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Abstract

In English. The thesis concerns itself with non-flat Scott information systems as an ap-
propriate denotational semantics for the proposed theory TCF™, a constructive theory
of higher-type partial computable functionals and approximations. We prove a defin-
ability theorem for type systems with at most unary constructors via atomic-coherent
information systems, and give a simple proof for the density property for arbitrary
finitary type systems using coherent information systems. We introduce the notions
of token matrices and eigen-neighborhoods, and use them to locate normal forms of
neighborhoods, as well as to demonstrate that even non-atomic information systems
feature implicit atomicity. We then establish connections between coherent informa-
tion systems and various point-free structures. Finally, we introduce a fragment of
TCF™ and show that extensionality can be eliminated.

Auf Deutsch. Diese Dissertation befasst sich mit nicht-flachen Scott-Informations-
systemen als geeignete denotationelle Semantik fiir die vorgestellte Theorie TCF*,
eine konstruktive Theorie von partiellen berechenbaren Funktionalen und Approxi-
mationen in hoheren Typen. Auf Basis von atomisch-kohirenten Informationssyste-
men wird ein Definierbarkeitssatz fiir Typsysteme mit hochstens einstelligen Konstruk-
toren gegeben und ein einfacher Beweis des Dichtheitssatzes von beliebigen finitdren
Typsystemen auf kohirenten Informationssystemen erbracht. Token-Matrizen und
Eigenumgebungen werden eingefiihrt und verwendet, um Normalformen von Umge-
bungen aufzufinden und um aufzuzeigen, dass auch nicht-atomische Information-
ssysteme iiber implizite Atomizitdt verfiigen. Im Anschluss werden Verbindungen
zwischen kohdrenten Informationssystemen und verschiedenen punktfreien Strukturen
gekniipft. Schlussendlich wird ein Fragment von TCF" vorgestellt und gezeigt, dass
Extensionalitit umgangen werden kann.






Dues

Mathematical research texts, according to the modern norm, bear to my mind a certain
ironic resemblance to the sort of narratives you typically get when reading stories by
Raymond Carver or watching films by Clint Eastwood: you’re shown the waves, but
it’s the undercurrent that matters. It’s an ironic resemblance, since the modern math-
ematician takes frantic care in leaving out any possible hint at the undercurrent; it’s
perceived as a taboo. Mathematics after all, as we all so dutifully agree, is no art; it’s
not historic, nor political, stormy love affairs, family tragedies, international financial
trends or crises are all irrelevant, and so on and so forth.

Yet the undercurrent is strong, and usually manages to sneak in the text anyway.
Like in the acknowledgments. So let me follow the norm.

It’s not wise to let an endeavor like this last for so long, nor, rather equivalently, is it
wise to allow yourself a truly social life in the meantime: people you become thankful
to accumulate at an unwieldy rate. I’ll try nevertheless.

Helmut Schwichtenberg is the one who really gave me the chance to live and work
in Munich. He’s been patient and trustful all these years, he gave me a lot of leeway,
and yet he was always alert and ready to spring to aid when I would get lost in all this
freedom. I guess I will have to let it sink in for a while before I can tell just how much
I really owe him.

I am deeply thankful to my family, my mom, my sister, and my little niece Christina
who always tried to help me with my mathematical problems over the phone—if I gath-
ered her suggestions in a little book, I’d get a collection of mathy fairy tales reminiscent
of both Edwin Abbott and E.E. Cummings. I'm especially thankful to my father, who
nevertheless won’t be reading this (as far as I know; my metaphysics is a bit rusty).

And I have to thank all people who I hold dear, like Giorgos, Thanos, Apostolos,
Kostas, Brent (who also did a great job shaping up my englisch), Pavel, Ian 'n’ Leah,
Sarah, Spyros, Dirk, and certainly Rhea, who’s been there when I’d otherwise be truly
alone—Ilet alone she taught me a couple of cool programming tricks. Most of these
people have even had a traceable impact on the work itself, but to follow these traces
would be to dive deep into the undercurrent. There are more I could mention here, but
I kept it to the guys and girls that I burdened with the thesis the most, I guess.

Then the colleagues: Diana Ratiu, Lucchino Chiarabini, Bogomil Kovachev, Trifon
Trifonov, Stefan Schimanski, Freiric Barral, Klaus Thiel; Florian Ranzi and Simon
Huber; Parmenides Garcia Cornejo; Josef Berger; Daniel Bembé, Kathrin Bild, Sifis
Petrakis, Kenji Miyamoto, Davide Rinaldi, and Fredrik Nordvall Forsberg; Andreas
Abel, too. All of them, at one time or another, have helped, both as friends as well as
scientifically.

And the teachers: Giovanni Sambin, Peter Schuster, Douglas Bridges, Detlef Diirr,
Sofia Kalpazidou, Symeon Bozapalidis, Giorgos Rachonis, Thanasis Tzouvaras. I must
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also mention Thierry Coquand, whose few and strictly scientific remarks guided this
work to an unexpected degree.

The indirect teachers too: Thomas Kuhn [26], Imre Lakatos [27], and especially
Ludwig Wittgenstein’s [58], have been invaluable, instructive, and highly soothing
companions whose influence ran deep throughout my research experience. It’s sad
how downplayed, at times even ridiculed (see Georg Kreisel’s unfortunate [23]), such
works are by the modern working mathematician, but this is I believe a topic not best
suited here. These people are now dead, and aren’t going to read this text either, but
hopefully somebody else who reads this will read them.

Finally, a thanks to the places: Alter Simpl and Zeitgeist of Tiirkenstralle; Land-
haus at Tal, a.k.a. “the tree bar”’; Cabane of Theresienstralle; Flaschendffner of Fraun-
hoferstrale; Altes Kreuz of Falkenstrale; Gartensalon of Amalienpassage; all of them,
places fit to ponder over calculations, when the office or home felt too small and the
streets too open. At least, of course, up to the time when Munich was still farther east
than any U.S. city and you could still have a decent smoke indoors without feeling
guilty like a teenager does after sex; it’s a shame how this picturesque city’s gotten too
sterile to allow for an honest way of life, but again, I guess this is a topic for some other
kind of text.
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Introduction

In computability theory one has to deal with algorithms which are not sure to termi-
nate. These algorithms naturally give rise to functionals that are definable only on the
arguments for which the algorithm does terminate, that is, to partial functionals. The
classical way to deal with this notion of partiality, originating in Stephen Kleene’s [21]
and Georg Kreisel’s [24], is to suppose that the arguments of these functionals are them-
selves fotal, in the sense that they are always defined; this approach does not prove so
elegant though when one wants to develop a general theory of computation at higher
types: one needs a unified and intuitively natural way to deal with functionals, which
can accept partial arguments as well as total ones.

A more appropriate setting for this, where partiality is not introduced externally
anymore, is provided by the theory of domains, which started with Dana Scott’s [50]:
here one handles functionals which are total, in that they respond to every given ar-
gument, but where the arguments themselves might be “partial”, in a sense to be ac-
knowledged on the formal level: the notion of partiality should come built-in with the
corresponding logical theory. The notion of approximations would then be formulated
quite naturally in terms of concrete elements, characterizing the arguments at hand,
as it happens for example in computations on real numbers in terms of their rational
approximations.

Types and algebras

The type system that we consider in what follows builds upon ‘“algebras”. A higher
type will be formed by already given types p and o as the corresponding function
space p — o, and every base type ¢ will be given by an algebra, that is, by a finite set
of constructors; every such constructor C is given with a constructor type:

C:pp—opPr—a)— = P—a)—a,

where g;, for i > 0, are vectors of type variables which may not include a—obviously,
our type system is defined by mutual induction'. The arity ar (C) of the constructor is
defined by

ar(C) = (Po,p1 = &, =+ ,pr = ) .

The arguments of type Py are parametric arguments and the arguments of type p; — «,
for i > 0, are called recursive arguments.

The vectors g;, for all i’s, may be empty. When this is the case for i > 0, we call ¢ a
finitary algebra; when Py may not be empty but g; is, for all i > 0, we call it structure-
finitary; in the cases where g;, for some i > 0, are not empty, we talk of an infinitary

! Also called simultaneous induction. The type system we employ in this thesis is a simplified version of
the one defined in [49, Chapter 6].
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algebra. In a finitary algebra, a constructor with » recursive arguments is simply said
to have arity r. In the case of a non-parametric algebra (where py is empty), to avoid it
being empty we require that it comes with at least one nullary constructor, often written
0.

So, the algebra N of the natural numbers comes with a nullary constructor 0 : N
and a unary constructor S : N — N. The algebra B of the boolean numbers comes with
two nullary constructors tt : B and ff : B. The algebra O of the ordinal numbers comes
with a nullary constructor 0 : O, and two unary ones, S: O — O and U: (N — Q) — O.
Algebras N and B are finitary, but O is infinitary.

As for parametric examples, the algebra L(p) of lists of p-objects comes with a
nullary constructor nil : L(p) and a binary constructor cons : p — L(p) — L(p). An-
other parametric example is the product algebra p x ¢ of ordered pairs of p- and
G-objects, with a binary constructor (, ): p — 6 — p X o (observe here the absence
of nullary constructors). Both of these parametric algebras are structure-finitary.

Constructor expressions and partiality

A naive understanding of the structure that elements in such algebras must have comes
from universal algebra (see for example in [56]). If we view the set K of all construc-
tors involved in the simultaneous consideration of given algebras as a many-sorted
signature—one sort per algebra—then we can easily form the free K-algebra in the
well-known way, namely, as the class of all K-trees (or K-terms).

In particular, supposing for example that we had to deal with the algebras
N and O, the aforementioned free K-algebra would be two-sorted, with K =
{0M SN 09,5 UC}, and among its trees one would expect to find expressions like
the following?:

sort N: 0, 50,550,550, ...
sort O: 0,50,550,58S0,...,U(0",09),...,U(S50,U(SSS0,850)),... .

Indeed, these expressions form the backbone of the carrier sets which we will use in
practice; the differences will stem from the desire to allow for partiality.

If we think of the above expressions as denoting “completed”, “total” entities, we
want to allow for expressions denoting “incomplete”, “partial” entities as well; in or-
der for these to be completed more information would be needed. We achieve that
by introducing yet another symbol * for each algebra @ we consider, meaning “least
information of sort o and behaving exactly like an extra nullary constructor, the (par-
tial) pseudo-constructor, so that, in the previous setting, we would additionally obtain
expressions like the following:

sort N: *, 5%, 58%, SSS*, ...
sort O 5, 8%, 8%, 888, ..., U(x",%9), ..., U(SS%, U(SSS*,55%)),... .
However, since we really want to discuss computability—in other words, informa-
tion on the construction and behavior of numbers, functions, and functionals that may

not always be defined—the carrier sets have to be so devised, as to portray partial enti-
ties in a bit more intricate way than the straightforward free K-algebra above; namely,

2Note that the pairs (uN.,bO) in expressions with the supremum constructor refer to elements of the graph
of a sequence of ordinals, understood as a mapping of type N — O, and not to elements of the corresponding
product space N x O.
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in a way that will treat consistency and entailment of computational information in sat-
isfactory technical detail. This calls for more structure upon our free algebras, which
will be given by so called Scott information systems; for example, in algebra N, the
information token SO is considered consistent with the token S* but not to SSO, and,
in algebra O, the neighborhood (combined information) {U(0,50),U(S0,50)} entails
the token U(S0,S%) but not U(S0,0). One may already see that in this way we ob-
tain non-flat domains (see Figure 1.1 on page 30), as was already premised by Helmut
Schwichtenberg in [47].

Contributions to the semantics: acises, matrices, and point-free
structures

It is known (see for example [49]) that every free algebra induces a non-flat Scott
information system which, as it turns out, always falls into the subclass of “coherent”
information systems, where consistency can be fully described by a binary predicate.
Moreover, in the special case of algebras with at most unary constructors, like N or
B, and function spaces over them, an even simpler version of coherent information
systems suffices, the ones called “atomic” in [47], where also entailment can be fully
described by a binary predicate.

Non-superunary algebras like the latter, that is, algebras with at most unary con-
structors, represent data types that govern a reasonably essential part of known ap-
plications, and we focus on atomic-coherent information systems in Chapter 1. We
introduce a version of them that we call acis, as in [47], but given directly as a struc-
ture of tokens with two binary relations. We investigate varying notions of functions
over acises, in particular token- and neighborhood-mappings versus ideals. We isolate
a maximal normal form for neighborhoods. We then prove a definability theorem for
non-superunary type systems, that is, for type systems based on non-superunary alge-
bras, extending previously known results. In the end, we outline limits to our proof
of definability through a characterization of non-superunary algebras by comparability
properties.

In Chapter 2 we lose the strict atomicity demand and engage in general coherent
information systems. Still, the main feature of the chapter is actually the uncovering
of atomicity that hides even in these more general structures, making acises important
not just because of their simplicity but also because of their fundamental role in the
model. We introduce the idea of forming a matrix of tokens, and then develop a matrix
theory over acises for both finitary and infinitary algebras; we show that entailment
at base type is implicitly atomic by characterizing it through matrix application, since
matrices form an atomic information system. We isolate yet another normal form for
base type neighborhoods, the homogeneous normal form and prove a matrix represen-
tation theorem for it. We then show that in the basic case of finitary algebras, base type
neighborhoods attain an even simpler normal form, their eigentoken.

Then we move on to higher types, where we single out a crucial special case of a
neighborhood, the eigen-neighborhood; we show that higher type entailment is again
implicitly atomic by characterizing it through atomic entailment on the level of eigen-
neighborhoods. We also find canonical monotone forms for finitary neighborhoods.
Finally, in way of exemplifying the introduced notions, we point the way to an intrinsic
approach to the well-known density theorem for finitary type systems: we first give a

3Pronounce \ ‘elsis\ to avoid sounding vulgar. We will be using the term as a proper english noun,
allowing for the forms acises for the plural and acis’s for the possessive.



4 Introduction

proof that considerably simplifies previously known proofs in settings close to ours,
and then we give examples of how it may be applied.

In Chapter 3 we broaden our viewpoint to answer a simple and reasonable, yet
up to this point lurking question: what kind of point-free structures correspond to the
coherent information systems that we use here? Point-free topology and higher-type
computability are intertwined to a considerable extent—the former providing the topo-
logical understanding for the type systems of the latter—and this is a connection that
ought to be made. To this end, besides domains, we consider two well-known point-
free structures, namely precusls and formal topologies, and impose further coherence
conditions on them that achieve the correspondence that we seek.

...and a contribution to the syntax: towards an arithmetic for par-
tial computable functionals

The motivation for delving so deeply into a mathematical theory of coherent Scott in-
formation systems, comes from implementation considerations. The overall project is
a logical theory of arithmetic with approximations to be implemented in a proof assis-
tant—the first steps in such a theory are described in [18]—but for such a goal one must
firstly have a refined enough understanding of the model of the theory. Implementation
guides one to (a) avoid using abstract domains as abstract higher-type computability
theory would have it and rather turn to their tangible representation through informa-
tion systems, (b) narrow one’s focus on the relevant coherent information systems, and
(c) try to find viewpoints within the model that present it in both intuitive and tech-
nically simple ways; the premise being that the latter should lead to a simpler logical
theory and thus to a simpler implementation.

This necessary process of understanding the model, that is, the mathematical theory
of coherent information systems, proved enough to fill up three chapters, and for the
anticipated logical theory we can afford here merely one. In Chapter 4 we provide a
version of the old argument of Robin Gandy’s [12] and show how extensionality can
be eliminated in such a theory, as one would like to have.

Organization of the material

Every chapter starts with a brief preview, followed by the main sections and ending
with notes, where we pay dues to colleagues and existing literature, discuss issues that
digress from the main route, and give an outlook on future work. Particularly important
results are labeled “theorems”. Well-known results from domain theory which didn’t
fit in the main text were relegated to Appendix A. A selective index can be found at the
end of the text.



Chapter 1

Atomic-coherent information
systems

In this chapter we concentrate on data types as simple as the natural or the boolean
numbers—in general, types of objects that constructors of at most unary arity! can
build. Such objects are of well-known value application-wise, but also play a funda-
mental role in the mathematical theory, as we will see in Chapter 2. To model such
types we use the atomic-coherent information systems, or acises, that were introduced
in [47].

