, @)
in 4, then f is the only interpretation of (D, ¢) in 4, and (D, ¢) has meaning up = f
in A.

Lemma 6. Let (D, @) and (E,\r) be F-coalgebras with interpretations f € D — A
and g € E — A4 in a flat G-premodel A. Let R be a G-simulation of schemes from
(D, ,d) to (E,\r,e). Then f.d<g.e.
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Proof. Since R is a G-simulation, it follows from Lemma 1 that, for every pair x (R) y,
there exists an element z € F.R such that

0.x{G(=p))Fmoz N Fmz{G(=g))¥.y.
By the axiom of choice, it then follows that there is a function y € R — F.R such that

(*) pomy(G(=p))Fmyoy AN Faoy{G(=g))yomn.

Now, (R, y) is a coalgebra. It follows from the left-hand conjunct of (%) and Lemma
5(b) that f om is a post-interpretation of (R, y). It follows from the other conjunct of
(*) and Lemma 5(a) that gom; is a pre-interpretation of (R, y). Flatness of A4 therefore
implies that f omy<gom. This proves that f.x<g.y for all x (R)y. O

3.4. Simulation and refinement

We can now formulate and prove our main soundness result, which is that simulation
implies refinement.

To abstract from the specific simulation relation, we define the relation < between
schemes by saying that (D, ¢,d) =<¢ (E.{,e) holds iff there is a G-simulation of
schemes R from (D, ¢,d) to (E,,e). Since the F-schemes with as morphisms the G-
simulations between them form a category, relation =g is a preorder (consequently,
if G is symmetric, < is an equivalence relation).

Theorem 7. Let (D, ¢,d) and (E,\,e) be F-schemes with (D, p,d) = (E,\,e). For
every G-model (A,o, <) in which both coalgebras have meaning, and which is #E-
complete or flat, we have

A= (D, ¢, d) E(EY,e).

Proof. By assumption, there is a G-simulation R from (D, ¢,d) to (E,{,e) and we
have interpretations p¢ and wy of (D, ) and (E,y), respectively. By Lemmas 4 and
6, it follows that pup.d <mp.e. [

Theorem 7 says that simulation implies refinement for a certain class of models. In
Example 1 of Section 5.1 below, we show that some assumption on the models is
necessary for the validity of this implication, and in the remainder of Section 5 we
give a number of examples where the implication applies.

Theorem 7 may be regarded as saying that a certain proof rule is sound. This sug-
gested the question whether it could be complete as well. Now completeness amounts
to replacing the proof rule by an equivalence of the form

(qu)’d) jg(E,lﬁ,e) = (VA A |: (D:(psd) E (Esw’e))a

where A4 ranges over some class of models. We aim, however, at the strongest possible
result, viz., that one model is enough.



288 W.H. Hesselink, A. Thijs/| Theoretical Computer Science 238 (2000) 275-311

Therefore, we define G-model A to be universal iff for all F-schemes:

(Dyw’d)jG(Eal//?e) =4 |: (Dsq)?d) E (E,lp,e).

Since (=<¢ ) is reflexive, a necessary condition for a universal G-model is that every
coalgebra has meaning in it.

For the converse implication, we define a G-premodel (4, a, <) to be separating iff
for every pair of F-schemes (D, ¢,d) and (E,\,e) and every pre-interpretation f €
D — A and post-interpretation g € E — 4 with f.d <g.e, we have (D, ¢,d) <¢ (E,{,e).

It is easy to verify that a flat and separating G-model in which every coalgebra has
meaning is universal. In Section 6.4 we use this observation to prove that, for some
functors, universal models do exist.

4. Interpolating functors

In the theory of Section 3 we used a relational extension of a given functor from Set
to itself. It turns out that in practice the relational extension together with the functor are
always given by one functor Set — Prs, which has the so-called interpolation property.
In this section we develop the relevant theory. It is a preparation for Section 5, where
a number of examples of the theory are presented.

4.1. The construction of relational extensions

It follows from Lemma 3.1 that the relational extension G is uniquely determined
by the functor F and the relations G.(=4) in the sets F.A. The relations G.(=4) are
preorders and Lemma 3.0 implies that all functions F. f € F.4A — F.B are monotonic
with respect to them. So we can form the functor F¢:Set — Prs which assigns to
every set A the preordered set (4,G.(=4)) and which acts on functions as F does.
Then G is completely determined by F©.

Conversely, let K be a functor Set — Prs. Then we can use the analogue of Lemma
3.1 to define a prescription K+, that assigns to every relation RC A x B the relation
KT.RCK.A x K.B given by

x(KTR)y = (JueKR:x<Kmpu A Kmu<y),

where mp € R — 4 and n; € R — B are the canonical projections and < denotes the
preorders of K.A4 and K.B.

Lemma 0. The prescription K satisfies condition (rel0), (rell), and (rel3) of a re-
lational extension.

Proof. (rel0) For R = (=4), the projections my and m; are equal, and they are bijec-
tions. Using Lemma 2.0, it follows that

x (K (=4))y =x<guy.

Since <4 is reflexive, (rel0) holds.
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(rell) Let RCSCA x B. Define j € R — S to be the injection function. Let
gy € S — A and 0, € S — B be the projections. We have n; = g;,0j. We prove
KT RCK*'.S in

x(KT.R)y
= {definition of K"}
(Jue KR :x<Kmpu AN Kmu<y)
={m =gio/}
(Fu e KR x<Koo(Kju) AN Ko.(Kju)<y)
= {take v = K.ju}
(JveKS :x<Kaogv AN Ko.v<y)
= {definition of K"}
x(K*.S)y.
(rel3) Consider (f,g) € R=3T. Let n} be the canonical projections of 7. The restriction
of (f,g) yields a function j € R — T with fony = njoj and gom; = 7joj. We
prove (K.f,K.g) € K*.R3K™".T by observing that, for every x € K.4 and y € K.B,
K.fx(K"TYKg.y
= {definition of K"}
(FveKT =K. fx<Kmnjv A Knjv<Kg.y)
< {take v=K.ju and use w,oj = fom}
(Jue KR =K fx<K [f.(Knypu) N Kg(Kn.u)<Kg.y)
< {K.f and K.g are monotonic}
(Jue KR x<Kmyu AN Kmu<y)
= {definition of K"}

x(KTR)y. O

In Lemma 0, condition (rel2) is still missing. In the next section we give a condition
on K that implies that K is a relational extension. In Section 4.3, we show that every
extension can be constructed in this way.
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4.2. Weak pullbacks and interpolation

Let functions f € B— A4, g€ C - A, h€ X — B, and k € X — C be such that
oh = gok. These functions then form a so-called commuting diagram.
g diag

X
hy \ k
B C
N\ A

A

The diagram is called a weak pullback diagram iff, for every pair b € B,c € C with
f.b = g.c, there is an element x € X with A.x = b and k.x = c¢. The diagram is called
a pullback diagram iff, moreover, the element x is always unique. For every diagram
as above, there is a canonical function from X to the subset of B x C of the pairs
(b,c) with f.b = g.c. The diagram is a (weak) pullback iff this function is bijective
(surjective).