Preview

The main plot of the chapter concerns definability for non-superunary types. In sec-
tion 1.1 we go through basic facts concerning acises and their function spaces, and we
linger a bit on a study of different notions of mappings between them. In section 1.2 we
study ideals of acises from an elementary topological and category-theoretic viewpoint.
In section 1.3 we show how given non-superunary algebras induce acises, state simple
facts about them, and describe a normal form for their neighborhoods. In section 1.4 we
prove the definability theorem 1.46, as well as the characterization of non-superunary
algebras via comparability properties in Theorem 1.50.

1.1 Acises and function spaces

Consistency and entailment as binary predicates

An atomic-coherent information system, being a special kind of a Scott information
system, was first described in [47] as a triple p = (T,Con, = )2, whereby T is a count-
able set, Con is a nonempty set of finite subsets of 7', and > is a binary relation, such
that

1. > is reflexive and transitive, that is, a preorder,

!For the arity of a constructor see page 1.

2A notational convention throughout the text is that 1, c, B, 7...denote base types, whereas p, o,
T...either denote arbitrary types, or, in absence of a type system (namely, in sections 1.1, 1.2, 2.1, as well
as in Chapter 3), they denote arbitrary Scott information systems.
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2. @ € Con AV er{a} € Con,
3. U eCon <V, peyfa,b} € Con,
4. {a,b} € ConA\b > ¢ — {a,c} € Con.

Call the elements of T tokens, of Con neighborhoods (or consistent sets), and > en-
tailment relation of p, and write U = a for Jpcyb = aand U =V for V,ey U = a.

The coherence property, stated in axiom 3 above, makes it possible to describe this
structure graph-theoretically, as a set with two binary relations. Call an acis graph a
triple p = (T, <,>), whereby T is again a countable set and < and > are two binary
relations on 7 such that

1. < is reflexive and symmetric,
2. > is reflexive and transitive,
3. ifaxband b > cthena =<c, forall a,b,c € T.

Call x a consistency relation and write U < a for Vcy b < aand U <V for Vey U <
a. Let us also call the third axiom propagation of consistency. One can see that such a
graph has all <- and >-loops and is <-undirected but >~-directed.

The notion of an acis graph is equivalent to the notion of an atomic-coherent infor-
mation system. First, it is easy to notice that in an acis graph (7, <, >) it is

YV a-b—saxb,
a,beA

by the reflexivity and propagation of consistency. Then we have the following.

Proposition 1.1. Every acis graph corresponds to an atomic-coherent information sys-
tem, and vice-versa.

Proof. For the right direction, define the neighborhoods of an acis graph to be the finite
sets which have the coherence property, that is

UeCon=UC/TA V axb
a,beU

—in graph-theoretic terms, the neighborhoods of an acis graph are exactly its finite =<-
clusters. For the left direction, define the consistency relation in an atomic-information
system by

a=b:={a,b} €Con.
It is easy to check that the details hold. O
This justifies our use of the term atomic-coherent information system with the

meaning “acis graph”, and indeed in what follows we will not differentiate between
the two.3

3For a more general discussion of atomicity and coherence in the context of Scott information systems as
we know them see Chapter 3.
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Basic notions and facts

So an atomic-coherent information system, or simply an acis, is a triple p = (T, =, >),
where T is the carrier, a nonempty countable set, the elements of which are called
tokens (or atoms), < is the consistency, a reflexive and symmetric binary relation on
T and > is the entailment, a reflexive and transitive binary relation on 7', such that
consistency propagates through entailment, that is,

V (axbAb>-c—axc).
a,b,ceT

For U,V C T, write U <V for V,cy Vpeya<band U =V for Vyey Jucy a = b.
The classes of (formal) neighborhoods (or consistent sets) and ideals (or elements)
in p are defined respectively by

UeCon:=(UC/' TYA(V axb),

a,belU
uclde:=V ax<bAV (a-b—becu).
a,beu acu

Denote the empty ideal @ € |de by L.

Proposition 1.2. The following hold in any acis, for tokens a,a’,b,b’, neighborhoods
U, U, V.V!W and ideals u,v:

l.a-b—axbh.
2.a=bNd =b Naxd —=bxPb.

33 U=VAU =V NUxU -V =V,
4. UxVAV-W=U=xW.

5. U,VveCon—UnNV e Con.

Proof. The first two statements follow from reflexivity and propagation of consis-
tency. For the third statement: Suppose that U; > V| and U, > V,; this unfolds to
Viyevy Jajeu, a1 = by and Vi, ey, Ja,ev, a2 = bo; since also Vo, cv, Vayev, a2 < ay, by
the second statement, we obtain ‘v’;,] v Vh2€V2 by < by, that is, V| < V5.

For the fourth statement: Let U <V andV = W; we have UUV = U and U UV >
W, so by the previous statement we take U < W. More concretely: leta € U and c € W;
then there is a b € V for which a < b and b > c; propagation for tokens yields a =< c.

The fifth statement is direct to show. O

For a set of tokens X C T, define its (deductive) closure and the cone (of ideals)
above it by
X={aeT|X=a} and VX :={uclde|X Cu}

respectively. Denote by Con the class of all closures of neighborhoods and by Kgl
the class of all cones in the acis and write @ for {a} and Va for V{a}. Note that
the closure of a neighborhood is finite—hence itself a neighborhood—only if the en-
tailment relation is finitarily branching and well-founded; so, in general, Con ¢ Con.
Note moreover, that the cone above a set of tokens is nonempty only when the set is
consistent, that is, a neighborhood.

The following are straightforward to check by the previous proposition:
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Proposition 1.3. Let X, Y C T and U,V € Con.

1. IfX is finite then X € Con if and only if X € lde.

5. X <Y ifand only if X <Y.

6. X =Y ifand onlyif X DY.

7. V1 =lde.
8 UeVU.
9. VU = VU.

10. U<V = VUNVV =V(UUV).

11. VU = ,ep V.

Simple constructs

Given an acis p, any acis (7,=<,>) with T C T, <Cx, and ~C>, is a sub-acis of
p. In particular, for any subset Q C 7, we can define p|q = (,=) |axa,>p |axa)-
Clearly, this is again an acis, and

Ide, |, = Ideplo -

Let p = (Tp,=<p,>p) and 0 = (T5,=¢, =) be two acises. Define their disjoint
union p U o by
TPUO' = Tp U To- s
a=<puscb=axpbVaxsb,
a>‘pugb::a>p b\/Cl}(yb,
provided they have disjoint carriers, that is, T, N7 = @. Define their intersection pN o
by
Tpmo— = Tp NTs s
a=pnegb=axpbhax=sb,

a>‘p|"|o-b:=a>'p b/\a>‘gb .
Define their set-theoretic product p ® o by

Towo =Tp xT5 ,
(al,bl) =p&o (az,bz) =ap=p ayNby =g by,
(a1,b1) =pwo (az2,b2) = a1 =p ay Nby =¢ by,
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and their cartesian product p X ¢ by

Topxo =TpUTs ,
a=pxcb=(ac€THyNbET;)V(acToNbeTy)Va=<pbVax=sb,
a>'p><(7b:=a>'pb\/a>'gb,

provided again that 7, N Ts = @. It is easy to check the following.

Proposition 1.4. The disjoint union, intersection, set-theoretic product and cartesian
product of two acises is again an acis. Furthermore, for the corresponding ideals, the
following statements hold up to isomorphism: ldep.s = lde, xldeg, for x € {¥,N,®},
and |dep><(y 2 Idep X Ideo'

Proof. All of the cases are pretty much direct to show. We show the equality of ideals
in the set-theoretic product case. Let u € Ide, s and set u? := {a € T, | Ap(a,b) € u}
and u® = {b € T | p(a,b) € u}. We show that u € Ide, (we work similarly for the
o case): For consistency, let aj,ay € uP, so there is a b; for i = 1,2 with (a;,b;) € u;
since u is an ideal, it is (a1,b1) <pxo (a2,b2); by the definition of <, s, itis aj <, a3.
For closure under entailment, let a € u® and a >~ p d'; by the definition of u”, there is a
b with (a,b) € u; by the definition of >, .4, we have (a,b) >, xo (@', b); since u is an
ideal, it is (d’,b) € u, that is, @’ € uP.

Conversely, let uf € Ide,, u® € ldes and set u := uP x u®. We show that u € Idey .
For consistency, let (a;,b;) € u, i = 1,2; since uP and u° are ideals, it is a; <, ap and
b1 =g by, so, by the definition of <, ., itis (a1,b1) <pxo (a2,b2). For closure under
entailment, let (a,b) € u and (a,b) >pxo (a',b'); by the definition of >, s, we get
a>pd and b =4 b and since uP and u® are ideals, it is @’ € uP and b’ € u®, that is,
(d',b) eu.

For the cartesian product case: The properties of <, x5 and =px¢ are direct. For
the propagation of consistency, starting without loss of generality with the definition,
we have:

a=pxscbA\b >‘p><(yc<:>((a€ Ty NbeTs)VaxpbVax=s b)
/\(b =p Vb g c)
S ((aeTyNbeTsAb =pc)
V(aeTyAbeTsAb g c))
V((a=pbAbpc)V(a=pbAbsc))
V((a=ebAb=pc)V(a=gbAbsc))
=>(LV(@aeTyAceTy))V(ia=pcVL)V(LVaxsc)

def
Ea=pioc.

For the inclusion of the ideals, consider the correspondence defined by (u,v) —
uUv, for u € lde,, v € Ides, which is bijective. O
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Function Spaces

For our purposes, the most important construct between two acises p and o is their
function space p — ¢ = (T, =, >), which is defined by
T :=Conp xTs ,
(U,a) < (V,b)=U=pV —a=sbh,
(U,a) = (V,b) =V =pUNa>sb.
Proposition 1.5. The function space between two acises is again an acis.

Proof. The axioms for < and > are easy to check. For the axiom of propagation:
Suppose that (U,a) =< (V,b) and (V,b) = (W,c); by the definition of consistency and
entailment in the function space we have U <p V —a=<sband W =, VAb ;5 c;
we want to show that (U,a) < (W,c), or equivalently that U <, W — a <; c; let
U =, W; by the second statement of Proposition 1.2, since U <o W AW =, V, we have
U =, V, which by the assumption of consistency in p — o yields a < b; propagation
of consistency in o gives a <¢ c. O

The following are direct consequences of the definition of the function space.
Proposition 1.6. For a function space p — o the following hold:

1. U %5V = Vaper,(U,a) <ps (V,b).

2. (U,a) =%p—s (V,b) = (U,b) <p_5 (V,a).

3. a=sb— VUeConp (U,a) =p—cs (U,b).

4. V >‘P U — VQETG(U,CI) >‘p_>0 (V7a).

Morphisms of acises
Token-mappings

A token-mapping f from p to o is a total mapping f : T, — T5. It is monotone when

a=pb— fla) =c f(b),

consistency-preserving when
a=pb— f(a) = f(b),

and a homomorphism when it is both monotone and consistency-preserving. A ho-
momorphism is furthermore a monomorphism, epimorphism or isomorphism when the
token-mapping is injective, surjective or bijective respectively.

For an arbitrary token-mapping f : T, — T define the idealization of f by the class
if CTp o by

if :={(U,b)| I (U=paAfla)=sb)}.
acTlp
For example, consider the identity token-mapping id : T, — T, defined by id(a) = a;
then
iid = {(U,a) |U >p a} .
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Another example is the constant token-mapping cnsty, : T — T, defined by
cnsty, (a) = bo, for a fixed by € T5; then

iicnsty, = {(U,b) | bo =5 b} .

The choice of the name stems from the following observation, due to Helmut Schwicht-
enberg.

Proposition 1.7. A token-mapping f : T, — T is consistency-preserving if and only if

Proof. For the right direction: To show consistency, let (Uy,b1), (Uz,by) € iif; we want
to show that (Uy,b1) <p .6 (Uz,b2), so let Uj <, Up; by the definition of iif we get a;’s
such that U; =, a; A f(a;) =g bi, for i = 1,2; by the assumption we have U UU, =p aj,
for i = 1,2, hence a; =, ay; since f preserves consistency, it is fla1) <6 flaz), so
Proposition 1.2(2) yields by <4 b>.

To show closure under entailment, let (Uy,b1) € if and (Uy,b1) >p—o (U2, b2), or,
equivalently, U, =, Uy Aby =4 ba; by the definition of i f we have an a with Uy >,
al f(a) ¢ by; by the transitivity we have U, >, a /A f(a) > bz, which is by definition
(U, b) €itf.

For the left direction: Let i f € Ide,—,s and a <, b. Since ({a}, f(a)), ({b},f(b)) €
iif and if is an ideal, it follows that f(a) < f(b). m]

Clearly, iid and iicnsty,, as defined above, are ideals of p — p and p — © respectively.

Neighborhood-mappings

It is tempting to carry the idea of idealization from the case of mappings between
tokens to the case of mappings between sets of tokens: given a mapping from (7))
to #(T5), induce an ideal of the corresponding function space p — & by collecting all
(U,b)’s that have an “intermediary” X C T), that is, a set entailed by U and having an
image that entails b. Clearly, such an intermediary X has to be consistent, otherwise it
couldn’t possibly be entailed by the neighborhood U.

A neighborhood-mapping f from p to ¢ is a total mapping f : Con, — Cong. It
is monotone when

UrpV = fU) =6 f(V),
consistency-preserving when
U=pV—=flU)=cf(V),

and a homomorphism when it is both monotone and consistency-preserving. A ho-
momorphism is furthermore a monomorphism, epimorphism or isomorphism when the
neighborhood-mapping is injective, surjective or bijective respectively.*

Proposition 1.8. If a neighborhood-mapping f : Conpxs — Con; is consistency-
preserving then it is consistency-preserving in each component.

Proof. Let Uy <p U and V| <5 Va; then f(U, V) <; f(U,V>) for each U € Con, and
similarly f(U;,V) <; f(Us,V) for each V € Cong. m]

4A neighborhood-mapping from p to ¢ is nothing but a foken-mapping from Np to No, where by Np
we denote the corresponding neighborhood information system of an acis p (see page 108).
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For an arbitrary neighborhood-mapping f : Con, — Cong define the idealization
of f by the class i f C T, .5 by

if ={U,b)| I (U=pVAF(V)>=cb)}.

VeConp

For example, consider the identity neighborhood-mapping id : Con, — Con,, defined
by id(U) = U; then
iid = {(U,a) |U >p a} .

Another example is the constant neighborhood-mapping cnsty, : Conp — Cong, de-
fined by cnsty, (U) := Vo, for a fixed ¥ € Cong; then

icnsty, = {(U,b) | Vo =5 b} .

Proposition 1.9. A neighborhood-mapping f : Con, — Cong is consistency-
preserving if and only ifif € ldep_¢.

Proof. We proceed similarly as in the proof of Proposition 1.7. For the right direction:
To show consistency, let (Uy,b1), (Us,b2) € iif; we want to show that (Uy,b1) <p 6
(U, b3), so let Uy =<, Us; by the definition of if we get V;’s such that U; >, Vi A
f(Vi) =¢ b for i = 1,2; by the assumption and Proposition 1.2(3) we have V| <, V»;
since f preserves consistency, it is f(V}) <s f(V2), so, again by Proposition 1.2(3), it
is bl =0 b2.

To show closure under entailment, let (Uy,b;) € iif and (Uy,b1) >p—o (Ua,b2), or,
equivalently, U, =p U; A by = by; by the definition of if we have a V with U >,
V Af(V) >o by; by transitivity and assumption we have U >, V A f(V) > by, which
is by definition (U, b;) € iif.

For the other direction: Let if € Idey,_.s and U <, V. Since, for any a € f(U)
and b € f(V), itis (U,a),(V,b) € if and if is an ideal, it follows that a <s b, so
FU) =0 F(V). :

Clearly again, iid and icnsty,, as defined above, are ideals of p — p and p — © re-
spectively.

We now link neighborhood-mappings to token-mappings. Let f : T, — T be a
token-mapping. Define a mapping mf : Con, — Z¢(Ts) by

nf(U):={f(a)|acU}.
Proposition 1.10. Let p and © be acises.

1. The mapping mf is a well-defined neighborhood-mapping from p to ¢ when f
is consistency-preserving. In this case, mf is also consistency-preserving.

2. The mapping mf is monotone when f is monotone.
3. If f is a consistency-preserving token-mapping then i f = imf.

Proof. For the first statement: Let U € Conp; the set mf(U) is finite by definition,
since U is finite; furthermore, if b,b’ € mf (U), then there must exist a, a' € U for which
f(a) =band f(a') = b'; but U is a neighborhood, so a <, d'; since f is consistency-
preserving we get b <5 b'. Now, let U <, V and b € mf(U), b’ € mf(V); then there
area €U, d €V with f(a) =b, f(a') =b'; by the assumption and by the preservation
of consistency of f, we get b < b'.
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For the second statement: Let U >, V and b’ € mf(V); by definition there exists
an a’ € V such that f(a’) = b'; by the assumption, there must be some a € U such that
a>pd;seth:= f(a) € nf(U); by monotonicity of f we getb = b'.

For the third statement: Let f : T, — Ts be a consistency-preserving token-
mapping; then we have

def

(U,b)einf<S 3 (Usp VADS(V) =5 b)
VeConp

g 3 (U>pVA 3 (aeV/\f(a)»Gb)>

VeConp a€Ty

& d 34 (U-pVAacVA o b
aeTpVeConp( P . f(a) ¢ )

& 3 (Urpanf(a)=qb)

acTy
& (W,p)cif,
where (x) holds leftwards for V := {a}. m]

Closure-mappings

Given the well-foundedness of entailment in the source acis, we can move a step further
and consider mappings between closures U of neighborhoods. The primary reason for
this is that we can achieve a decent converse route from ideals to mappings between
sets of tokens, which we cannot have in the case of token-mappings. In particular, we
will establish a bijective correspondence between closure-homomorphisms from p to
o and a class of ideals of p — o, when p has a well-founded entailment relation.
A closure-mapping f from p to ¢ is a total mapping f : Con, — Cong. It is

monotone when o - B

UrpV—=fU)»6 f(V),
or, equivalently by Proposition 1.2(5),

U2pV—fU)2s f(V),
consistency-preserving when

UXPV%f(U) XO'f(v) ’

and a homomorphism when it is both monotone and consistency-preserving. A ho-
momorphism is furthermore a monomorphism, epimorphism or isomorphism when the
closure-mapping is injective, surjective or bijective respectively.

For an arbitrary closure-mapping f : Con, — Cong define the idealization of f by
the class i f C T .5 by

if ={U,b)| 3 (U=pVAF(V)=sb)}.
VeConp
For example, consider the identity closure-mapping id : Con, — Con,, defined by
id(U) := U; then
iid = {(U,a) |U > a} .

Another example is the constant closure-mapping cnsty, : Conp, — Cong, defined by
cnsty, (U) = Vj, for a fixed Vy € Cong; then

icnsty, = {(U,b) | Vo =5 b} .
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Proposition 1.11. If f : Con, — Cong is a consistency-preserving closure-mapping
thenif € ldey_s.

Proof. Again, we proceed similarly as in the proof of Proposition 1.7. To show consis-
tency, let (Uy,b1),(Ua,by) € iif; we want to show that (Uy,b1) <p—6 (Ua,b2), so let
Ui =<p Uy; by the definition of i f we get V;’s with U; = V; A f(V;) = b; fori =1,2; by
the assumption and Proposition 1.2(3) we have V| =<, V»; since f preserves consistency,
itis (V1) <¢s f(V2), so, again by Proposition 1.2(3), we have b; <¢ b;.

To show closure under entailment, let (Uy,by) € iif and (Uy,b1) =p—c (Uz,b2), or,
equivalently, U, =p U; A by = by; by the definition of if we have a V with U >
V A f(V) =g bi; by transitivity and assumption we have U, >, V A f(V) > by, which
is by definition (U, b;) € iif. mi

Clearly again, iiid and iicnsty,, as defined above, are ideals of p — p and p — o re-
spectively.
Now let u € Idey_,s. Call u a finitely valued ideal, if for all U € Con, the set

mxlu(U) =mxl{b € Ts | (U,D) € u}

is finite. Denote the class of all finitely valued ideals of p — o by FVIde, 5. In
general

FVide, .o C Ide, o -

It is easy to see that iid € FVlde,_,, and icnsty, € FVide,_,¢.

Remark. For the sake of a counterexample, let us anticipate the arithmetical acis N —
N (see page 30); it is easy to see that {0,5"« |n=0,1,...} € lden_,n \FVIden_n. O

For a finitely valued ideal u € Ide,_, s, define a mapping Ihu : Con, — Cong by
Thu(U) = mxlu(U) .

Proposition 1.12. If u € FVide, .5 then the mapping Thu is a well-defined closure-
homomorphism from p to ©.

Proof. For the well-definedness: It is easy to see that Thu is indeed single-valued. Fur-
thermore, the class mxlu(U) is finite, since u is finitely valued. Now let U € Conp and
b,b' € mxlu(U); we have (U,b),(U,b") € u; since u is an ideal, (U,b) <p_s (U,D'),
and since U <, U, itis b <5 b', so mxlu(U) € Cong, and then mxlu(U) € Cong.

For the preservation of consistency: Let U,V € Con, with U =<, V and arbitrary
b € hu(U) and ¢ € Thu(V); by the definition of Thu we have (U,b),(V,c) € u; by the
definition of an ideal, (U,b) <, (V,c); by the consistency in p — ¢ and by the
assumption, we get b <4 c, that is, hu(U) <5 Thu(V).

For the monotonicity: Let U,V € Con, with U =, V and let ¢ € Thu(V); by the
definition of Thu we have (V,¢) € u; by the assumption we get (V,¢) >p_s (U,c) and
since u is an ideal, (U, c) € u, that is, ¢ € Thu(U). mi

Proposition 1.13. If =, is well-founded and f : Con, — Cong is a consistency-
preserving closure-mapping then if € FVlde, ¢.
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Proof. We have proved that if is indeed an ideal in Proposition 1.9. It remains to
prove that it is moreover finitely valued. So let U € Con, and consider the set My :=
mxlif(U); by definition it is

My =mxl{beTs | (U,b) €if};
by the definition of i f, it is

My=mxl{beTs| T (U=pVAF(V)>=5b)},
VeConp

or, since f(V) € Cong, by the definition of deductive closure we have

My=mxl{beTs| I (U=, VAbef(V))};
VeConp

in particular, since f(V) is the deductive closure of a neighborhood, namely, there is a
Wy € Cong such that f(V) = Wy, we can write

My=mxl{beTs| I (U-pVAbEW)};
VeConp

by the definition of deductive closure again, it is

My=mxli{beTs| I (U-pVAWy =5b)}.
VeConp

Now, since >, is well-founded, the index set Iy := {V € Con, |U >, V} is finite,
hence
My =] mx{beTs | Wy =5 b} = | mxiWy
Vely Vely

is also finite, because every Wy is. O

Theorem 1.14 (Finitely valued ideals). Let p, G be acises with =, being well-founded.
The closure-homomorphisms f : Gonp, — Cong and the finitely valued ideals u €
FVlde,_,s are in a bijective correspondence, that is, Hom(Con,,Cong) = FVide, .

Proof. We have to show that h and i are mutually inverse, that is, that Thii f = f as well
as iilhu = u. For the first one we have

def

behif(U) & bemxlif(U)

def

Ebemxl{V € T, | (U,V) € iif}
E mxl{p' € T5 | (U,b) €iif} =5 b
SV el | (UY)€if} =6b

& J ((U,b)eif Ab =5 b)
b eTs

< (U,b) eif

def =
& 4 (UspVAF(V)>=6b
VeConp( P f( ) =e )

B 3 (f(U) =6 [(V)AF(V)=c b)

VeConp
< f(U) = b
&be f(U),
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and for the second one

U,b)cihud I (U=pVAu(V) =g b)

VeConp

VECOI’]p (U V Amxlu(V) > b)

(U o VAMKI{D € Ty | (V,D) € u} =6 b)
VeConp

& 3 (UspVAmxl{d €Ts | (V,0) Eu} =5 b)
VeConp
(Usp VALY €T | (V,I') €u} =5 b)

VeConp

U=p VA 3 ((Vb/)EM/\b’>Gb)>

VeConp b eTs
U-pVAV,D)€u
VeConp( P ) )
< (U,b) €u

as we wanted. O

Finally, we link closure-mappings to token-mappings. Let f : T, — T be a token-
mapping. Define a mapping f : Con, — Z(T5) by
fU)={f(a) |U =pa}.
Proposition 1.15. Let p and o be acises.

1. The mapping f is a well-defined closure-mapping from p to ¢ when f is
consistency-preserving. In this case, f is also consistency-preserving.

2. The mapping f is monotone when f is monotone.
3. If f is a consistency-preserving token-mapping then iLf = iif.

Proof. We prove the third statement, merely using the definitions. Let f: T, — T be
a consistency-preserving token-mapping; then its closure is well-defined, and we have:

(Ub)enfilé EI (U>pV/\?(V)>gb)

£ 3 (U>,,V/\ 3 (b’ef(V)/\b’>Gb))

VeConp b eTs

&3 (vrovn 3 (@ T ns@ron))

VeConp acTy

def

& 3 (U= VA I (V=panfla)=¢b
VeConp( P aep( P f() ° ))

< 3 F (Usp, VAV >paArfla)=sb
aeTpVeConp( P P f() ¢ )

& 3 (U=panf(a)=sb)

uET
& (U.b)eif,

as we wanted. O
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Approximable maps

We now turn to a more traditional path. A relation r C Con, x T between two acises
p and o is called a (unary) approximable map from p to o, and we write r € APX,_, 5.
if it is consistently defined, that is,

r(U,a) Ar(U,b) = a=sb,

and furthermore,
Vo UNr(U,a)Na>gb—r(V,b),

which expresses that r is closed under entailment (that is, deductively closed). Write
r(U) :={b € Ts | r(U,b)}. The intuition is that r(U,a), where r behaves like a black-
box, means “input U suffices for the output a”.

Proposition 1.16. The ideals of p — © are exactly the approximable maps from p to
O, lhal iS, |dep_)(y = Apo*)o-.

Proof. For the right direction: Let u € lde,_,s. Suppose that (U,a) € u A\ (U,b) € u;
since ideals are consistent, we have (U,a) =< (U,b); by definition this is U <, U —
a =g b, that is, a < b. Suppose furthermore that V -, U A (U,a) € u\a -5 b; by the
definition of entailment in a function space we get (U,a) € u A (U,a) > (V,b), which
by closure under propagation yields (V,b) € u; so u € ApX,_,5-

For the other direction: Let f € Apx,_,. Suppose that f(U,a) A f(V,b). We want
to show that (U,a) < (V,b); suppose that U =<, V; we can then write UUV >, U AU U
V = V; by the second property of approximable maps we get f(UUV,a) A f(UUV,b);
since the first property of approximable maps yields a < b, we have proved that U =,
V — a =g b, thatis (U,a) < (V,b). Suppose furthermore that f(U,a) A (U,a) > (V,b);
by the definition of entailment in function spaces we have f(U,a) AV =5 U Aa =5 b,
which by the second property of approximable maps gives f(V,b); so f € ldep,s. O

Application

In the following we will be largely concerned with the “application of ideals”. In
general, define (set) application - : P (Tp_,5) X P (Tp) = P (I5), by

{(Xi,ai) Yier Y =6 {a;|Y =p Xi} .
Proposition 1.17. For the application operation the following hold.

1. It is consistency-preserving, that is, if {(U;,a;)}ie; € Conp_s and U € Conp,
then {(Uj,a;)}iU € Cong, and so it is a well-defined operation on Conp_,s X
Con, — Cong. In particular, it is consistency-preserving as a neighborhood
mapping, that is, if {(Ui,bi)}i <p—o {(Vj,cj)}j and U <, V then {(U;,b;)}; -
U =<5 {(Vi,ci)}i- V. Consequently, the idealization of application is an ideal,
that is, 1- € 1de(,_,5)xp—o-

2. Itis {(Ui,ai)}i =p—o {(V},b))}; if and only if, for all U € Conyp, {(Ui,a;)};-
U {(Vj:b)}j-U.

3. For all {(U,-,ai)},- S Conpﬁg, lfU ~p V then {(Ui,ai)}i U >4 {(U,-7a,<)}i-V.

4. It commutes with deductive closure, that is, {(U;,a;) }ic; U = { (Ui, a;) }ies - U.
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5. Fix p and 0. For X C/ Ty 6, Y C/ T, and Z C/ Ty, the relation Z =X -Y is
Z?—deﬁnable.

Proof. For the first statement: It is easy to see that set application is single-valued.
Furthermore, let {(U;,a;)};U = {a; | U =p U;}; we want to show that for all iy,ir € I
it is a;, =g aj,, so let i1,i € I; since {(U;,a;)}icr € COnp_g, it is (Ui, ai,) <p—o
(Ui, aiy), or, equivalently, (U;, <p Ui, = a;; <¢ aj,); by Proposition 1.2 we have what
we wanted.

Furthermore, let U >, U; and V =, V; for some i and j; since U =p V, Proposi-
tion 1.2(3) gives us U; <, V;; by the definition of consistency in function spaces we get
b; < cj. That the idealization of application is an ideal follows from Proposition 1.9.

For the second statement: For the right direction, let {(Uj,a;)}icr >p—o
{(Vj,b})} jes, which by definition is Vje; Jic;(V; >p Ui Aa; =5 bj); we want to show
that {(U,-,a,-)},- ‘U >4 {(Vj,bj)}j -U, which by definition is {Cl,‘ ‘ U >p U,’} >c {b/ |
U >p V;}, which is provided by the assumption. For the other way around, let
{(Ui,a;)}i-U =6 {(Vj,b;)};-U, or {a; | U =p Ui} = {bj | U =p V;}; we have to
show that {(Uj,a;)}icr >p—o {(Vj,bj)}jes, which by definition is Vjes Jic/(V; >p
Ui Naj =g bj); for every I € J we may put U :=V; and the assumption then yields
{ai | Vi =p Ui} =6 {bj | Vi =p V;}; since V; =, V;, there is a k € I such that V; -, Uy
and a; >4 b;.

For the third statement: Let U =, V; due to transitivity of entailment we have
Vi (V =p U; = U >, U;), which proves what we need.

For the fourth statement, we have

{(U[,d,’)},‘erv e {a | Ve(E)lonp ig] (U >p VAV >p UiNa; = Cl)}

={a| 'HI(U =p UiNa; = a)}
IS
={ai U~ U}
= {(U,ai)}ier- U .
For the last statement, we write

Z=5 {(Xhai)}iel'y 7= {ai | Y —p Xi}

SaeZ+ 3 (a:a,-/\ Y 3 c>pb> )

iel beX;ceY

Since X, Y and Z are finite, this is a Z?-expression. m|

1.2 Ideals

In this section we make a minimal exposition of topological as well as category-
theoretic aspects of the collection of ideals of a given acis.

Topological spaces

We recall basic notions and facts that we will use later. Let P be a (nonempty) set of
points and .7 a collection of subsets of P. The couple (P,.7) is a topological space
with open sets the elements of .7, if the following are fulfilled:
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e the empty subset as well as the universal set is in .7, that is, @,P € 7.

e the collection 7 is closed under finite intersection, that is, if X1,...,X,, € .7 then
Ni<i<nXi € 7.

e the collection .7 is closed under arbitrary union, that is, if X;,...,X,,... € 7
then |J; X; € 7.

An open set X is a neighborhood of a point p if p € X.
A topological space (P,.7) is a Kolmogorov space if it satisfies the Ty-separation
axiom:
ps:‘q—>XEE|7(pEX/\qéX)\/(le/\piX)) ,

and a Hausdorff space if it satisfies the T>-separation axiom:

pEqg— 4 peEXNGEYAXNY =0.
XYeT

A basis for 7 is a family {U;};c; C 7 of basic open sets that can provide a union
decomposition for every nonempty open set:

V X=\J{U|U e {U} AU CX}.
Y x=Uwlueuiavcx)
Fact 1.18. Let (P,.7) be a topological space and 8 C 7. The following are equiva-
lent:
1. The family % is a topological basis.