Now let the sets 4, B, C, X be preordered and let the functions f,g, 4,k be mono-
tonic. We define the diagram to be an interpolation diagram iff, for every pair b €
B,c € C with f.b<g.c there exists an element x € X with b<h.x and k.x<c.

Note that, if the preorders on A4,B,C are discrete, the diagram is an interpolation
diagram if and only if it is a weak pullback.

A functor K :Set — Prs is said to be interpolating iff it transforms every pullback
diagram into an interpolation diagram.

Theorem 1. Let K :Set — Prs be an interpolating functor. Then K+ is a relational
extension of K.

Proof. By Lemma 0, it remains to verify (rel2). Let relations RCAx B and SCBxC
be given. In order to relate the composition RoS to R and S, we define the ternary
relation 7 C A4 x B x C to consist of the triples (a,b,c) with (a,b) € R and (b,c) € S.
Let the functions € T — RoS and o € T — R and yy; € T — S be defined by

V.(a,b,c)=(a,c) N Yola,b,c)=(a,b) N Yi(a,b,c)=(bc).

Then  is surjective. therefore, K./ is surjective by Lemma 2.0.

We use 7y and n; to denote the two canonical projections for each of the three
binary relations R,S,RoS. The four functions o € T — R, Yy € T — S, ny € R —
B, my € S — B form a pullback diagram: for every pair of pairs (a,b) € R, (p,q) €S
with b = p there is a unique triple (x, y,z) € T with (x,y) = (a,b) and (y,z) = (p,q).
Since functor K is interpolating, this implies that, for every u € K.R and v € K.,

Kmu<Kmnyv = (KT usKiygt AN Ky.t<v).
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By monotonicity of K.my and K.7; and the equality m; oy = my oy, we even have
the equivalence

(%) Kmu<Kmnv = (3eKT usKypot AN Kiyt<o).

The equality KT .RoK".S = K".(RoS) is proved by observing that for every pair x, y:

x(KT.RoK*.S)y
= {composition}
(FZzeKB:x(K"R)z AN z(K'S)y)
= {definition K"}
(Zze KB,uc KRve KS :x<Kmpu AN Kmu<z
AN z<Kmv N Kmao<y)
= {transitivity, good choice for z}
(Jue KR,ve KS,:x<Kmnpu AN Kmu<Knyv AN Kmn.o<y)
= {use (*)}
(Ju e KR,v e KS,t € K.T :: x<Kmp.u
AN usKyot N Kyt<v AN Kmo<y)
= {calculus, choices of u and v}
(Ft e KT :x<K(mpop)t AN K(moyy)t<y)
={myoyg =mpoy and m oYy = my oY}
(Ft e KT x<K(mpoy)t A K(mow)t<y)
= {function K.\ is surjective}
(FZze K(RoS) :x<Kmyz AN Kmz<y)
= {definition K"}
x(K*.(RoS)) y. O

Remark. If functor K is not interpolating, the equivalence at (x) can be replaced by
the symbol <. So then we still have KT.(RoS)CKT.RoK™.S.
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Below we shall show that many functors Set — Prs are interpolating. Not every such
functor, however, is interpolating. For example, let K be the functor that assigns to
every set X the set X with the preorder T such that x ( T ) y holds for all x, y € X. To
show that K is not interpolating, we consider a pullback diagram that consists of two
disjoint nonempty subsets B and C of a set 4, with the canonical injection functions
f and g; we take X = () with injections 4 and k into B and C, respectively. This is
indeed a pullback diagram. It is easy to see that the K-image of the diagram is not an
interpolation diagram. The functor K clearly preserves pullbacks and weak pullbacks.

There also exist interpolating functors that do not preserve weak pullbacks. For
example, let S| and S, be sets with #S; = 1 and #S, > 1. We give both sets the
preorder T introduced above. There is precisely one functor F :Set — Prs such that
F =S8, and F.X = §; for every nonempty X. This functor is interpolating but does
not preserve weak pullbacks (it also does not preserve injective functions, compare
Lemma 2.0).

4.3. Every extension comes from an interpolating functor

Theorem 1 shows that an interpolating functor Set — Prs gives rise to a relational
extension. The converse is also true. So, we go back to the setting where G is a
relational extension of an arbitray functor F :Set — Set. As indicated above, functor
F together with its extension G define a functor F© :Set — Prs. Below we show that
FY is interpolating. By Lemma 3.1, the relational extension (F¢)* is equal to G.
Therefore, the correspondence between interpolating functors and relational extensions
is bijective.

First, some convenient notation. For functions f € X — 4 and g € X — B, we
write [f,¢g] to denote the relation in 4 x B that consists of the pairs (f.x,g.x) with
x € X. We clearly have (f,g9) € (=x)=3[/f, ¢g]. By (rel3) and (rel0) it follows that
(F.f,F.g9) € (=rx)3G.[f, g]. This implies

Lemma 2. [F.f,F.g]CG.[f, gl
Now we can prove, as announced above:
Lemma 3. The functor FC is interpolating.
X
hy N\ k
B C
I\
A

Proof. It suffices to prove that FC transforms any weak pullback diagram into an
interpolation diagram. So, consider a weak pullback diagram as in Section 4.2. Let
b € F.B and ¢ € F.C be such that F.fb(G.(=,4)) F.g.c. We now have to prove the
existence of x € F.X with b{G.(=p))F.h.x and Fkx{G.(=c))c. Let RCB x C
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consist of the pairs (p,q) with fip = g.gq. Since the diagram is a weak pullback
diagram, there is a surjective function m € X — R with h = npom and k = m; om. By
Lemma 2.0, function F.m is surjective. So, it suffices to prove the existence of z € F.R
with b (G.(=p)) F.npz and F.m;.z { G.(=¢)) c. By Lemma 3.1, it therefore remains to
prove b (G.R) c. We now observe that

[l flo(=4)o[g.lc] =R,
and hence by (rel2) and Lemma 2,
[1rg, F.f10 G(=4) 0 [F.9,1rc] S G.R.