2. For every point of the space and every neighborhood of the point there is a set in
U which contains the point and is a subset of its neighborhood:

V (peX— d (peUAUCX)).
pEPXeT Uew

3. Every point of the space belongs to some set in % :

YV 4 peU,

PEPUEY
and whenever a point belongs to two sets in %, there is a third set in % which
contains it, which is a subset of the other two:

d peUnV—= 3 (peWAWCUNV).
uvew Weu

Let (T, >) be an ordered set. The Alexandrov topology (T, 7~ ) on (T,>) is defined
by the upward closed subsets of T':
XeF =V (aeXNb>a—beX).
- a,beT
Let (P,.7) and (P', 7') be two topological spaces. A continuous mapping f from

(P, 7) to (P',7') is a mapping f : P — P’ whose inverse preserves openness, that is,
such that if X € 7' then f~1(X) € 7.

Fact 1.19. A mapping f: (P,7) — (P',.9") is continuous if and only if its inverse
preserves openness on basic sets, that is, if and only if, for a base ' in P!, f~'(U) € T
forallU € B
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The Scott topology

The most commonly used, natural topology over ideals of information systems, the
so called Scott topology, turns out to form a Kolmogorov space.’> Call a collection of
ideals 7 C Ide a Scott-open set if it is closed under supersets (Alexandrov condition),

VYV uCvove#),
uew

and is “finitely representable” (Scott condition), in the sense that

V JUew%.
UEU UCSu

Denote the set of Scott-open sets by .. Recall (page 7) that the cone of ideals over
U € Con is given by VX = {u € Ide | X C u} and that Kgl, denotes the collection of
cones of p.

Proposition 1.20. For every acis p, the collection of its cones Kgl, provides a base for
its Scott topology. Furthermore, (ldey,.#),) constitutes a Kolmogorov space.

Proof. For the base: Every u € |de, satisfies u € V_L. Furthermore, let u € VU NVV;
itis U =<, V, since otherwise the intersection would be empty; by Proposition 1.3, we
have u € V(U UYV).

For the Kolmogorov separation: Let u # v; then, by choice, there is a token a € T,
such that eithera e uAa ¢ v or a € vAa ¢ u, which yields either u € VaAv ¢ Va or
veVahu¢Va. O

Proposition 1.21. The following hold.
1. A collection of ideals % C |de is a Scott-open set if and only if % =Ugcq, VU.

2. Let 7% C lde satisfy the strong Scott condition

Y daew.

UEW acu
Then % is a Scott-open set if and only if % = Jzeqy Va.

Proof. For the first statement, let % be a Scott-open set and let u € % ; by the Scott
condition, there exists a U C/ u such that U € %, that is, u € VU; conversely, let
u € VU for some U with U € % ; then U C u; since U € % , the Alexandrov condition
gives u € % . For the other direction, let % = g4 VU; then it is a Scott-open set
because the cones make up a topological basis.

For the second statement proceed similarly. O

Continuous mappings

Traditionally, an ideal-mapping (or just mapping) f : lde, — ldes will be called Scott-
continuous if it preserves Scott-openness on basic sets, that is, on cones:

VV eKgly — 1 VV] € .7, ,

3For recent thoughts on using a more manageable Hausdorff topology, the so called liminf topology in [13,
p- 232], see [34].
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where £~ [VV]:={u|V C/ f(u)}. Call an ideal-mapping f : Ide, — ldes monotone,
if it preserves inclusion, that is,

uCv— flu) C f(v).
Furthermore, say that it satisfies the principle of finite support if

befuy— I bef(U).

UCfu

Finally, say that it commutes with directed unions if

f(Jw=U rw,

ue? uey
where & is a directed set of ideals in p.

Proposition 1.22. Let p and 6 be two acises and f : lde, — ldes an ideal-mapping.
The following are equivalent.

1. The mapping f is Scott-continuous.
2. The mapping is monotone and satisfies the principle of finite support.
3. The mapping is monotone and commutes with directed unions.

Proof. For the equivalence of (1) and (2): Let f be a Scott-continuous mapping; for
monotonicity, let # C v and let b € f(u), that is, {b} C/ f(u); the Scott-open set
F7V[Vb] = {w| {b} T/ f(w)} satisfies the Alexandrov condition, so, since u C v, we
have {b} C/ f(v), that is, b € f(v); for the principle of finite support, let b € f(u);
the Scott-open set f~![Vb] satisfies the Scott condition, so for U C/ u we have
b} I £(O).

Conversely, let f be monotone and satisfy the principle of finite support and let
V € Cong; we have to show that the set f~'[VV] = {u |V C/ f(u)} is Scott-open; we
show that

{u|V </ f(u)} =U{VU |U € Con, AV C/ f(U)};

for the right direction, let V C/ f(u); by finite support there exists a U € Con,, for
which U C/ wand V C/ f(U), that is, u € VU, for the left direction, let u € VU for
some U € Con, for which V C/ £(U); then U C u, and monotonicity gives V C/ f(u).

For the equivalence of (2) and (3): Let f be monotone and satisfy the principle of
finite support and let 2 C Ide,, be a directed set of ideals; by monotonicity we immedi-
ately get f(Uyca 1) 2 Uueq f(u); for the converse inclusion, let b € f({U,c 4 u); finite
support gives a U C/ Uucg u; directedness and finiteness of U gives a w for which
U C/ w;since b € f(U) and f is monotone, we have b € f(w).

Conversely, let f commute with directed unions and let b € f(u); then

fw=rU 0= U ro,

UClu UClu
and b € f(U), for some U C/ u. ]

A direct consequence of Propositions 1.7 and 1.22 is that consistency-preserving
token-mappings induce monotone ideal-mappings. Moreover, we have the following.
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Proposition 1.23. Let f : Ide, — |des be monotone and Uy, U, € Conp. Then Uy <,
U, implies f(Uy) =g f(U2), and Uy =p U, implies f(Uz) C f(Uy).

Proof. For the preservation of consistency, let b; € f(U;), i=1,2. Itis U; CU; UU,
for both i = 1,2, and monotonicity of f yields b; € f(U;) C f(U3 UU,), so by <¢ by.
For the preservation of entailment, we have

Ui =p U= U, CU = f(02) € f(Uh) - o
Say that an ideal-mapping f : Ide, — lde satisfies the principle of atomic support
if
befu)— dbef(a.
acu

Proposition 1.24. Let p, 6 be acises where for every U € Conp, {a|acU} is a
directed set. An ideal-mapping f : ldep, — lde is Scott-continuous if and only if it is
monotone and it satisfies the principle of atomic support.

Proof. That atomic support implies finite support is direct. Conversely, let f satisfy the
principle of finite support and let b € f(u) for some u € Ide,; by finite support we get
U C/ uwith b € f(U), or, by Proposition 1.3(4), with b € f(U,ey @); therefore

JbelJsr@= 3 Elbef(a):>aé|ubef(a).

UcC/u acl UCfuacU
The commutativity of f with the union of {@ | a € U} follows from the assumption. O

Proposition 1.25. Let p, o be acises. The continuous ideal-mappings f : lde, — ldes
and the ideals r € |dep_, are in a bijective correspondence, that is, |de, — ldes =
Idey 6.
Proof. With an ideal r € Ide,_, 5, associate a mapping cm(r) : Ide, — ldes by
em(r)(u) ={beTs| I (UCun(U,b)er)}.
UeConp

This is well-defined: Let b,b’ € cm(r)(u); there are U,U’ C/ u such that
(U,b),(U',b") € r;but ris anideal, so (U,b) <p_6 (U',b'), thatisU =<, U' = b =<5 b';
since U,U" C u and u is an ideal, U =<, U’, so b <5 b’ and cm(r)(u) is consistent.
Furthermore, let b € cm(r)(u) and b -5 b'; there is a U C/ u such that (U,b) € r;
but U >, UADb = b, we get (U,b) =y (U,b") and since r is an ideal, we have
(U,b") € r, that is, b’ € cm(r)(u) and em(r)(u) is closed under entailment.

It is also continuous: Let V € Cong; we shall prove that cm(r)~!(VV) is a Scott-
open set. For the Alexandrov condition, let u € cm(r)~!(VV) and u C v; we have

uecem(r)"H(VV) = em(r)(u) € VV
=V em(r)(u)

=V {bel,| I (UCun(U,b)er)}
UeConp

=V {beT,| I (UCuCvA(U,b)er)}
UeConp

=V em(r)(v)
= cm(r)(v) € VV

=vecm(r)"{(VV),
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and for the Scott condition, let u € cm(r)~!(VV); we have
uecem(r)"H(VV) = em(r)(u) € VV
=V em(r)(u)

=V {beTl,| I (UCun(Ub)cr)}
UeConp

=V {bel,| I (UCUCuA(Ub)er)}
UeConp
=V em(r)(D)

=cm(r)(U) € VV
=Ueccm(r)"(VV).

Conversely, with a continuous ideal-mapping f : Ide, — Ides, associate a set

is(f) € Idep_,5 by
(U,b)€is(f)=be f(U) .

It is well-defined: For consistency, let (U;,b;) € is(f), i = 1,2, with Uy =<, Uj; by
definition, b; € f(U;) and so, by Proposition 1.23, b; € f(U; UU,), which is an ideal,
80 by <g by. For closure under entailment, let (U,b) € is(f) and (U,b) =5, (U',V');
by the definition of entailment in function spaces, U’ =, U Ab >4 b'; by definition,
b € f(U); by Proposition 1.23 again, f(U’) =4 f(U); since both of them are ideals, by
Proposition 1.2 we have b’ € f(U’), that is, (U',b’) € is(f).

Finally, the associations cm and is are inverse to each other, that is,

cm(is(f)) = f and is(cm(r)) =r.

For the left one
beem(is(f)(w) & I (UL un(U,b)€is(f))

& J (U unbef())

and for the right one
(U,b) €is(cm(r)) £ b € cm(r)(U)

& J (UdTAUb)er)
U’eConp

dw,p)er,
where at (%) we let U := U’. mi

Let r € Idep_, and u € Idey; the ideal cm(r)(u), written r(u), is called the appli-
cation of r to u. By the proposition above, the application of an ideal to an ideal is a
continuous operation.

The following are easy observations that we will need in section 1.4.

Proposition 1.26. The following hold for all ideals of proper types:
1. L(u)= L.
2. nUr(u) =ri(w)Ur(u).



24 1. Atomic-coherent information systems

Cartesian products

We turn our attention now to cartesian products. Let p and o be two acises with
1, NTs = @. Define the projections @, : p x 6 — p and T : p X 0 — © by

7o (u,v) = u and 75 (u,v) :==v.

Proposition 1.27. The projections from a cartesian product to its components are con-
tinuous mappings.

Proof. For monotonicity: Let (u,v) C («',V'), that is, u C ' and v C V/; then immedi-
ately by definition 7 (u,v) C w(u',V'), for both projections.

For the principle of finite support: Without no loss of generality, let b € 7y (u,v),
that is, b € u; then b € 7, (b, D). O

Proposition 1.28 (Universal property of the cartesian product). Let p, ¢ and T be
acises with T, NTs = @. For every pair f : T — p, g : T — © of continuous mappings,
there exists a unique continuous mapping h : T — p X 0 such that f = 7y o h and
g=Tgoh

Proof. For all u € Ide; let h(u) == (f(u),g(u)). Monotonicity of i follows directly
from the motonicity of f and g. For the principle of finite support, let b € h(u); since
the carriers are disjoint, suppose with no loss of generality that b € T}, so it will be
b € f(u); but f is continuous, so it satisfies the principle of finite support, that is, there
isa U C/ u such that b € f(U); hence b € h(U). The uniqueness of / follows directly
from its definition. O

By the previous result we can define the cartesian product f X g: p X 6 — T XV
of two continuous mappings f : p — T and g : 6 — v, where T, N 15 = @, by

fxg(uv) = (fu),8(v)) .
Finally, we have the following.

Proposition 1.29. Let p, 0 and T be acises with Ty N\Ts = @. Amapping f:p X6 — 1T
is continuous if and only if it is continuous in each component separately, that is, if and
only if all sections f : p — 7T, v fixed and all sections fg : 0 — 7, u fixed, defined by
fpu) = f(u,v) and f5(v) = f(u,v), are continuous.

Proof. The mapping u — (u,v) for a fixed v is obviously continuous. Since composi-
tion preserves continuity, f, is also continuous. For fg the argument is similar.

Conversely, let all sections f, f5 be continuous. For monotonicity: Let u C u' and
vCV, where u,u’ € Idep, v, V' € ldes; by monotonicity of the sections we immediately
have

fluy) S fQ'v) CF YY)

For the principle of finite support: Let b € f(u,v); by the principle of finite support for
f& we have

be foV)=f,V)=fy (),

for some V C/ v; by the principle of finite support for fp and Proposition 1.3(2) we
have _
be f,(U)=f(UV)=fUUV),

for some U C/ u. o
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Evaluation and currying

Let p, o and 7 be acises. Define the evaluation mapping eval : (p — 6) x p — o by
eval(f,u) = f(u) ,
and the currying mapping curry : (p X 6 = 1) = (p = (0 — 1)) by

curry(f)(u,v) = f(u,v) .

Proposition 1.30. The evaluation and currying mappings are well-defined and contin-
uous.

Proof. By Proposition 1.29 it suffices to show continuity in separate components. For
evaluation. For the second argument: For monotonicity, let # C v; then by monotonicity
of the fixed f we get

eval(f,u) = f(u) C f(v) =:eval(f,v) .

For the principle of finite support, let b € eval(f,u), that is, b € f(u); the fixed f
satisfies the principle of finite support, so there is a ¥ C/ u such that b € f(U), hence
b € eval(f,U).

For the first argument: For monotonicity, let f C g; by the definition of the associ-
ated continuous mapping to an ideal, for a fixed u we have:

b€ eval(f,u) £ b e f(u) =cm(f)(u)

& 3 WwcunU,b)ef)
UeConp

= d (UCun(U.b)ey)
UeConp
def

< becem(g)(u) = g(u)
E bceval(g,u),

so eval(f,u) C eval(g,u). For the principle of finite support, let b € eval(f,u),
that is, b € cm(f)(u); by definition, there is a U C/ u such that (U,b) € f; then
beeval({U,b},u).

For currying. Fix f € ldepxs—¢. For a fixed u € Ide,, the mapping cm(f)% (that
is, f§ viewed as a continuous mapping) is continuous as a section of the continuous
em(f).

We show that the mapping / : u +— is(cm(f)%) (where now f¥ is viewed as an ideal)
is continuous. For monotonicity, let u C u’; since cm(f) is monotone we have

(V.c) € h(u) & (V,c) € is(em(f)5)

Eceem(f)g(V)

def 17

Scecem(f)(u ,VJ

=ceccem(f)(,V)

Eceom(f )”(‘,(V)

& (V,c) eis(em(f)s)
E(v,e) e h(u).
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For the principle of finite support, by finite support for cm(f )IV), we have

(V,c) € h(u) & (V,c) €is(em(f)%)
E ceem(f)L(V)
& ceem(f)(u,V)

e cm(f)g(u)

& 3 (v,e) eis(em()Y)

We show finally that the mapping g : f — is(#) is continuous. Monotonicity follows
from the definition of cm(f). For the principle of finite support, let (U,V,¢) € g(f);
then (U,V,c) € g({UUV,c}), with {UUV,c} C/ f. O

Category theoretic characterization of ideals
Let p be an acis. Define the identity id, € lde, ., by
(U,a)€idy=U =pa.

Furthermore, define the composition of u € Ide, s and v € Ides_,; to be the set vou C
Tp.c where

(U,c) evou:= ( YV (U,b) eun(V,c) € v) :
VeCong \beV

Proposition 1.31. The sets of ideals of acises together with the ideals of their function

spaces form a category. Namely:

1. The identity is an ideal.
2. The composition of two ideals is again an ideal.
3. The identity is neutral with respect to composition.

4. The composition of ideals is associative.

Proof. For the first statement, let p be an acis. For consistency, let (Uj,a;) € idp,
i=1,2, and Uy <, Up; by the definition of the identity we have U; =, a;, which, by
Proposition 1.2, gives a; =<, a. Closure under entailment follows by the definition of
entailment, identity and by transitivity of entailment.