Therefore F.f.b{(G.(=4)) F.g.c implies b{(GR)c. [J

We have thus shown the converse of Theorem 1: if G is a relational extension
of an arbitrary functor F' from sets to sets, there is an interpolating functor K from
sets to preordered sets such that G = K. Since it is easier to construct interpolating
functors than relational extensions, we regard Theorem 1 as more important than its
converse.

4.4. Interpolating functors as a composition

The next results will be used to compute relational extensions and to construct models
for them. If K is an interpolating functor Set — Prs we speak of a model for K where
a K*-model is meant. Implicitly, an arbitrary functor F :Set — Set is also regarded
as a functor Set — Prs, where every set F.X is provided with the discrete preorder
=r.x. Then functor F is interpolating if and only if it preserves weak pullbacks.

Remark. It follows from Lemma 2.0 that a functor that preserves pullback diagrams
also preserves weak pullback diagrams. Since preservation of weak pullbacks is the
weaker property, it is used as the hypothesis in the Lemmas 4 and 5 below. We use
these lemmas, however, only for functors that actually preserve pullbacks.

Lemma 4. Let H:Set — Set be a functor that preserves weak pullback diagrams.
Then H is interpolating and hence has a relational extension H*. Let K : Set — Prs
be an interpolating functor. Then K o H is interpolating and (K o H)" R = K*.(H'.R)
for every relation R.

Proof. We need only prove the equality between the relations. Consider a relation
RCAxXxB. Weuseng€R— A, myeR—B, 1o €H"\R— HA, 1y € H".R — HB to
denote the canonical projections. Since H.4 and H.B have the discrete orders, relation
H™.R consists of the pairs (x,y) € HA x HB such that there exists u € H.R with
x = Hmyu and H.j.u = y. So, there is a surjective function /' € HR — H".R such
that t;0 f = Hm; for i = 0,1. By Lemma 2.0. it follows that K.f is also surjective.
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Now we conclude by observing
x(K'(H"R))y
= {definition of K"}
QueKHTR):x<Krtu AN Krtu<y)
= {K.f € K(HR) — K.(H".R) is surjective}
(ve K(HR):x<Kr1y(K.fv) AN K1.(Kfo)<y)
= {t;0 f = Hm;, calculus}
(Jve (KoH)R:x<(KoH)myv AN (KoH)m.w<y)
= {definition of (Ko H)"}
x((KoH)'R)y. O

Lemma 5. Let (A4, f, <) be a model for an interpolating functor K and let (4,7, <)
be a model for a functor H :Set — Set that preserves weak pullbacks. Putting o =
p oKy, we have that (4,0, <) is a model for K o H.

Proof. Since (<4) is an order on A, it suffices to verify monotonicity of «. The
function y € H.A — A is monotonic for the preorders H".(<,) and (<,). By Lemma
3.0 this implies that K.y is monotonic for K+.(H". (<)) and K*.(<,). Since function
B is monotonic for K*.(<,) and (<), it follows with Lemma 4 that o is monotonic
for (KoH)".(<,) and (<), as required. [

5. Concrete functors and examples

In Section 5.1 we present a number of power set functors, which form typical
examples of interpolating functors. Here we also give some toy examples of the theory
of Section 3. In Section 5.2 we introduce string functors. Even more important than
strings are sets of strings, languages. For this purpose a string functor is combined with
a power set functor. It is shown that context-free grammars and mutually recursive
procedures in an imperative language are both examples of the theory.

Section 5.3 treats polynomial functors and their nondeterministic relatives. Here, we
show that Park’s concept of bisimulation of processes (or transition systems) is a special
case of our concept of simulation, but that simulation may also induce an equivalence
relation different from bisimulation. In Section 5.4 we introduce the concept of bounded
spread for functors. This concept is needed for the construction of a universal model
in Section 6.4.
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5.1. The power functors

Let Pow:Set — Set be the functor that assigns to every set A the set Pow.4
of all subsets of A, and that assigns to a function f € 4 — B the function f
that assigns to a subset U C A4 the image im(f|U)C B. We also define the functors
Poi, Poc:Set — Prs that treat sets and functions in the same way as Zow, but are
such that 20i.X is ordered by inclusion (C) and that Zoc.X is ordered by containment
(2). It is easy to see that, in either case, all functions f; are monotonic. Therefore,
they are indeed both functors Set — Prs.

We also introduce several related functors. We fix an infinite cardinal number x and
define the subfunctors Powk, Pown, Pownk of Pow by

U e Powk. X = #U <Kk,
UePownX = 0<H#U,
UePownk.X = 0<#U<k;

it is easy to see that indeed, for f € X — Y, the function f; € Pow.X — Pow.Y
restricts correctly to Powk. X — Powk.Y, etc.

We provide the results of these functors with the inclusion or containment ordering,
by replacing the w by i or ¢. This gives us six other functors Set — Prs. For example,
Pocn. X is the set of nonempty subsets of X, ordered by D.

Lemma 0. The 12 functors Pow, Powk, Pown, Pownk, Poi, Poik, Poin, Poink,
Poc, Pock, Pocn, Pocnk are interpolating.

Proof. We first treat the functor Zoi. Let f € B — 4, g € C — 4, h € X —
B, k € X — C form a pullback diagram. Let U € Z0i.B and V € Z0i.C be such that
f.U Cg,.V. In order to show that Zoi is interpolating, we have to exhibit a subset
W e Pow.X with U Chy W and k. W C V. We try the candidate

W={xeXhxeU AN kxeV}

Clearly, h W C U and k,.W C V. It remains to show that U C A, WW. Let u € U. Since
f:.U Cg,.V, there exists v € V with fu = g.v. Since the diagram is a pullback, there
is a (unique) x € X with A.x = u and k.x = v. Therefore, x € W and hence u € h,. .
This proves U C h.W. So, Poi is interpolating. Note that we even have h, W = U.

The case of Zoc follows by symmetry from Zoi.

In order to prove that Zow is interpolating, it suffices to show that, if f,.U = g,.V,
then hy W = U and k., W = V. Above we noted that A, W = U. Since the definition
of W is symmetric in U and V, the additional assumption f,.U = g,.V also implies
ks W =V.

In order to prove that Zowk is interpolating, it suffices to show that, if #U < k and
#V < Kk, then #W < k. Since the diagram is a pullback, the function (Aw :: (hw, kw))
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is an injection of W into U x V. Therefore, #W <#U x #V. Since x is an infinite
cardinal number, and #U < «k and #V < «k, this implies #/W < k (by [13], 10.39).