For the second statement, let u € Ide, .5 and v € Ides ;. For consistency: Let
(Ui,ci) € vou, i =1,2, and U; =p Us; by the definition of composition, there are
Vi1,V» € Con such that

\vd (Ui,b,‘) S u/\(Vi,C,‘) ev,
bieV;
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fori=1,2; since Uy <, U, we have by < by for all b; € V;, that is, V| < V2; then, by
the consistency of v, we get ¢; =¢ ¢;. For closure under entailment: Let (U,c) € vou
and (U,c) =p—¢ (U’,c’); by the definition of entailment in function spaces, we have
U’ =p U Ac ¢ c'; by the definition of composition, there is a V € Cong for which

Y (U,b)eun(V,c)ev;
bev

forall b € Vitis (U',b) € uas well as (V,c') € v, hence (U',c') € vou.
For the third statement, let u € lde, .5 and v € Ides,p. We prove that the identity
ideal is left-neutral, that is, that idy ov = v. For the right direction we have

(U,a) €idpov & 3 (V(U,b)EW\(V,a)eidp)
VeConp \beV

& 3 (V(U,b)EV/\V>—pa>

VeCony \beV

g 3 (V(U,b)EV/\ 3 b>pa)
VeConp \beV beV
= (U,a) €v,
and for the left direction

(U,a)ev= (U,a)evA{a}>pa

43 (V(U,b)EV/\V>pa>

VeConp \beV

¥

£ 3 ( Y (U,b) evA(V,a) € idp)

VeConp \beV

def

& (U,a) €idpov,

where at (x) we let V := {a}. Now we prove that the identity ideal is right-neutral, that
is, that uoidp = u. For the right direction we have

(U,b) €uoidy & 3 (v (U,a) €idy A (V,b) €u>

VeCony \acV
g 3 (V U>pa/\(V,b)€u)
VeConp \a€V

def
& 4 (U=, VA(V,b)EuU
VeConp< P ( ) )

= (U,b)€u,
and for the left direction

(U,b) euéa‘ev’UU =paA(U,b) €u

23 ( Y (U,a) €idy A (V,b) € u>

VeConp \acV

def

& (U,b) €uoidy ,
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where at (x) we letV :=U.
For the fourth statement, let u € Idep_.¢, v € ldeg_,7, and w € Ide;_,,. We prove
the associativity, that is, that (wov)ou = wo (vou). We have, from left to right

(U,d) € (wov)ou

VeCong \beV

& 3 (V (U,b) eun(V,d) Ewov)

& 3 (V(U,b)Eu/\ 3 <V(V,c)em(w,d)6w>)

VeCong \beV WeCon; \ ceW

= = (V(U,b)Eu/\ V(V,c)Ev/\(W,d)Ew) ,
VeCong WeCong \ eV ceW

and similarly, from right to left
(U,d) ewo(vou)

& 3 ( (U,c)Evou/\(W,d)Ew)
WeCong \ceW

& 3 <CEWVEI (‘v’(U,b)EuA(V,c)6v)A(W,d)6w>

WeCong eCong \ beV

= - (V(U,b)EM/\ V(V,c)év/\(W,d)Ew) ,
WeCong VeCong \beV ceW

as we needed. O

From the above it follows that the category of ideals is cartesian closed.

1.3 Algebraic acises

We introduced the notion of an algebra given by constructors on page 1. For the pur-
poses of this chapter it suffices for o to be finitary (we will allow for more generality
in Chapter 2).

Let o be an algebra given by constructors Ci, .. .,Cy, with at least one nullary con-
structor among them. To o we further attach a nullary partiality pseudo-constructor
*¢. We may drop subscripts when the context suffices.

For each constructor C of arity r define inductively the following:

e ifay,...,a, € Ty then Ca, ---a, € Ty; moreover, *q € Ty,

o ifa; <4 d},...,a, Xq a, then Cay ---a, <q Cd| ---d,.; moreover, *q <q a and
a =g *q forall a € Ty;

o ifa; >~ dj,...,a, =q a, then Cay ---a, =q Cd ---d.; moreover, a >q *¢, for
alla € Ty,.

These inductive clauses define the predicates Ty, < and > .

Remark. Notice that equality of tokens in o, =, is defined by

a:(xb::a:b:*v<ﬂ(a:C,-Ei/\b:Ciz>/\Vaj:abj) .
J

i
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Consequently, equality for neighborhoods of tokens should be understood as set equal-
ity (though in Chapter 2 it will be list equality). For simplicity’s sake though, we keep
this implicit in what follows. O

Proposition 1.32. For an algebra a given by constructors, the triple (Ty,=q,>a) is
an acis.

Proof by induction on the formation of tokens. We show that propagation holds, while
the rest of the properties are shown similarly. Let Ca;---a, < Cd)---a, and
Cd\---d). =4 Cd}---a]. By the definition of consistency and entailment, we have
a; =<q a; and da} - a}, for each i = 1,...,r. The induction hypothesis gives a; < a/,

for each i, and the definition of consistency yields Ca; ---a, <q Ca/ ---dl.. m|

This is the acis induced by a. Call an acis algebraic if it is either induced by an
algebra or it is a function space composed by algebraic acises. When in need of distin-
guishing between the two, use basic algebraic and composite algebraic respectively;
we denote basic algebraic acises by a,f,7... and composite ones by p,o,T....

It is easy to see that every basic algebraic acis has a well-founded entailment re-
lation. Furthermore, the homomorphisms between basic algebraic acises are exactly
their monotone token-mappings, as the following proposition establishes.

Proposition 1.33. Let o and B be basic algebraic acises.

1. If two tokens in @ are consistent then they have a least common entailer; that is,
a least upper bound: for any a,b € Ty, if a <y b then there exists a token ¢ € Ty
suchthatc =g a, c =g b, and ¢’ = c, for any ¢’ € Ty with ¢’ =q a and ¢’ =4 b.

2. If f : To — Tp is a monotone token-mapping then it also preserves consistency.

Proof. For statement 1. By induction on the formation of the tokens, if, without loss
of generality, b = *, then a >4 {a,b} and obviously it is the least such token; if a = Cd
and b = Cb, with a; < b;, for every i, then by the induction hypothesis, it is

VEI (Ci ~a {a,-7bi} AN v (C: o {Cli,b,'} — Ci» o C,')) s
cleTy

1 Ci

and then,
Ceq {a,b} AN ¥V (' =q {a,b} = =4 C7) .
€Ty

For statement 2: Let a,b € Ty be such that a <4 b; by 1, they will have a least
common entailer ¢ := lub(a, b); by monotonicity we get f(c) =g {f(a),f(b)}, and by
Proposition 1.2, f(a) <g f(b). O

We now turn our attention to constructors. First, it is easy to see that, by the defi-
nition of entailment in an algebraic acis, every constructor defines a monotone token-
mapping. Furthermore, every constructor C of arity n generates a subset of Cong" x Ty,
by

re={U,x)yu{U,ca)| V¥ U;>aj)};
1<j<n
of particular importance is also the set rc = rj \ {(fj ,%)}. If p and o are algebraic
acises, then a relation » C Conj, x Ty is an n-ary approximable map from p to c—
write r: p" — o—if
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Figure 1.1: The ideals of N and B, and their inclusion.

o r(U,a)Ar(U,b) = a=4 b, and
o YVicjenVi=p UiAr(U,a) Na =g b— r(V,b),
and the corresponding n-ary continuous mapping is

em(r)@) ={beTs| I - I rO.b)}.

Ui Cuy UnCup
It is easy to check the following.

Proposition 1.34. Let C and C' be two distinguished constructors of arities n and n’
respectively.

1. The sets ri,rc : " — o are n-ary approximable maps.

2. The continuous map

cm(re)(u) = {Cd € Ty | = V Uj>qaj}

Ui Cuy,....UpCuy 1<j<n

is injective. Furthermore, it is

em(rc)(Cong”) Nem(rer)(Cong” ) = @ .

Natural and boolean numbers

The algebra of natural numbers N is given by the nullary constructor 0 for zero and
the unary S for the successor. For brevity, we may write S” for S---S (n times) and
n for §"0. For all n = 0,1,..., the pair ({$"7"0 | m > 0} U{S""x | m > 0},=y) is a
(graph-theoretic) star centered at S”*. The ideals of N take one of the following forms:

{n, 8", .. 8%}, {S™,..., S} { .., 8", ..., 8%},

while the neighborhoods are all the possible finite subsets of an ideal. Notice that the
empty set L is also an ideal. Call the ideals of N partial natural numbers and the ideals
of function spaces above N partial arithmetical functionals. The set rg induced by the
successor constructor is such an arithmetical function, as an ideal of N — N.

Other important examples of algebras are the algebra of boolean numbers B, given
by two nullary constructors, tt and ff, as well as the parametric algebra of lists of p-
tokens L(p), given by a nullary constructor Nil, for the empty list, and a unary con-
structor Cons,, for the concatenator.
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Call algebraic acises based on N and B arithmetical acises, and use 1 to denote ei-
ther N or B. The equivalence between ideals, approximable maps and Scott-continuous
maps justifies the definition of a model €® of partial continuous functionals (of finite
type), based on arithmetical acises, by

Co:=lde;,, Cpogi=ldepys, €“:=JCp.
pET

Here are two simple but useful observations.
Proposition 1.35. Let 1 be a basic arithmetical acis and p an arithmetical acis.

1. For all a,b € T;, we have the following comparability property: if a <, b then
eithera >, b orb >, a.

2. The application of a finitely generated ideal of type p — N to an ideal of type p
is finite: if W € Cong_,y and ii € Ideg, then W (i) € Cony.

Define the total ideals G, C ldey, in an arithmetical acis p, inductively on the
types:

e Itistt € Gp and ff € Gg. It is 0 € Gy and if u € Gy then Su € Gy.
o If forevery v € G, itis u(v) € G, thenu € Gy_5.

In the remainder of the chapter we will not elaborate on totality, but merely use it to
formalize indices, namely, we will use Gy as our standard denumerable set of indices
when needed (see section 1.4). In section 2.4, we will discuss totality in the more
general setting of not necessarily atomic information systems.

Partial height of partial numbers

We need a continuous means to compare partial numbers. A reasonable idea is to use
their height, that is, the number of constructors they are built upon, but this quickly
leads to discontinuity, since this number is total. Indeed, if we define [ : Ty — Ty by
I(x):=0and (Ca) :=S(I(a)), for C=0,S, then i/ ¢ ldey_,n, since [ is not consistency-
preserving (see Proposition 1.7): it is

Ste=n STk A I(STk) =mEyn=1(5"%),

for any m # n in Gy.

We use instead a notion of “partial height”, which intuitively stands for the pro-
jection of an ideal on the partial axis of the constructor S. Define a token-mapping
plength : Ty — Ty by

plength(*) = * ,
plength(Ca) = S plength(a) ,
where C is either 0 or S. This token-mapping is trivially consistency-preserving, so
its idealization is indeed an ideal of N — N, and we have for example iplength(2) =

iiplength(S3 L) = $3 L, or iiplength(co) = oo,
Let u,v € Idey. Say that u is above v, and write u>v, if

iplength(u) >y iplength(v) .
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Note that aboveness is not antisymmetric, since S"0> S| and $71 1 > 870 for all n.
It is also obvious that aboveness between ideals is a total preorder with single maximum
element o and single minimum element L, as well as that, for total ideals, it reduces
to the standard > relation. Aboveness will prove crucial in section 1.4. Indeed, it is a
sufficient step, beyond the techniques used by Plotkin, towards proving definability in
our non-flat setting.

Proposition 1.36. Concerning aboveness 1> C ldey x ldey the following hold:
1. Anideal is above everything it entails, that is, if u >y v then u>v.

2. Aboveness is antisymmetrical for consistent ideals; more generally, for u € ldey,
if vew and we v for all vyw C u, then v =w.

3. For consistent ideals, aboveness reduces to entailment, that is, if u <y v and u>v
then u >y v.

4. Ideals that are inconsistent with ideals above them are total, that is, if u>v and
u#yvthenv € Gy.

Proof. The first statement derives from transitivity of entailment. For the second state-
ment we have

VENWAVEWAWDBY E v =y w/\Y(an “wn)
= Y(V =w=8"10V (V5 S & wen S"*))
>v=w.
The third one derives from the comparability property and the previous statement:

USNVAUDY &S (u=nvVVv=nu)Ausv
= (urnvAusv)V (v =NyuAursv)
EuspvVsuiusy)
§u>NVVu:v
S UFNY.

The last statement is obvious. O

Maximal form of algebraic neighborhoods

Now we address the issue of making neighborhoods as parsimonious as possible, that
is, with no redundant information: the subset {§3x,Sx} informs us that the successor
has been applied three times and that the successor has been applied one time—clearly,
the second piece of information is redundant.

By the very definition of entailment in an abstract acis, we have non-
antisymmetricity, that is, we can have two different tokens entailing one another. Call
an acis antisymmetric when antisymmetricity for entailment holds. By induction on
the formation of tokens one can directly prove the following.

Proposition 1.37. All basic algebraic acises are antisymmetric.°

6 A parametric basic algebraic acis, like L(p), is antisymmetric if the parameter acis p is antisymmetric.
For simplicity’s sake, we focus here on non-parametric algebraic acises.
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Even in the case of an antisymmetric acis though, non-antisymmetricity may appear
in its neighborhoods as well as in tokens and neighborhoods of its function spaces. For
any acis p, recall the equivalence relation of mutual entailment on Conp:

Nontrivial examples of equivalent neighborhoods in arithmetical acises are the follow-
ing:
{874}~ {57, 84}
{({8%},8%%) )~ {({8%4),8%%) . ({2}, 8%},
{({({0},54)},0)} ~(11)— {({({0},5%)},0), ({({0},8%), ({0}, 1)},0)}
{({SZ*}’{SZ*LS*)} NMi—(1—1) {({Sz*as*}a{sz*as*}vs*)} .

We would like to have a notion of “normal form” for neighborhoods, so that every
neighborhood would have a normal form and two neighborhoods in normal form would
be equivalent if and only if they were equal. This turns out to be easily feasible for
algebraic acises, as we now show.

The definition of the set NF,, of neighborhoods in (atomic) maximal form, for an
algebraic acis p, is inductive on the formation of the acis:

e for a basic algebraic acis &, a neighborhood U € Cong, is in maximal form if it
contains no entailments, that is, if none of its elements entails some other:

{a,-},- € NFq = v V.ai%aaj ;
U J#i

o for a composite algebraic acis p — o, a neighborhood {(U;,b;)}; € Conp_.g is
in maximal form if all its lower-type objects are either already in maximal form
or else tokens and if it contains no entailments:

{(Ui,a,-)},- S NFp_>G =

i JEI

Theorem 1.38 (Atomic maximal form). For all algebraic acises p the following hold:
1. ForallU € Con, there is a U’ € NF,, such that U ~, U'.

2. ForallU,VENF,itisU~p V< U=V.

Proof. We prove the more general step cases. For the first statement: Let {(U;,a;) }ies €
Conp_,s with U; € NFp, a; € NF5 U T;, for every i; suppose that there are k,/ € I such
that (Uk,ak) —p—o (Unap); set I' == 1 —{1}; it is easy to see that {(U;,a;) }icr ~p—o
{( i’ 1)}1 ‘el -

The left direction of the second statement is obvious. For the right direction let
{(Ui,ai)}ieb {(Vj,bj)}jej € NFpA)G be such that {(Ui7ai)}i€1 ~poo {(Vj7bj)}jej; this
unfolds to

va( )) >‘p*)(7 (VJ,b ) /\VEI( )) }p*}o- (U,,al),
Ji(j) i j(i)

which is equivalent to V; 3;(Vj,b;) ~p—o (Ui,a;); by definition we get V; 3;(V; ~,

Ui ANbj ~¢ a;), which, by the assumption and the induction hypothesis, yields

V;3i(V;,b;) = (Ui, a;); similarly we have V; 3;(U;,a;) = (V;,b;), which concludes the

proof. O
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Notice that, in the special case of arithmetical acises, neighborhoods have fairly simple
maximal forms, since they are built on singletons of 7;: a at t, {(a},a?)}; at t — 1,
{({(a},a3)}ji,a)}iat (1= 1) =1, {(q},(a},a}))}i at t — (1 — 1), and s0 on, where
curly brackets of singletons have been omitted.