In order to show that ZPown is interpolating, it suffices to observe that, if U is
nonempty, then W is nonempty since i,.W = U.

The other seven cases use easy combinations of the above arguments. [J

Remark. The 12 functors do not preserve pullback diagrams: the set W in the above
proof is usually not the only solution. They do preserve weak pullbacks.

Now that we have several interpolating functors, we can determine the corresponding
relational extensions Zow™, etc., cf. Section 4.1.

Lemma 1. Let RCA X B. Let uCA and vCB.

(@) u(Zoi"RYyv = (Wxc€u:z(Fycv=x(R)y));

b)) u(PoctR)v = (Vyecv:(Ixe€u:x(R)y));

(¢) Powt.R = Poi" RN Poc".R;

(d) Poik™ R, Poin" R, Poink™ R are the restrictions of Poi*.R; the same holds if
i is replaced by ¢ or w.

Proof. (a) By definition, u { Z0i*.R) v is equivalent to
(") (3w € 2oi.R - ul(my)sw A (m)swC0).

This implies the right-hand side of (a), since for every element x € u there is an
element y with (x,y) € w, and then x (R) y and y € v. Conversely, the right-hand
side of (a) implies the existence of a function s € u — v with x (R) s.x for all x € u.
Let w C R consist of all pairs (x,s.x) with x € u. Then w is a witness for condition (a’).
(b) Follows from (a) by symmetry.
(¢) By definition, u { Zow™* .R) v is equivalent to

(c) (Bw € PowR :u=(mp)sw A (7m))s.w = ).

Since (c¢’) implies (a’), we have Zow*.RC Poi".R. By symmetry, we also have
Powt RC Poct R. Therefore, ow™'.R is contained in the intersection. Conversely,
let (u,v) be an element of the righthand side of (c¢). We then have functions s € u — v
and ¢t € v — u, such that x (R)s.x and 2.y (R) y for all x € u and y € v. Let w be the
set of all these pairs (x,s.x) and (z.y,y). Then w is a witness for (c¢’).

(d) It is clear that Zoik™.R C Poi" RN(Poik.Ax Poik.B). For the converse inclusion,
let (u,v) be an element of the righthand side. We take w as constructed in the proof of
part (a). Now it suffices to observe that #w = #u, so that w € Poik.R since u € Poik .A.
The other eight cases are similar. [J

Example 0. We can now show that, if G is a relational extension, then G.(=4) need
not be symmetric, and that for an order < the relation G.(<) need not be an order
and cv.(G.(<)) may differ from G.(=).
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In fact, we take G = Zoi" and use part (a) of the above lemma. The first assertion
follows from
u{Poi(=4))v = uCuv.

For the other two assertions we take the standard order < on the set of the natural
numbers. Relation Z0i".(<) is not an order because of

{1,2,3} (20i" (<)) {131},
(L3} (Z0(<)) {1.2.3).
Relation cv.(Zoi".(<)) differs from Zoit.(>) because of

{2} (Z0i" (<)) {1.3},  ~({1.3}(Zoi"(2)){2}).

Example 1. We show that in Theorem 3.7, some condition on the model (4,a, <) is
necessary.

For this purpose we take the functor F = Zown with its relational extension G =
Pown*t. Let (D, @) be the coalgebra with D = {d,e} and ¢ € D — F.D given by
¢@.d ={d,e} and ¢p.e = {d}. We choose relation R = D x D. By Lemma 1, we have
G.R = F.D x F.D. Therefore, R is a G-simulation and we have

(Dr QD,d) =G (Ds (P>e)~

We now construct a G-model 4. We choose a natural number n>2 and let 4 consist
of the natural numbers < n with the discrete order (=). Using Lemma 1, we get that
the relation G.(=) on F.A4 is the identity relation. Therefore, (4,a,=) is a G-model
for every function o« € F.4A — A. We choose o such that
(1) o.{x} # x for every x € 4,
(i1) a.U = 0 whenever #U = 2.

We now determine all pre-interpretations f € D — A4:

f is a pre-interpretation
= {definitions, the order on A is discrete}
oo fyop=f
= {definition of ¢, equality of functions}
of{fd, fe}=f4d A a{fd}=fe
= {f.d = f.e contradicts the second conjunct by (i)}
fd# fe AN oaffd, fe}=fa A af{fd}=fe
= {(iD)}
fd=0 A fe=a{0}#£0.
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This proves that there is precisely one pre-interpretation, which indeed is an interpre-
tation, and which satisfies f.d # f.e. Then pue = f and we have

A |#(D’ ®, d) E (D, (p,e).

Example 2. Let (4, <) be a complete lattice. Then we have functions sup and inf
€ Pow.A — A that assign to a subset u C A the supremum sup.u and the infimum
inf .u. It follows easily from Lemma 1 that

u{2oi*.<)v = sup.u<sup.,
u{ZPoct.<)v = infu<inf.v

Therefore, (A4, sup) is a complete model for Zoi and (4, inf) is a complete model for
Poc. Both are complete models for Zow.

5.2. String Functors

Let (—)*:Set — Set be the functor that assigns to every set X the set X* of finite
strings over X and that extends functions accordingly. This functor preserves pullback
diagrams. In fact, let a pullback diagram be given as in Section 4.2. If u € B* and
v € C* have the same image in A", then the strings u and v have the same length,
say n, and for every index i < n the i-th elements u.i and v.i have the same image in
A. Since the diagram is a pullback, there exist unique elements x.i € X with images
u.i and v.i in B and C. Therefore (x.0,...,x.(n — 1)) is the unique element of X* with
images # and v.

Example 3. The language generated by a context-free grammar. Let 7 be a set of
terminal symbols. For any set X, let X + T be the disjoint union of X and 7. The
functor X — X + T is easily seen to preserve pullbacks. Therefore, the functor X —
(X + T)* also preserves pullbacks. By Lemma 0 and Lemma 4.4, it follows that the
functor F given by F.X = Z0i.(X + T)* is interpolating.

It is this functor F that is used in the definition of context-free grammars and lan-
guages. In fact, a context-free grammar over 7 is given by a set D of nonterminal
symbols, a start symbol d € D and a function ¢ € D — F.D that assigns to every non-
terminal a set of productions. Thus, a context-free grammar is an F-scheme (D, ¢,d).
If we want to specify that every nonterminal has a nonempty finite set of productions,
we replace Poi by Poink where k = .

In this case we are only interested in interpretations of F-schemes in the ordered
F-algebra that consists of the languages over T, ie., 4 = (Poi.T*,a,C) where a €
F.A — A is constructed as follows. Let f € (4 + T)* — A be given by concatenation
of languages and insertion of 7 into singleton strings and languages. The function o is
defined by a.U = ((Ju € U :: fu). It can be shown that 4 is a model and that pg.d
is indeed the language generated by the grammar (D, ¢,d). The model A is complete.
So, Theorem 3.7 is applicable. This boils down as follows.
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If R is a binary relation between sets D and E, we define relation R* between
(D+T)* and (E+ T)* by

u(R*Yv = #u=#v AN izui=vieT V wi(R)vi).

It follows from Lemma 1(a) and Lemma 4.4 that such a relation is a simulation between
grammars (D, ¢,d) and (E,,e) iff d (R)e holds and, for every pair of nonterminals
u and v with u (R ) v and every production x € ¢.u, there is a production y € Y with
x {R*) y. If there is such a simulation the language generated by (D, ¢,d) is contained
in the language of (E,y,e). This is presumably well known, and it is easy to prove
in the concrete setting.

Obviously, not every inclusion can be proved in this way. For instance, the regular
grammars d — ¢|td and e — ¢ler, where ¢ is a terminal symbol, generate the same
language ¢*, but there is no simulation between the grammars.

Example 4. In [6], the semantics of imperative programs is expressed in terms of
monotonic predicate transformers on a fixed state space. These predicate transformers
form a complete lattice MT with respect to the implication order. Nondeterminate
choice between a nonempty set of commands corresponds to the infimum (conjunction)
of the corresponding predicate transformers. The semantics of the simple commands
is given by the weakest precondition function wp € S — MT where § is the set of
simple commands. Mutually recursive procedures are given by a declaration

body € H — Pocn.(H + S)*,

where H is the set of procedure names. Here, we use the functor Zocn, since [6] only
allows nonempty sets, and since the containment order allows the use of the infimum
in the model, see Example 2 above. In fact, using Example 2 and Lemma 4.5 one
can provide MT with the structure of a model for the functor X — Zocn.(X + S)*.
Then the meanings wp.h of procedure names / are determined by the least fixpoint
ubody € H — MT.

In this case, a scheme (D, ¢,d) is a declaration of mutually recursive procedures
u € D with bodies ¢.u € Pocn.(D + S)*, and a main procedure d € D. Given two
schemes (D, ¢,d) and (E,{,e), a relation R between D and E is extended to a relation
R* in the same way as in Example 3 above. Here it follows from Lemmas 1(b) and
4.4 that R is a simulation between the schemes iff d (R ) e holds and, for every pair of
procedure names u € D and v € E with u (R ) v and every string y € {.v, there is x €
@.u with x { R* ) y. Now, Theorem 3.7 implies that, if there is a simulation R between
the schemes, procedure d is a refinement of e in the sense that [wp.d.p = wp.e.p] for
every postcondition p.

5.3. Polynomial functors

We fix a set Op of operator symbols and a function # € Op — Card that assigns to
every operator a cardinal number, its “arity”. A cardinal number 7 is a (well-ordered)
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set with cardinality y, cf. [13]. So, for a set 4, we can identify 47 with the set of
functions y — A.

For a set 4, we define the set (0.4 to be the disjoint union (> p € Op :: A"P).
This set consists of the pairs (p,/) with p € Op and I € 5n.p — A. For a function
feAd— B, wedefine O.f:0.4— OB by O.f(p,I)=(p, fol). In this way, O is a
functor Set — Set. A functor constructed in this way is called a polynomial functor.

An (V-algebra is a pair (4,o) with « € 0.4 — A4. Since 0.4 is the disjoint union
of sets A"7, function o is uniquely determined by its restrictions o, € A"? — A, the
so-called operations. Therefore, if the sets Op and the arities #.p are finite, (-algebras
are just ) -algebras in the classical sense of [3].

Lemma 2. Every polynomial functor O preserves pullback diagrams.

Proof. Consider a pullback diagram as in Section 4.2. Let (p,/) € O0.B and (¢,J) €
0.C have the same image in (0.4. Then p =q and f ol = goJ. So, for every r € n.p,
we have f.(I.r) = g.(J.r). Since the diagram is a pullback, every » has a unique K.r € X
with A.(K.r) = Lr and k(K.r) = Jr. So, there is a unique pair in (¢.X with images
(p,I) € 0.4 and (q,j) € O.B, namely (p,K). U

We may regard functor (0 as a functor Set — Prs. Since it preserves pullbacks,
this functor is interpolating. It is straightforward to verify that the associated relational
extension (' is characterized by

Lemma 3. For a relation RCA x B and elements (p,1) € 0.4 and (q,J) € 0.B, we
have

(p.D(U"R)(q,J) = p=q N I(R)J

Note that, by convention, / (R )J expresses (I,J) € (=)=R.

We now combine the polynomial functor (@ with the power functors to model non-
determinacy. We define the functors 2w, 2wk, 2i, 2ik :Set — Prs by 2w = Powo 0,
etc. Since (0 preserves pullback diagrams, it follows from Lemmas 0 and 4.4 that these
functors 2w, etc., are interpolating. It may be left to the reader to verify that the
associated relational extensions are determined in

Lemma 4. For a relation RC A x B, we have

(a) u(2itR)yv = Mp,D)eu:(3gJ)ev:p=g N I{(R)J)),

(b) u(2wtR)v = MpD)eu:(3gJ)ev:p=g N I{(R)J))
ANMgJ)ev:GE(pl)eu:p=qg N I{R)J)).

Example 5. In Lemma 4(b), the reader may recognize bisimulation of processes. In

fact, a process with actions in a set 4 can be described as a triple (X,s,x) where
sE€X — Pow(AdxX)and x € X, see e.g. [5,12]. So it is a 2w-scheme where functor
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O is given with respect to the set of operators Op = 4, all of them with arity 1. It
follows then from Lemma 4(b) that simulation with respect to 2w™ is the same as
bisimulation of processes, as introduced by Park in [11].