It is also important to notice that NF, is not closed under application; for example,
{({S*},S%), ({8%x},8%) } € NFy_w and {2} € NFy but

{({S%},8%), ({87}, 8%%)} - {2} = {87, 5%} ¢ NF, .
Nevertheless, we have the following monotonicity property.

Proposition 1.39. If p is an arithmetical acis and {(U;,b;)}i<n € NFp_, then
U; %p Uj — b; >ij R
foralli,j<n.

Proof. Let U; - Uj for some i, j < n with i # j (no loss of generality); then U; <, U,
hence, by the consistency of the neighborhood, b; <y b;; the property of comparability
gives b; =y bj, since b; =y b; would contradict normality. O

Remark. Note that it can be U; <, U; Ab; = bj, with U; # p Uj and U; #p U;; take for
example
{({(50,50)},50)., ({(5%0,5%0)},5%) } € NFry-s30) 1 -

We will revisit monotone neighborhoods in not necessarily atomic information systems
on page 96. O

1.4 Computability over arithmetical functionals

In this section we have the main result of this chapter, a definability result (Theo-
rem 1.46): we show that a functional is computable exactly when it is defined in terms
of certain basic arithmetical functionals. Results of this kind for given PCF-like lan-
guages have been considered numerous times, for example in [35, 11, 46, 31]. We
prove this result here directly for arithmetical acises, in a way that is directly appli-
cable to any non-superunary algebra. Yet, in the case of algebras with superunary
constructors, one cannot hope to apply the same methods, as we show in the end of the
chapter.

For the remainder of the section we consider exclusively arithmetical acises, unless
otherwise stated.

Recursion on parallel conditionals and existentials

Call a partial continuous functional computable if it is Z(l)—deﬁnable as a set of tokens.
It is direct to check that evaluation and currying functionals are computable, that com-
position, application and cartesian products of computable functionals are computable,
as well as that projections are computable.

Let p be an acis and f : p — p a continuous mapping. An ideal u € Ide,, is said to
be the least fixed point of f if

fu) :u/\ve‘lzep(f(v) =v—->ulv).
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Proposition 1.40. Let p be an acis and f : p — p a continuous mapping. The mapping
f has a least fixed point given by the equation

Y= U M.

neGy

Proof. Since f is continuous, it is monotone and commutes with directed unions. By
monotonicity,

LCfh)c—crmLc-,

which yields u := U,cq, f"(L) € Idey; by commutativity with directed unions,

f=rCU = U rorw)= U ) =u.

neGy neGy neGy
So u is a fixed point. Let v be another fixed point of f; we have
LCv= (L) C W) =v== (L) Sy
which yields u = g, f" (L) C v, so u is the least fixed point. m]

Proposition 1.41. The least fixed point functional Y : (p — p) — p is continuous and
computable for any p.

Proof. For monotonicity, if f C g, then trivially U,cq,, f" (L) € Upeg,, &"(L). For the
principle of finite support, let b € Y(f), that is, b € U,c,, f"(L); equivalently,

JbeML= I F reW'(L)E I be | W),
n€Gy n€EGuwc/l f WSl Gy

s0 dycrpb € Y(W). For X0-definability, let (U,a) € Yp, that is, a € Y, (U); then
equivalently

ace JU' (L& J acU'(L)'E J aclU0& J U'orpa;
neGy neGy neGy

but this is equivalent to the formula

3 3...3(V0=®A V (Vier = UV)) AV, >pa> ’

neGn Vo Vi i<n
which is a Z?-expression by Proposition 1.17(5). O

Define the parallel conditional functional pcond : B - N — N — N by

p=t
pcond(p,u,v) =4 v, p=ff,
p=_1

unv,

Proposition 1.42. The parallel conditional functional is continuous and computable.
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Proof. For monotonicity: Let u C ' and v C v'; we distinguish cases according to the
boolean values:
pcond(tt,u,v) = u C ' = pcond(t,u’,v') ,
pcond(ff,u,v) = v C V' = pcond(f,u’,V') ,
(L, V),
pcond(L,u,v) =unv Cu Cu' = pcond(t,u’,V) ,
(

(
(

pcond(L,u,v) =unv Cu' NV = pcond
(

pcond(_L,u,v) =unv Cv CV = pcond(ff,u’ V') .

For the principle of finite support: if a € pcond(tt,u,v) then a € pcond(t,a, @
a € pcond(ff,u,v) then a € pcond(ff,2,d); finally, if a € pcond(L,u,v) then
pcond(@,d,a). For £!-definability, let (P,U,V,a) € pcond, that is, a € pcond(P,U
this is equivalent to the formula

);

if
ac
V)

(P =g tAU >Na)\/(P =g AV = a)\/(P: ONU =waNV >Na) ,
which is a £0-expression. a]

Define the (parallel) existential functional exist : (N — B) — B by

ff ; EInEGN (f(S”J_) = ff/\ngnf(k) = ﬂ:) s
exist(f) = ¢t, dicg, f(n) =t

1, otherwise .

Proposition 1.43. The existential functional is continuous and computable.

Proof. For monotonicity: Let f, f’ € lden_, be such that f C f’. We distinguish three
cases: In case d,cq,, (f(S"L) = A Vi<, f(k) = f), then, by definition,

= ( d S"L-wnUAUf)ef)AY 3 (k»NVk/\(Vk,ﬁ)ef)>;

neGy \UeCony k<nV,ecCony

since f C f/, we trivially get

3 ( 3 ("L=nUAUHeMHAY T (k=nViA (Vi f) e f’)) ,
neGy \UeCony k<nV,ecCony
which in turn means that J,cq, (f'(S"L) =fAVi<n f' (k) =F), so exist(f) =
exist(f’) = ff. In case J,cq,, f(n) = t, we have
3 3 (n=nUAUM)EfCS),

neGy UeCony
which gives J,cq,, f(n) =t, so exist(f) = exist(f') =t. Finally, in case exist(f) = L,
it is obviously exist(f) C exist(f’) for any possible value of the latter.

For the principle of finite support: Let b € exist(f); if there exists an n € Gy such
that f(S" L) =ffA Vi<, f(k) = ff then b € exist((5"@, f)); if there exists an n € Gy such
that f(n) = t then b € exist((n,t)) (the case b € L is absurd).

For X)-definability: Let ({(U;,b;) }i<m,b) € exist, that is, b € exist({(Ui, ;) }i<m);
this is equivalent to the formula

(ﬁ =g bA {(Ul,b )},<m =NoB (S 0 ﬁ))

neGy

(mm = ({(Ul-,b»},gm 1vm (8°0,0) A Y {(Ub0) )i 5 <sko,ﬁ>)>,

neGy
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which is a £%-expression. o
In terms of pcond and exist we can easily define the following:
1. The conditional functional cond : B — N — N — N defined by
cond(p,u,v) := pcond(p,pcond(p,u, L),pcond(p, L,v)),

which can be unfolded to

u, p=t,
cond(p,u,v)=<v, p=f,
1, p=1.

Note that pcond(p,u,v) = cond(p,u,v) if and only if unv = L.
2. The disjunction functional or : B — B — B defined by

or(p,q) = pcond(p,t,q) ,

which unfolds to
t, p=tvg=t,

or(p,q)=qf, p=qg=*f,
1, otherwise .

3. The conjunction functional and : B — B — B defined by

and(p,q) = pcond(p,q,f) ,

which unfolds to
t, p=g=t,
and(p,q) =« f, p=fvg=*F,
1, otherwise .

4. The negation functional not : B — B defined by
nOt(p) = pcond(pa ffﬂt) ’

which unfolds to

tt ) pP= ff ’
not(p):=qff, p=t,
1, otherwise .

5. The implication functional implies : B — B — B defined by

implies(p,q) := or(not(p).q) ,
which unfolds to
tt ) pP= ﬂ\/q =t )
implies(p,q) =< ff, p=tAng=F,
1, otherwise .

All of these are continuous and computable functionals since they are defined by
pcond. The p-ary generalization of or we will denote by ORY_;.
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Enumeration and inconsistency functionals

To make case distinctions in subsequent proofs less branching, we hereafter adopt the
following convention: let p, o and 7 be arithmetical acises; a functional f: p - N —
o — 7 that satisfies f(u,x,v) = L for x ¢ Gy, will be informally typed by p — Gy —
o — 7, and will be treated only on its arguments where x is total.

For every arithmetical acis we fix an enumeration of neighborhoods {U,,},,GGN,
such that (i) Uy = @ holds, and (ii) the following are primitive recursive relations:
Ui =<p Up, Uy =p Uy, Uy - Uy, = Uy (for appropriate types), and U, UU,, = Uy, with
k= 0if U, #p Up. In the following we may write b for singleton neighborhoods {b},
whenever we want to stress that they behave as fokens.

Define the conditional extension functional (also continuous union, see note on
page 47) condext : N — Gy — N by

v b, v
condext(v,n) = b77 ”h ’
n, otherwise .

The condext operator extends b,, to v whenever this is allowed.
Proposition 1.44. The conditional extension functional is continuous and computable.

Proof. For monotonicity: Let v,v' € Idey, with v CV'. In case b, € v, then b, € V/
as well, so condext(v,n) = v C V' = condext(V',n). In case b, & v, then either b, € v/
and so condext(v,n) = b, C v/ = condext(v',n), or b, ¢ v and so condext(v,n) = b, =
condext(v/,n).

For the principle of finite support, let b € condext(v,n). If b, € vthen b € v as well,
and b € condext(bUb,,n). If b, ¢ v then b € by, and b € condext(b,,n).

For X0-definability, consider a token (V,N,b) € condext. This means that b €

condext(V,N), which is equivalent to the formula

B (N >Nn/\(V %an\/v =nbVb, >Nb)) ;

neGy
this is a Z(l)—expression. O
Proposition 1.45. Let p be an arithmetical acis.

1. There exists an enumeration functional enp : Gy — N — p, with the properties

enp (m,x) = Uy, when x ¢ Gy
enp (m,n) = Uy, when U, =p Uy, .

2. There exists an inconsistency functional incns, : p — Gy — B, with the property

H ﬁ? U )
incns, (u,n) = {ff Zi” U”
’ p~n -

The inconsistency functionals concern application: let ¢ be an arithmetical acis and
(Un,by) atoken of a partial continuous functional v of type p — ©; the only case where
the token may contribute the information b, to the value v(u) is when incnsp (u,n) is
ff. In order to define the functionals incns,, we will need the enumeration functionals,
that enumerate all finitely generated extensions of U,,, for U, € Con,.
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Proof by induction on types. First we deal with the enumeration functionals. Let
p=p1— - —pp—=>N,Uy,€cConp .p,nand fi,..., fp, g and h be primitive
recursive functions such that

Un= {(Ufl (my0)s++>s Ufp(m,l)abg(m,l))}l<h(m) y

with
I>0— bg(m,l) Dbg(m,l’) . (1.1)
In this representation we have U, ;) € Conp, and by, ;) € Cony, for all [ < h(m) and

all 1 <i< p, while h(m) denotes the number of elements of U,,,. Consider the collection
{Un,1}1 of progressive approximations of U,; in particular, for [ € Gy, define:

Ux,z =0ifx ¢ Gy,
Um,O =0,
Um,l—H = Um.,l U {(Ufl (m,l)s- -+ 7Uf,,(m,l)7bg(m,l))} :

Observe that U, j(n) = Up.-
For an arbitrary argument i € ldep, —,...p,, define an argument test qy; | €xpress-
ing whether the application U, ;4 (i) does not contribute information to the value of

U (8):

» L ’ Elf=l Ui Xpi Uf,(ml) ’
Qi = g)zl:lhncnsp,.(ui,ﬁ(m,l)) =3 Viiuimp Uiy »
1, otherwise .

Observe that in the last case we have that Elf: 1 Ui #p; Ug(mgy while we still have that
Vf;l uj <p; Ugm,1)- Similarly, for an arbitrary partial number v € ldey, we will use
condext(v, g(m,1))—written condext(v,m,l)—as a value test.

Define now an auxiliary functional ¥: p; — --- = p, -+ N = N — Gy — N by

Wix(n1) =vifx¢ Gy,
lpﬁ,m(vao) =V,
Wi (v, 14 1) = pcond (g m1, Pim(v,1), condext(W , (v,1),m,1)) .

The following two claims show that this functional is designed to yield extensions of

Uy, In particular, W ,,,(v,1) is meant to add v to the value of the application of the /-th
progressive approximation of U, to i, whenever possible.

Claim 1. Iris Wy (L,1) = Uy (d).

Proof. For x ¢ Gy it is obvious. For m € Gy, we proceed by induction on /. For / =0,
it is obvious. For [ + 1, we reason by cases on gj; , ;:

o If ggmg =t then 37, ui Zp, Up(n1)» 50

(Ufl (m,0)s+ s Uf,,(m,l)vbg(m,l))(ﬁ) =1,
which yields Uy, ;11 (i#) = Uy (if). On the other hand,

lPﬁ,m(Lal + 1) = lIlﬁ,m(J-al) = m(ﬁ) :
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o If giipmy = then VI u; = p, Up,n1)» 50

Unmiys- > Utymt) s bgma)) (@) = byg(m)

which gives Uy, 141(i) = bg(y,1), due to (1.1) and Proposition 1.36(3). On the
other hand,

Wim(L,l+1) = condext(¥s,,(L,l),m,I)

= condext(U,, (ii),m,1)

= b(m,1) -

For the last step: for by, 1y € Uy () it is Uy, (i) = bg(y gy by (1.1), while for
by(m,s) & Un,(d) it is immediate.

e Finally, if gz, = L then 37 u; Y p, U,y and V2t =p, Ugy ) 80

(Ufl (m,)>- - 7Ufp(m,l) ) bg(ml))(ﬁ) =1,
which yields U, ;41 (if) = Uy (i). On the other hand,

Wim(L,[+1) =Yg, (L,1)condext(Wgn(L,1),m,l)
= U, (i) N condext(T,,, (id),m, 1)
= U (i) .

(

—

For the last step: If by, ) € Upy(id), the result is immediate. If by, ;) ¢
Uy (i), then let Uy, (i) = bg(y ), for some I' < I (if U, () = L there is
nothing to show). By (1.1) it is %D bg(m,ry- Since VP ui =, Uf,(m,1)
and Vf:l ui >p; Us,(m,r), by the propagation of consistency in each p; we have
‘V’le Usiima) =p; U (mr)s this, by the definition of consistency in function spaces,
yields by (1) <N bg(n,r); by Proposition 1.36(3) we get by (1) >N Dg(m,r)» and

80, bi(m,1ry N bi(m 1) = b,y = Unm.1 (i) =

Claim 2. For a given v € ldey, suppose that qg g = — v =n bg(ny) and qim; =

11— bg(m,l) =n v. Then vl<h(m) lPﬁTm(V,l) =

Proof. We proceed again by induction on /. For / = 0 it is trivial. For / 4 1, we reason
by cases on gy .

o If Gii.m.) = t then lP'l,m (vv I+ 1) = lpﬁ,m(va l) =v.

H

o If gy n; = ff then ¥y, (v, 4 1) = condext (W, (v,1),m, 1) = condext(v,m,l) =v.

o If gy = L then ¥;,,(v,l + 1) = Py, (v,]) N condext(¥z,, (v, 1),m,1) = v
condext(v,m, ). In case by, ;) € v we’re done; in case by, ;) € v, by hypothesis

and comparability, bg(,, 1) >N V, SO gy NV = .

So in all cases the claim holds. O
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Now let a
en(m,x) (i) == Wi m(Pir (L, h(x)),h(m)) .
We show that the desired properties of en hold: For the first one, suppose that x ¢ Gy;
we have

en(m,x) (i) = ¥

Um,h(m) (”7)

For the second one, suppose that U, >y PN U,,, for n € Gy; we have:
en(m,n)(ii) = Wi (Vi (L, h(n)),h(m))

= lPﬁ.,m (m(ﬁ) ’ h(m))
= Wy, (T5 (@), h(m))

CL2

2 Ty (i) -

Claim 2 that we appealed to in the last step indeed holds: it is U, (&) = U, (i) by
Proposition 1.17; let I < h(m); if gz, = f, then

p — -
i =i Usitm) = U () = bg(t) = Un (i) =1 by »

while if gz, ; = L, then, by hypothesis,

P 4
i =p Unonp A, 2 <,»V1 Usima) =i Ugina) Ngtnr) =1 bg(mJ))

n)

= 3 @u-v Uy iy Aby ) = b
p<hny \imt P Sid) Pl 2(m.1)

def —_—

- l’<%|(n) (Un(u) N bg(”vl/) A bg(”al/) ~N bg(m,l))

prRg

= U, (i) =11 by -

Now we deal with the inconsistency functionals. Since we are working with atomic-
coherent structures, we can start by expressing inconsistency between an ideal and a
token (again, expressed as a singleton neighborhood). For all types p, ¢, fix an enumer-
ation {(Uy(j), by(i)) YieGy € CONpso Of Tp_s, through primitive recursive functions f
and g. We need a term for a functional with the following behavior:

iCpso (i, i) = t M*PHG (Uf(i)’bg(i)) ’
o o urpso (U b)) -

We have
iCpo (1,1) =t € u£p 5 (Ui, byii)
S 3 WUriry =p Usiy Mg #o byii)
& 3 (u(enp ((2), £(n'))) o by(r)
& 3 (iea (ulenp (f(1), /(1)) 1) = 1) ,



42 1. Atomic-coherent information systems

where for (x)’s we let Up(,) = U U Uy ), for U <p Up;; furthermore

iCpo(u,i) =F & u=p 6 (Upgiy by(r))

& u(Usp)) =0 by
<d§> u(enp (f<l>7l)) ~c b&’(’)

def

& icg(u(enp (f(i),1)),i) =1,
so, writing n for f(n'), define
iCp—so(u,i) := exist(A, ics (u(eny (f(i),n)),i)) .

We are now able to express inconsistency between an ideal and a neighborhood U,, =
{bj(n,l)}l<h(n), by letting

. . . t, ico(u, j(n,1)) =t
incns, (1,n) = OR icy(u, j(n,1)) = Tr<nm p (14,71, 1))
I<h(n) ff ’ vl<h(n) ICp (uv.](nvl)) = ff ’
which is exactly what we were after. O
Definability
Call a partial continuous functional u € Idepl_,..._,pp_,N recursive in pcond, exist and
condext if it can be defined explicitly for all arguments vy,...,v, by an equation
Vi, vp) =t(vi,...,vp),
where 7 is a simply-typed lambda term built up from variables vi,...,v,, A-abstraction,

application, algebra constructors, fixed point functionals, parallel conditional function-
als, existential functionals, and conditional extension functionals.

Theorem 1.46 (Definability). A partial continuous functional of type p — N over N
and B is computable if and only if it is recursive in pcond, exist, and condext.

Proof. LetQ:py — --- — p, — N be a computable functional. It will be represented
as a primitive recursively enumerable set of tokens, that is,
Q= {(Ufl(n)a cee 7Uf,,(n)7bg(n))}”€GN )

where, for each i =1,...,p, Uy, follows an enumeration of Cony,, by, follows an
enumeration of Cony, and fi,. .., f;, g are fixed primitive recursive functions.
For arbitrary ii € Ideplﬂ...ﬂpp and v € |dey, define an argument test by

) t, 3w A Usn s
Giin = ?:Fl{incnsp,.(u,-,ﬁ(n)) =<ff R szl u; >Pi Uf,-(n) s
1, otherwise ,

and use condext(v,n) as a value test. Define a functional @ : py — --- = p, = (N —
N) — Gy — N by

@z (y)(n) := pcond (gz ., w(n+1),condext(y(n+1),n)) .
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We show that Q (i) = Y(@z)(0). In particular, we show that both recursion on ®; at 0
and Q(#) entail the very same information, that is,
v (Q(ﬁ) =N b Y((D,;) (O) N b) .
beTy
For the right direction, suppose that there exists a token b € Tiy such that Q&) = b.
This means that

p
3 (V Ui >p; Uﬁ(n) /\bg(n) =N b> . (1.2)
neGy \i=1
We claim that
V @5 (A L) (n—k) 11 by(n) (1.3)
k<n

and we prove it by induction on k. For k = 0:

@7(Ax L)(n) = condext((Ay L)(n+1),n) = condext(L,n) = by = by(n) -
For brevity, let v := wg*z(lx L)(n—k—1)and vy = w;f“ (Ax L)(n—k). The induction
hypothesis is that vo > bg(,). For k+ 1 we have:
v =@z (A L))(n—k—1) = pcond (gizn_—1,vo,condext(vo,n —k— 1)) .
We argue by cases on the argument test:
o If gini—1 =1, then v =vp > by, by the induction hypothesis.
o If giiyr—1 =T, then, for by(,_x_1) € vo, itis v = condext(vo,n —k — 1) =vy =n

bg(n)» by the induction hypothesis. For by, 1) & vo, itis v = by(,_;_1). By the
definition of incns we have

p
i\zlui =pi Ufi(n—k—1)

P
= ¥ U =ps Upn-k-1)

= bg(n) =01 Dg(ni1)
S bg(n) =1 Dg(n—t—1) V Dgni1) =1 by(n)
= bg(n—t—1) =1 bg(n) »

where: (%) holds by (1.2) and Proposition 1.2; (%) holds by Proposition 1.35;

and (x %) holds since if it was b, () > by(,—k—1), then the induction hypothesis

would yield vo > bg(,—k—1), Which contradicts the running hypothesis. So v -

be(n)-

o Ifitis gz, ;1 = L, then, for bg(n,k,l) € vp, itis v =v9Nvy = vy >N bg(n),
by the induction hypothesis. For by, 1) € vo, it is v =voNbg(,_;_1). By the
definition of incns we have

P
i\glui =p; Ufs(n—k—1)
= Upink-1) =p; Us)
= Dynt—1) = by(n)
2 bg(n) = by(n—k—1) V Dg(n—k—1) =1 bg(n)

E bynt1) =1 Oyl 5
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where: (%) holds by (1.2) and propagation of consistency; (x*) holds by Proposi-
tion 1.35; and (x* ) holds since if it was bg(n) N bg(n,k,n, then the induction
hypothesis would yield vo > bg(, 1), which contradicts the running hypothe-
S18. SOV =N by ().

We proved that v - by (,) in all cases. Letting k = n in statement (1.3), we get
wngl ()vx L)(O) N bg(n) = Y((Dﬁ) (O) snb,

by (1.2) and the definition of the fixed point functional. So, Y(®;)(0) entails all infor-
mation of Q(i).
Conversely, suppose that
Y(@37)(0) =1 b (14)

We claim that

m+n )4
v <w5+1(/1x L)(m) =nb— 3 <VM,- =0 Upty Nbg(r) >-Nb>) . (15)

meGy I=m \i=1
and we prove it by induction on n. For n = 0:

oA, L)(m) =n b

£ peond(gam, (A L) (m+ 1), condext((A, L)(m-+1),m)) =11 b
& pcond(gii,m, L,condext(L,m)) = b
= qiim = A condext(L,m) = by(y) > b

P
S ¥ i =y Upn) Nbgm) =20
A

so [ := m does the job. For n+ 1 we have

o(0" (A L)) (m) = b

def.

& peond(giz m, @ (Ax L) (m+1),condext(@™ ! (A, L)(m+1),m)) =y b

def.

& (qam =N " (A L)(m+1) =1 b) V (qim = F A gy =11 b)

which is granted by the induction hypothesis. So, Q(i) entails all information of
Y (wz)(0). O

Comparability properties

Entailment in general—indeed, in most natural instances as well—does nothing more
than preorder the carrier set. In the proof of Theorem 1.46 however we saw that com-
parability of tokens (stated in Proposition 1.35) proves of crucial importance. Is it
possible to extend the definability result using the same techniques in order to cover
algebras with constructors of arbitrary arity?

The answer is no. In this section we explore principles of comparability for an acis
in general and then clarify the connection to algebraic coherent information systems.
We show that the demand that constructors be at most unary is essential to our proof of
Theorem 1.46.
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Given an arbitrary acis p, introduce a principle of comparability (or conditional
dichotomy) for its tokens, its neighborhoods, and its ideals, as follows:

V (axb—a>bVb=a), (PC-T)
a,beT

V UxV-=sU>=VVV=U), (PC-N)
U,veCon

V (uxv—=vCuVulv). (PC-I)
u,velde

We will readily show that all three principles are equivalent.

For an arbitrary neighborhood U, call a maximum of U, denoted by maxU, an
element a € U that entails all elements of U, that is,Vcy @ > b. If a maximum exists at
all it doesn’t have to be unique, as (T, >) is in general just a preorder. Assuming PC-T
though, entailment would order any nonempty neighborhood totally, so a maximum
element would exist and be unique. So we have the following.

Proposition 1.47. If principle PC-T holds, then for any nonempty U € Con, maxU
exists and is unique.

Proposition 1.48. Principles PC-T and PC-N are equivalent.
Proof. Assume PC-T and let U,V € Con. It is

def
UxV& YV axb
aclU,beV

= V (a=bVb=a)
acU,beV

P. 147

= maxU > maxV VmaxV > maxU
Def.

=U>VVV>=U,

which proves PC-N. Conversely, assume PC-N and leta,b € T'. It is

PC-N

ax<be {a} <{b} = {a} - {b}Vv{b} ={a} ©a>bVb>a,
which proves PC-T. O

Proposition 1.49. Principles PC-T and PC-I must be equivalent.

Proof by contradiction. Assume PC-T and let u,v € lde, for which u < v. With no
loss of generality, assume u and v to be distinct, so there is either an ag € T such that
u>ag¢voraby€ T such that u » by € v. In the first case we have

def
uxvsS Vo oaxb
acu,bev

=V ap=b
bev

= A (ao >b\/b>a0)
bey

g A apg - b,
bev
so v C u. For step (), should there exist some b € v such that b > ag, then, by the
definition of an ideal, we would have ay € v, against our supposition. In the second
case we similarly have u C v. This proves PC-1.
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Conversely, assume PC-I and let a,b € T. Then
a<b=a=b=bCavaCb=a>bVb>a,
which proves PC-T. O

The sole presence of at most unary constructors in an algebra yields comparability.
In fact, comparability characterizes algebras with at most unary constructors within
our type system.

Theorem 1.50 (Comparability). An acis induced by an algebra has at most unary
constructors if and only if it satisfies PC-T.

Proof. Let o have at most unary constructors; we perform induction on the length of
the tokens. Let C; and C; be two constructors of , both nullary. Then

CG=Ci=i=j.

Let Ca and Cb be two tokens. We have

def. def.

Ca=ChSa=b2a-bVb=a’Ca=ChVCh=Ca.

This proves PC-T for all tokens of Ty,.
Conversely, let C be a constructor of arity r > 1 in ¢; for a nullary constructor 0,
we have tokens of the form a = Ca0bx¢ and b = Caxb0¢, for which:

a<bNa¥tbAba,
so comparability fails. O

Based on this observation we may think of non-superunary algebras as compara-
bility algebras.

1.5 Notes

On binary entailment

The notion of atomic information systems was introduced by Helmut Schwichtenberg
in [47], after a suggestion by Ulrich Berger, as a particularly simple though far-reaching
special case of Scott information systems. As far as we know, apart from this thesis, the
structure has not been particularly studied in its own right, though an interesting excep-
tion is its use by Bucciarelli, Carraro, Ehrhard and Salibra as a model for intuitionistic
linear logic in [8].

Normal forms of neighborhoods

Normal forms for neighborhoods in flar information systems were already treated
in [44]. The maximal form that we describe in section 1.3 (page 32) actually gen-
eralizes the normal form that is described there. We will return to the subject of normal
and canonical forms of neighborhoods more than once in Chapter 2.
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The conditional extension functional

In page 38 we define the conditional extension functional condext, which also features
in [18] as continuous union and denoted by Uy. This functional is actually decidable.
Algorithms for this conditional extension are

condext(v, #b) = cond (implies(ve>b,b € Gy),b,v)

and
condext(v, #S"a) = cond (or(a €Gn,v— (n—1)=0),5a, v) :

where #b denotes the code of token b, a is either @ or 0, and — is the standard modified
subtraction. Notice that “€ Gy expresses a fotality test in the first case and a zero test
in the second—the latter is due to Simon Huber and Florian Ranzi.

Plotkin’s definability theorem

Our Theorem 1.46 originates in Gordon Plotkin’s original definability theorem for the
language PCF in his seminal paper [35] (the result there is listed as Theorem 5.1).
Helmut Schwichtenberg in [46] recounts Plotkin’s result using flat information systems
for the denotational semantics. Here we adapt the former to the setting of non-flat
information systems, which seems to be more appropriate for a development of a theory
of higher-type computability with approximations.

Our proof departs from the one in [46] in two main points, both due to the non-
flatness of the setting that we adopted: (a) it makes heavy and nontrivial use of compa-
rability of base-type tokens (see Proposition 1.35 and section 1.4)—recall that compa-
rability for non-partial (that is, non-bottom) base-type tokens in flat systems reduces to
identity; (b) it uses an extra “parallel” functional, namely, conditional extension.

Our approach was presented for the first time at the CiE 2008 conference. For a
formalization of the result in the theory TCF™, see [18].

The Coquand counterexample

The structure of acises begins to show fatigue with Theorem 1.50: comparability, a
basic tool for our argument of definability, fails in acises induced by algebras with
constructors of superunary arities.

There is another problem with atomic systems, not so much of a technical but rather
of a conceptual nature. In an algebra o with a binary constructor B: & — o — o and
anullary O : «, together with the partiality pseudo-constructor x, it is natural to expect
that the combined information BO* and B*0 should entail the information BOO; this can
not be explained atomically in a direct manner, since neither of BO* and Bx0 can afford
the information BOO on its own:

{B0x,B*0}  B0O . (%)

We refer to this as the Coquand counterexample to atomicity, as it was initially pointed
out by Thierry Coquand in a session of the MAP 2006 summer school, where acises
were presented. We will invoke it again and again—see in particular pages 106 and 113.

The observation, simple as it is, proves fundamentally crucial. It points to the limits
of the applicability of acises, since it shows that the problem (%) propagates to the case
of functional information, that is, information on the graph of a function: this informa-
tion comes as a pair of combined information on the argument of the intended function
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and simple information on the respective value of the intended function; consequently,
the problem propagates further to the case of infinitary algebras, since they involve
constructors with nontrivial recursive arguments, as in U : (N — Q) — O (for the al-
gebra of ordinal numbers see page 2). The counterexample really marks the transition
from the realm of atomicity to the realm of non-atomicity.

In fact, we embark on non-atomic information systems in the next chapter based on
a counter-observation to Coquand’s counterexample: the reason that we would rather
have the pair {B0x,B*0} entail B0O, is that the information in every position of the
latter is atomically entailed by the former; that is, despite the apparent non-atomicity,
the entailment in (%) features implicit atomicity, and this lends itself to elaboration.

Outlook

In view of the previous note, maybe the most reasonable question to ask is how to
approach the definability requirement for types over algebras where superunary con-
structors are present. As already noted, this calls for different and more advanced
techniques. We move in this direction in the context of the more general coherent
information systems in the next chapter.



Chapter 2

Matrices and coherent
information systems

In Chapter 1 we already alluded to the inadequacy of acises. In order to embrace more
complicated—but nonetheless indispensable—kinds of algebras, namely, algebras with
superunary constructors and infinitary algebras, we need to move to a non-atomic set-
ting. But how?

A way to do it would be top-down: to consider Scott information systems and
impose the property of coherence upon them, as we do in Chapter 3. This is a simple
way—it is actually the way that has governed the relevant research for the most part up
to now—but it is also a rather naive way: in doing so we miss the close and intricate
relation between algebraic atomicity and algebraic nonatomicity. This relation can
be best revealed in a bottom-up fashion, that is, starting from acises and arriving at
coherent information systems.

Non-atomic coherent information systems

To justify better the bottom-up course of this chapter, let us first see what a direct
definition of an algebraic coherent system looks like, and what it might be hiding.
The standard definition of a coherent Scott information system (T,Con,t), for T a
countable set, Con a collection of finite subsets of 7, and F a relation of the sort
Con x T, demands that the following axioms be fulfilled (in section 3.1 we go into
more detail concerning information systems in general, but for now the definitions
suffice).