Example 6. Bisimulation and similarity. Let D = N U {d,e} where N is the set of
natural numbers, and d and e are two other symbols. Let ¢ € D — Pow.D be given
by .0 =0, and ¢.(n + 1) = {n}, and ¢.d = {2k|k € N} and ¢.e = {2k + 1|k € N}.
We consider the Zow-schemes (D, ¢,d) and (D, ¢,e). Regarded as processes, d can
perform an arbitrary odd number of transitions and e can perform an arbitrary even
number of transitions. Using Lemma 1 and the definition of simulation, one can show
that there is no Zow™-simulation R with d (R) e. In terms of process algebras, there
is no bisimulation.

We can also regard the schemes over the functor Zoi. In that case, we can use
relation

R={(n,n+1)|ln e N} U{(d,e),(e,d)},

which is a Zoi"-simulation. Therefore, d and e simulate each other with respect to
Poi™.

Since we associate the term bisimulation with the requirement of Lemma 1(c), we
shall use the term similarity to express that two schemes simulate each other. Here,
(D, ¢,d) and (D, ¢,e) are similar for Zoi*. One can also prove that they are similar
for Poc™.

5.4. Functors with bounded spread

We define a functor F to have spread bounded by the cardinal number 7y iff, for
every set X and every element y € F.X, there is a subset U CX with #U <7y such
that y is in the image of F.U in F.X. We define F to have bounded spread iff there
is a cardinal number y such that F has spread bounded by 7. The concept of bounded
spread will be useful in our main result, Theorem 6.9.

The functors O, Powk, Pownk, Poik, Poink, Ick, 2cnk, 2wk, 2ik have bounded
spread. In fact, every element y € (0.X is of the form (p,/) with p € Op and I €
n.p — X. Then y € F.U for U = im./. Therefore functor ¢/ has spread bounded by
(sup p € Op :: n.p). It is easy to verify that Powk, etc., have spread bounded by «,
and that 2wk and 2ik have spread bounded by x x (sup p € Op :: n.p).

On the other hand, the functor Zow is not of bounded spread. In fact, for every
cardinal number 7y there exists a set X with #X > y. Then X € Pow.X is such that
X € Pow.U implies #U > y for all U.

6. The construction of universal models

This section is devoted to a construction of universal models. We go back to the
setting of Section 3 with a functor F :Set — Set and some relational extension G of
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it. The universal model is constructed by means of a premodel. We therefore start to
show in Section 6.1 how a premodel is transformed into a model (this is a special
case of a standard construction in algebra). The premodel we construct consists of
similarity classes of schemes. So, in Section 6.2 we introduce and investigate similarity
of schemes. In Section 6.3, saturated coalgebras are introduced and it is shown that
every saturated coalgebra gives rise to a flat and separating premodel. Finally, in Section
6.4, we use these results to prove that there is a universal model if F is of bounded
spread. The ideas in this section were inspired by the work on final coalgebras in [12].

6.1. From premodel to model

Let (4,0, <) be a G-premodel. We define = to be the equivalence relation of A4
given by

xRy = xKy N ysx

Let A* = A/~ be the set of equivalence classes and let ¢ € 4 — A* be the canon-
ical surjection. We claim that there is a unique function of € F.4* — A% such that
o oF.q = goa. To construct o, we choose a function » € 4 — 4 with gor = 1;
function » chooses a representing element in each equivalence class. Notice that the
functions ¢ and » are both monotonic. We have

gor =1,
= {definitions}

(rog,14) € (=0)=(<) A (Lurog) € (=4)7(K)
= {(rel3) and (rel0)}

(F.I"OF.L], 1F.A) € (:FA):;G(g)

ANlp g, FroF.q) € (=r4)=3G(L)
= {4 is a G -premodel}
(xoFroF.q,a) € (=r4)=3(<)Ncev(K)
= {definition of ¢}
goooFroFgq=gqou
= {define «f = goooFr}

ocﬁoF.q =qgoa.
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So we define of = goao F.r. The function o is uniquely characterized by the last line
of this calculation, since F.q is surjective by Lemma 2.0. The preorder < on A induces
an order on the set 4%, which is also denoted <. Using Lemma 3.0 on function r, we
get that of € F.A* — A* satisfies (o, 0*) € G.(<)=(<). In this way, (4%, of, <) is
a G-model.

It is easy to verify that, for every coalgebra (D, ¢), the functions ¢ and r transfer pre-
interpretations and post-interpretations between 4 and A*. More precisely, if f € D —
A and g € D — A* are pre-interpretations, then go f € D — A% and rog € D — 4
are pre-interpretations, and similarly for post-interpretations. It follows that if A4 is flat
then A% is flat, and if 4 is separating then 4* is separating (see Sections 3.3 and 3.4
for the definitions).

6.2. Simulation and similarity

We come back to relation < defined in Section 3.4. We identify a scheme (D, ¢,d)
with the base point d when the intended coalgebra (D, ¢) is clear from the context. In
that case, we omit the index G from the symbol <. In this way we get, for every pair
of coalgebras (D, ) and (E, ), a relation (X)C D x E given by

xjy = (D,(P,X)jG(E,lﬁ,y).

Lemma 0. Relation < is the greatest (i.e., weakest) G-simulation between (D, @) and

(E9).

Proof. By definition, we have R C (=) for every G-simulation R. Therefore, it suffices
to prove that < is a G-simulation, i.e., that (¢, ) € (X)3G.(X).

Let x € D, y € E with x < y. We have to prove ¢.x (G.(=)) .y. We can choose
a G-simulation R from (D, ¢) to (E,y) with x (R) y. Since R is a G-simulation, we
have ¢.x (G.R) .y. On the other hand, R C(=) and hence G.R C G.(X). This implies
that @.x (G.(=X)) ¥.y. O

We use relation < to define the G-similarity relation ~; between F-schemes by
x~gy = x=2¢y N y=c¢x

Since =g is a preorder, relation ~; is an equivalence relation of schemes. When
schemes are given by base points, we write ~ for ~.
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Remark. We do not use the term bisimulation here since the relations used to infer
x=¢y and y <gx may be different, whereas bisimulation of processes requires the
same relation for both. See Example 6 in Section 5.

Let » be a function from coalgebra (D, ®) to coalgebra (E,y). Function r is said
to preserve similarity iff x ~ r.x for all x € D. Function r is called a comorphism iff
Frop=yor.

D —' LFD

r‘ F.r
v

E F.E

Lemma 1. Every comorphism preserves similarity.

Proof. This follows from the next lemma, with the discrete order =g on E (a direct
proof can also be given, but is not much shorter). [J

Lemma 2. Let (E, ) be a coalgebra with preorder < such that (Y, ) € (£)=
G.(<). Let (D, ) be a coalgebra and let r € D — E.

(a) Assume Froo {(G.(<))yor. Then (D,p,d) <¢ (E,W,rd) for all d € D.

(b) Assume Yor {(G(<L))Froo. Then (E,\,rd) =<¢ (D,¢,d) for all d € D.

Proof. (a) Let relation R C D x E be defined by x (R) y iff r.x<y. We have d (R) r.d
for all d € D. So, it remains to prove that R is a simulation:

(p,¥) € RBG.R
= {definitions}
(Vx, y:rx<y:@.x(G([lp,r]o(<)))y.y)
« {calculus and Lemma 4.2}
(Vx,y:rx<y:@.x([lpp, FrloG(<)))) ¥.y)
= {calculus}
(Vx, v rx <y :Fr(e.x) (G(<)).y)
<« {transitivity of G.(<)}

(V% y:rx <y Fr(o.x) (G(L)) Y.(rx) N Yrx)(G(L))y.y)
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= {assumption of ¥ yields second conjunct}
Frop(G(<))yor.

(b) The other case is similar and uses relation RCE x D given by R = (<)o[r,1p].
O

Let (D, @) be an F-coalgebra. We shall now use that the pair (F.D, F.¢) is also an
F-coalgebra. Let us call it the F-transform of (D, ). Function ¢ € D — F.D is a
comorphism because of F.po ¢ = F.¢p o ¢. By Lemma 1, this implies that ¢ preserves
similarity.

Lemma 3. Consider coalgebras (D, @) and (E,\), and their F-transforms.
(a) pd=te = d=eforalldeD,ecekE.

(b) x{(G(R))y = x=Xyforall xeFD,y€cF.LE.

Proof. (a) Since < is given by restricting <, and = is a preorder on schemes, this
follows from the fact that ¢ and y preserve similarity by Lemma 1. In fact, ¢p.d ~ d
and .e ~ e.

(b) In order to prove the implication (=), it suffices to prove that relation G.
(X)CF.D x F.E is a G-simulation from coalgebra (F.D,F.¢p) to (F.E,F.y), i.e., that

(F.o,F)) € G()=2G(G(=)).

By (rel3), this follows from Lemma 0.
In order to prove (<) of (b), we observe that part (a) implies

[ID: (p] O(j)o [lps IE] = (j),
and hence by (rel2) and Lemma 4.2
(*) [Lrp, F.plo G(2) o [Fy, 1pe] € G.(2).

This enables us to conclude
x(G(2))y
< {()}
F.o.x(G(X))Fy.y
< {Lemma 0 applied to the F-transforms}

x =2y O
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6.3. Saturated coalgebras

Lemma 3(a) implies that ¢ € D — F.D induces an injection from the set of similarity
classes of D to the set of similarity classes of F.D. The coalgebra (D, @) is called
saturated if ¢ induces a bijection. More concretely, the coalgebra (D, @) is defined to
be G-saturated iff, for every x € F.D, there exists y € D with x ~ y.

In the remainder of this subsection, we assume that (H, p) is a G-saturated coalgebra.
It follows that we can choose a function 6 € F.H — H that preserves similarity. In
this way, (H,J) is an F-algebra. It follows from Lemma 1 that

p.(0.x) ~ x for all x € F.H.
For x,y € F.H we have

0.x 2 0.y

= {Lemma 3(a)}
p(0.x) =X p.(3.y)

= {previous similarity}
x=3y

= {Lemma 3(b)}
x(G(2)) »

This proves that the pair (H,Jd, <) is a G-premodel.
Now that we have a G-premodel, we may consider pre-interpretations and post-
interpretations in it.

Lemma 4. Let (D, ) be a coalgera and let r € D — H be a function.

(a) If r is a pre-interpretation, then (D, p,d) =g (H, p,r.d) for all d € D.
(b) If r is a post-interpretation, then (H,p,r.d) =< (D, ¢,d) for all d € D.
(c) If function r from (D, @) to (H,p) preserves similarity, then Py.r ~ r.

Proof.
(a)

Por =r

= {definition of P,}
0oFrop=<r

= {Lemma 3(a) and pod =~ lpp}

Frop X por
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= {Lemma 3(b)}

Frop(G(X))por
= {Lemma 2(a) and Lemma 0}

(D, ¢,d) =g (H,p,rd) for all d € D.

(b) This case is similar. It uses Lemma 2(b) instead of 2(a).

(c)

P,r=r

= {as in the previous cases}
Frop~por

< {¢,p, and r preserve similarity}
F.r preserves similarity

= {formalization}
Hrp, Fr]S(2) A [Fr,1pp] S(2)

= {Lemma 3(b)}
[lpp, Fr]CG(2) A [Frlpp]CG(2)

< {Lemma 4.2 and (rell)}
[Ip,r1S(2) A [n1p]S(Z)

= {r preserves similarity}

true. U
Lemma 5. The G-premodel (H,d,=) is flat and separating (see Sections 3.3 and 3.4).

Proof. First we prove flatness. Let (D, @) be a coalgebra with a post-interpretation
f € D — H and a pre-interpretation g € D — H. Lemma 4 yields

(Hs P»fd) jG (D’ (p’d) jG (H’ P, gd)

for all d. By transitivity of < and the definition of < on H, this implies f.d < g.d
for all d € D, and hence f = g. This proves that A is flat.

Secondly, let f € D — H be a pre-interpretation of coalgebra (D, @) and let g €
E — H be a post-interpretation of coalgebra (£,{). Let d € D and e € E be such that
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f.d = g.e. It follows from Lemma 4 that

(D’ gD,d) jG (Ha P, fd) jG (Ha P, ge) jG (E’ l//se)'

This implies (D, ¢,d) =¢ (E,},e), i.e., the existence of a G-simulation of schemes
from (D, p,d) to (E,,e). This proves that H is separating. []

We have thus shown that every saturated coalgebra (H,p) gives rise to a flat and
separating G-premodel (H,J,=). This is the first step in the construction of a universal
model, as asked for in Section 3.4.

6.4. The existence of saturated coalgebras

Above we have shown that saturated coalgebras can be useful. This justifies the
effort to construct them, if possible. The problem is that, in general, the set F.D is
bigger than D, so that the schemes in F.D can be more complex than the schemes
in D. The solution lies in the fact that the scheme up to similarity is determined by
its shape in the “neighbourhood” of its base point. For this purpose, we introduce the
assumption that F is of bounded spread, see Section 5.4.

Lemma 6. Assume that F has spread bounded by y. Then every F-scheme (D, @,d)
is similar to an F-scheme (D', @', d") with #D’ <(y + 1)°.

Proof. Let (D, p,d) be an F-scheme. Since F is of spread bounded by y, we can
choose, for every x € D, a subset B.x C D such that ¢.x is in the image of F.(B.x) in
F.D, and that x € B.x, and that #(B.x)<y + 1.

We now define By = {d} and B,y = (Ux € B, :: B.x) for all n, and D' =
(Un = By). For every x € D', there is n with x € B,, and hence B.x CD’. It follows
that for every x € D' we have that ¢.x is in the image of F.(D') in F.D. This implies
that function ¢ € D — F.D restricts to a function ¢’ € D’ — F.D’ such that the
inclusion D’ — D is a comorphism from coalgebra (D', ¢’) to (D, ¢). By Lemma 1,
therefore, the two schemes (D', ¢’,d) and (D, ¢,d) are similar. Finally, since #B.x <
y+ 1 for every x, we have #B, <(y + 1)" for all n, and therefore #D' <(y + 1)*. O

The next point is to construct an F-coalgebra that “contains™ all coalgebra structures
on a given set. This is done as follows.

For a set X, let M.X be the set of pairs (¥,x) with y € X — F.X and x € X.
For y € X — F.X, we define jdy € X — MX by jdy.x = (f,x). We de-
fine function ¢ € M.X — F.(M.X) by e(y,x) = F.(jd).(y.x). In this way, ob-
viously, (M.X,¢) is a coalgebra. The main point of the construction is that, for any
Y € X — F.X, the function jd.y € X — M.X is a comorphism from (X, ) to (M. X ¢),
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since ¢o jd.fy = F.(jdy)o.
v
X — FX

Jd. F.(jd. )

MX — s F(M.X)

Lemma 7. Let (D, ¢,d) be an F-scheme and let function i € D — X be injective.
Then there is y € M.X such that (D, ,d) ~c (M.X,¢, y).

Proof. Let D’ CX be the image of i. Since i € D — D’ is bijective there is a unique
function Y’ € D’ — F.X with Y/ oi = F.io@. We define € X — F.X by y|D’ =/
and .x = F.i(.d) for x ¢ D'. Then Yyoi = Fiog@. So i is a comorphism from
(D, ) to (X,f). The composition jd.yoi is a comorphism from (D, @) to (M.X¢).
Choosing y = jd.y.(i.d) we have (D, ,d) ~¢ (M. X,¢,y) by Lemma 1. [J

Lemma 8. Assume that the functor F has spread bounded by y. Let X be a set with
cardinality =(y + 1)°.

(a) For every F-scheme (D, ¢,d) there is y € M.X such that (D, ¢,d) ~c (M.X,¢, y).
(b) The coalgebra (M.X,¢) is G-saturated.

Proof. (a) This follows from the Lemmas 6 and 7, since for every set D’ with
#D' <(y + 1)® there exists an injective function i € D' — X.
(b) This follows from part (a) and the definition of saturation. [J

As announced in Section 3.4, the existence of a universal model implies that simu-
lation is a complete proof method for ordering in every model. Under a mild condition
on the functor involved, we can now formulate and prove our main result that universal
models exist.

Theorem 9. Let the functor F be of bounded spread. Then there is a universal G-
model.

Proof. In view of the final remark in Section 3.4, it suffices to prove the existence of
a flat and separating G-model in which every coalgebra has meaning.

Assume F' has spread bounded by y. Choose a set X with cardinality >(y+ 1)®. By
Lemma 8 and the theory of Section 6.3, we can choose 6 € F.(M.X) — M .X such that
€00 ~ 1y x and then (M.X,0,=) is a flat and separating G-premodel. Using Section
6.1, we form the G-model N.X = (M.X*, 6%, <), which is also flat and separating.

Let (D,@) be a coalgebra. By Lemma 8(a), there exists a similarity preserving
function r € (D, ¢) — (M.X,¢). It follows from Lemma 4(c) that the induced function
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r € D — N.X is an interpretation. Since N.X is flat, this interpretation is the meaning
ue of (D,p) in NX. O

Remark. Our universal models play another role than the final coalgebras of [12, 7].
They do not aspire to be the last word on semantics. They only serve to show that
if one discards all model assumptions, the order between recursively defined values is
due to simulation.

In general, a universal model need not be the algebra obtained from a final coalgebra
by reversing the arrow. In fact, for the latter algebra (if it exists), the function o €
F.A — A is bijective. Therefore, it suffices to give an example where the function o
of a universal G-model (4,0, <) cannot be bijective.

For this purpose, we consider the case defined by the functor Zoik of Section 5.1.
So F = Poik and G = Poik". We consider the simple F-schemes (D, ,d) and
(E,{r,e) given by D ={d} and E = {e}, and ¢.d = 0 and .e = {e}. Using Lemma
5.1, we get (D, ¢,d) <¢ (E,,e) and (E,,e) A (D, p,4d).

Since Zoik has bounded spread, a universal G-model (4,0, <) exists (say some
N.X). Since the model is universal, the two schemes d and e mentioned above have
meanings d0 = [d] and e0 = [e] in A4 that satisfy d0<<e0 and d0 # e0. The sets
{d0,e0} and {e0} are elements of F.4 and, by Lemma 5.1, they satisfy {d0,e0} (G.
(<)) {e0}, and {e0} ( G.(<)){d0,e0}. Since o is monotonic and < is an order on
A, it follows that 0.{d0,e0} = a.{e0}. This proves that a is not injective and hence
not bijective.

In passing, one may note that the preorder G.(<) on F.4 is not an order. Also, notice
that, if one replaces Zoik by Powk, the example breaks down since then d < e is
invalidated. This implies that the universal model depends on G. [

7. Conclusion and outlook

We have shown that least fixpoint semantics and simulation are closely related, in a
very abstract setting. In fact, simulation between recursive definition schemes implies
an order relation in almost all models. On the other hand, under mild conditions on
the functor involved, there is a model such that, if the values defined are ordered in
that model, the schemes have a simulation relation.

The cardinality estimates needed in Section 6 seem to be not essential for the ideas
of this paper. It is likely that they can be avoided by leaving ZF set theory and working
with classes, as in [1]. Even if that is true, however, it is useful to know that for many
functors it is not necessary to leave set theory.

Several further questions emerge. What relations are there with final coalgebras and
initial algebras? What happens if we restrict our attention to models that satisfy certain
laws? Can we give a similar condition for the order between expressions that contain
recursively defined values? What is the impact of the general theory for specific functors
and models?
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