1. consistency is reflexive, that is, {a} € Con, foralla € T,

2. consistency is closed under subsets, that is, if U € Conand V C U then V € Con,
3. consistency is coherent, that is, if {a,a’} € Con, for all a,a’ € U, then U € Con,
4. entailment is reflexive, that is, if a € U then U |- a,

5. entailment is transitive, that is, if U =V and V ¢ then U F ¢, and

6. consistency propagates through entailment, that is, if U € Con and U + b then
U U{b} € Con,
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where U =V is as usual a shorthand for V,cy U I b.

To each algebra o given by constructors (see page 1), we assign a nullary partiality
pseudo-constructor xq; we may also say proper constructor when we want to stress
that we don’t mean *,. Let o be such an algebra (for simplicity, we assume it is
non-parametric). For any constructor C of arity (f; — ¢,...,p, — a) we define the
following:

o ifa) €15 4, ..., ar €T5 4, then
Cay--a, €Ty ;
moreover, *q € Ty;
o if {a11,...,ay} € Cong ,q, ..., {a,...,ay} € Cong 4, then
{Cay1---ay,...,Cay;---any} € Cong ;
moreover, if U € Cong then U U {4} € Con;

o if {all,...,all} Fﬁ]*WC al, ..., {a,l,...,arl} Fﬁr%a a,, with {all,...,all} €
Cong, s -+ -5 {ar1,---,an} € CONg 4, then
{Cayi---ap,...,Cay;---ay} o Cay ---ay ;
moreover, if U € Cong, then U t¢ *¢.

One can directly show that these definitions qualify for (7y,Cong,t¢) to form a co-
herent information system; this will be the coherent information system induced by «.
Note that if o had no proper nullary constructors it would be empty, hence the induced
information system would consist solely of partial tokens—here we do not allow this
situation.

As for the function space p — ¢ of two given information systems p and o, which
models the corresponding higher type, one defines the following!:

e if U € Con, and b € T then
(U,b) € Tp—s5 ;
o letUi,...,U €Conp,by,...,b€Ts,and J :={1,...,l};if forall I C J, Ui, U; €
Con, implies Uje/{b;} € Cong, then
{(U;,b) | j€J} € Conpss ;
o letU,...,U,U €Cony, by,...,b;,b e Ty, and J :={1,...,1};if for some I C J,
itis both U -, U; for alli € I and {b; | i € I} - b, then
{(Uj,bj) | j€ T} Fpoo (U, b) .
The definition of entailment here can be formulated in terms of a (list) application
between formal neighborhoods: {(Uy,b1),...,(U;,b;)}U :={b; | U Fp Uj,i € J}; so
o if {(U1,b1),...,{U;,b;))}U kg b, then {{U},b1),...,{U;,b;)} Foso (U,b).

Again, one can directly show that the triple (Tpﬂg, Cony 0, }—pﬁg) is a coherent
information system every time p and ¢ are coherent information systems (it actually
suffices for o to be coherent, see [49, § 6.1.6]).

'Due to legibility, in this chapter we choose to write (U,b) instead of (U,b) for tokens in the function
space.
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Some examples of coherent information systems

Conjunction-implication information system. Call a set of propositional formulas
{F,...,F} consistent if - F;, j=1,...,1, and say that {Fy,...,F;} entails F if - F| A
- ANF; — F. Itis easy to see that these definitions build a coherent information system
with tokens all valid propositional formulas, which we will call here the conjunction-
implication information system for propositional calculus.

Binary trees. Let D be the algebra given by a nullary constructor 0 : D and a binary
B :D — D — D. In the coherent information system induced by D as explained above,

[T 2]

one has (we write “x” for “sp”)

*,0, B0, BO*, B(B(xx))(B0(B00)) € Tp ,
{B0x,Bx0}, {*, B(BO*)x, Bx(B0x)} € Conp ,
{B(BO0%)*,B(B+0)0} Fp *, B+, B(B00)0 .

Ordinal numbers. Having defined the algebra of natural numbers N, the algebra O of
ordinal numbers is given by the constructors 0: 0, S: O — O, and U : (N — O) — O.
In its coherent information system one has

*0,0,550,58S*g,SU <{S*N},S*@> eTo,
{U{{S},U({S880,%},550)), U({S50},U({*},588%)),U({0},850)} € Cong ,
{U{{SSx},U({S0},80)), U{{Sx},U({SS*},S50)) } Fo U({SO0},U{{SSO},SSx)) .

Implicit atomicity

The claim of this chapter is that for any algebra that we may consider, entailment in its
induced information system will implicitly feature atomicity—which is already explicit
in the case of non-superunary algebras.

To see that, consider firstly a finitary algebra o with an r-ary constructor C. By the
above definition, for nullary tokens (that is, either 0’s or *4’s) a;j,a; € Tq, i=1,...,71,
j=1,...,1, we have

{Ca1y---an,...,Cay,---an} o Car---a,

-
= 'Vl{ail,...,a,-l} |_oc a;
=

=

1
E| {a,'j} }_(x a;
j=

1

54

T<C~ Tt

{aila"'7ail} ~a i,

where >~ is the atomic entailment as we defined it in the previous chapter. We can
phrase this situation as follows: nonatomic entailment translates to point-wise atomic
entailment.

It seems fair to anticipate that this implicit atomicity carries over to more complex
tokens so that it will permeate the whole entailment relation of «; in other words, that
o may be completely explained in terms of . But even supposing that this turns
out to be true, what about the function spaces of algebras, or, to take it a step further,
what about infinitary algebras?

To this, consider a simple-looking but nasty enough infinitary pseudo-algebra ®
with a nullary constructor 0 : @ and a unary constructor with a functional argument
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Q: (0 — ®) = o. The following example, for ay,az,a,b1,by,b € T, suffices to get a
feeling of how entailment behaves here:

{Q<{a1}’b1>7g<{a2}vb2>} Fo 'Q'<{a}»b>
e {{ai},h), (a2}, b2)} Foso ({a},b)
< {{ai},b1), {ar}, b2) Ha} bo b .

The last formula depends on lower-order entailment again, and it looks plausible that
the procedure eventually stops, and one has to compare sets of nullary tokens on the left
side and a nullary token on the right side (in fact, the presence of proper nullary con-
structors ensures the termination); so again, entailment translates to point-wise atomic
entailment.

In the following we carry out this idea in a rigorous way.

Remark. Structures like the above @, where constructors may have “negative” recur-
sive argument types, can not be tolerated in a formal higher-type computability theory,
as they can’t afford a natural semantic meaning; they are not algebras as we want them.
Nevertheless, the matrix theory to be developed in the following, deals with such for-
mal structures as well. O

Preview

In section 2.1 we introduce the notion of a matrix consisting of tokens from a given acis,
which generalizes the notion of a formal neighborhood, and develop an elementary
formal matrix theory on arbitrary acises. In section 2.2 we consider algebraic matrices,
that is, matrices over basic algebraic acises. We define the application of a constructor
to a matrix, which basically makes sense of the intuitive equation

air -+ ay
{Cayy---ap,....Cay---an} “="C| © . ;

arl v g

and use it to show that the non-atomic entailment is characterized by the entailment
between matrices, which is essentially atomic. Then we capture the homogeneous
normal form of a neighborhood and prove that it has a unique matrix representation
(Theorem 2.17). The homogeneous form leads to eigentokens in finitary algebras, the
simplest possible normal forms for neighborhoods that one could expect. Finally we
generalize the matrix representation theorem for the infinitary case.

In the rest of the chapter we deal with higher types. In section 2.3 we define non-
atomic function spaces. We investigate maximal neighborhoods of lists and establish
necessary and sufficient conditions for a sublist of a given list to be a maximal neigh-
borhood. Then we introduce the important notion of the set of eigen-neighborhoods of
aneighborhood, and, among several applications, we show that an eigen-neighborhood
behaves as a generalized token in an atomic setting: non-atomic entailment is charac-
terized by a binary preorder on the level of eigen-neighborhoods, thus establishing that
there is an implicit atomicity at higher types as well. Finally, in section 2.4 we give a
proof of the density theorem (Theorem 2.37) that improves previous known arguments
for our setting, and additionally give a couple of applications that aim to shed some
light on the structure of higher types and the role of eigen-neighborhoods.
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2.1 A formal matrix theory

Let p = (Tp,=p,>p) be an arbitrary acis (for the definition of an acis see page 7). An
r x | matrix over p is any two-dimensional array

apy ---oay

ari e ap

where all a;;’s are in T,. Call such a matrix coherently consistent if

. Cl[jXpaij/’

r
1=

!
Lj,j'=1

and write Mat,, for the class of all coherently consistent matrices over p. When the need
appears, write Mat, (r,1), and Mat, () for r x [ matrices, and matrices with » rows (and
arbitrarily many columns) respectively. We also allow ourselves to say lists or vectors,
write Lst, (/) or Vec,(r), and mean row matrices with / entries or column matrices
with r entries respectively. Denote the (i, j)-th element of a matrix A by A(i, j), and the
i-th row by A;. Finally, write Arr, instead of Mat,, for the class of arbitrary, that is, not
necessarily coherently consistent matrices over p.

It should now be obvious how matrices generalize formal neighborhoods (the lat-
ter regarded as lists®): a coherently consistent (r,/)-matrix is nothing but a vertical
appending of r formal neighborhoods of length /. The motivation, as we pictured be-
fore, is that this is a correct entity to use as an argument to an r-ary constructor (see
section 2.2).

Let A, B € Mat, (r). Call them (mutually) consistent and write A <, B when

ro 1!
i=1j=1j'=1
Say that A entails B and write A -, B when

!

~

l
3 AG.J) = B ) -

T<c-

1

=1
Proposition 2.1. Given an acis p, the triple M(p) = (Maty,=<p,>p) itself forms an

acis, the matrix acis of p.

Proof. We show that M(p) satisfies the properties for an acis. For reflexivity of con-
sistency: For any A € Mat, (1) it is by definition

ro 1 !

_vl Vl _VIA(z;j) =p A(i,j) &A=, A.
i=1j= ]’:

For symmetry of consistency: Let A,B € Mat, (r); it is
ro v ro 'l

A=B& _vl vl _VIA(i,j) =, B(i, ) < vl vl VIB(i,j’) =p A(i,j) & B=pA.
i=1j=1j'= i=1j=1j=

21t should be noted that in this chapter we move to an ordered environment, that is, we view formal
neighborhoods as lists, rather than sets, and at times we allow ourselves to be sloppy about that: unless
otherwise mentioned, a formal neighborhood will be identified with any list consisting of the same tokens.
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For reflexivity of entailment: Let A € Mat, (r,1); then

ro 1 7 ro 1 1
VIVA(,J)>,)A( j) = ’Vl Vl EIA(,])>A(i,j)<:)A>pA.
l ‘]7 Ji J ]7

For transitivity of entailment: Let A,B,C € Mat, (r); it is

A>pBAB =, C
P01 "o
<:>V1 Vl 3 A(i,j) =p B(i,j') A Vl 3 B(i,j") =p C(i,j")
i= =1 j=1 =1 j'=

"1

For propagation of consistency through entailment: Let A, B,C € Mat, (r); it is

A=pBAB ~p C

//_1 / —

r / lll l/
@%(Vl ¥ AW =p B /)N Y 3 B0 J) C(iJ”))
=l \J=lj=

l l”

%v V VA, j) =, C(i,j")

i=1j=1j"=1

SAx,C,
as we wanted. O

We now discuss some basic operations on matrices. Let A € Mat,(r,/) and B €
Mat, (r',1"). The transpose of A is defined as usual by

A(i,j) = A1)

but notice that it is not necessary that the transpose of a coherently consistent matrix
is itself coherently consistent. In case r = ¥/, define the horizontal append or sum
A+B e Arry(r,l+1") by

A(m,n) , n<l,
B(m,n—1), n>1I,

(A+B)(m,n) = {

and in case [ = I, define the vertical append or product A-B € Arrp(r+r',1) by

(A-B)(m,n) = {A(m,n) ’ mT,

B(m—rn), m>r.
In addition, we consider empty 0 x [- and r x O-matrices, which we collectively denote
by @p, and depend on the context to determine their exact dimensions. Itis @, € Mat,,
for every such matrix. Empty matrices will be particularly helpful when discussing
infinitary algebras and non-atomic function spaces (pages 85 and 87 respectively).

Proposition 2.2. Let A,B,C,D € Arry,. The following hold whenever well-defined.
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1. If A,B € Mat, then A-B € Maty, and if furthermore A <, B it is also A+ B €
Mat,.

2. Both append operations are monotone, that is,
A=, A'NB>~B —AoA"~,BoB,
where o is either + or -.
3. ItisA=p, @and A =) @, for every A € Mat,.
4. The following equations hold:
(A+B)+C=A+(B+C),
A+0=A=0+A,
(A-B)-C=A-(B-C),
A-@d=A=0-A,
(A+B)-(C+D)=(A-C)+(B-D),
A-B=(A"+B)" .
With the convention of writing @ for a one-element matrix [a], Proposition 2.2

yields two alternative notations for an arbitrary matrix A € Arr,(r,l), an additive-
multiplicative and a multiplicative-additive (or sigma-pi and pi-sigma respectively):

I r rod
A=Y JTAGH=TTXAG)).
j=1i=1 i=1j=1

both of which will later prove useful.

Mixed matrices

In anticipation of both infinitary algebras (where functional recursive arguments ap-
pear) and parametric algebras, we also introduce a kind of generalized matrices, where
each row might draw from a different acis. By a mixed matrix A of dimensions

(p1,---,pr) X I we will mean a two-dimensional array
ar ai
: S
arl ar
where, foreachi=1,...,r, all a;;’s are in Tp;; we write A € Arr(py,...,p,,1).

All notions pertaining to simple matrices, like coherent consistency, mutual consis-
tency, and entailment, as well as the structural operations and all relevant facts, carry
over to mixed matrices without any problems—to convince oneself, one should notice
how all definitions work row-wise, as the following observation ensures.

Proposition 2.3. Let py,...,p, be acises. It is
Arr(p1,...,pr,0) = Arrp (1,1) X -+~ X Arrp (1,1)

foralll > 0.
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Proof. A matrix A € Arr(py,...,pr,I) can be mapped to the r-tuple (Ay,...,A,) of

its rows; conversely, given an r-tuple (Ay,...,A,), with A; € Arrp,(1,1) for every i =
l,...,r,wehave[]/_, A; € Arr(pi,...,pr,1). The mappings are clearly an isomorphism
pair. O

Atomic function spaces I

We already have enough to go on with the main course, which is, matrices over alge-
bras, or algebraic matrices (section 2.2). Still, we linger on the formal level for the
remainder of this section, and examine the case of atomic function spaces. This, apart
from making the formal exposition more complete, will also help obtain a better un-
derstanding of the behavior of matrices, and also, allow to take a glimpse at interesting
structures that arise on the way (see nbr-acises, page 100), and try out ideas that will
play a crucial role in the case of the algebraic matrices, and their non-atomic function
spaces (see fest matrices, page 58).

We will readily see that the generalization of the above to atomic function spaces is
not so direct; here logic plays a dominant role, which takes some effort to be translated
into matrix terms. Let us begin in the obvious and natural way. An r X [ matrix over
p — o is any two-dimensional array

(Uw,an) - (Ui,ay)

<Urlaar]> <Url7arl>

where all U;;’s are in Con, and a;;’s are in 7. We denote the class of all such arrays
by Arr, 5. Obstacles appear already when one considers the subclass of coherently
consistent matrices over p — ¢, and further the notions of mutual consistency and
entailment. For the latter two we have the following. Let

(Ui,an) -+ (Uysan) Vibu) o (Vig,byy)
A= E : and B = : :
(Un,ar1) -+ (Un,an) (Vrt,br1) o (Vo byy)

The matrices A, B € Mat, (r) should be (mutually) consistent when

ro v

A =p—o B< »vl _Vl »/VIA(ivj) =p—c B(i’j/)
=lyj=ly=
ro 0

= V v \ <Uij,aij> =p—o <Vij’abij’>
i=1j=1j=1

=

r 1
= .Vl .Vl . (Uij =p Vijy — aij <o bij)
=1j=1y

—mnote that coherent consistency of a matrix is a special case of mutual consistency of
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two matrices: it is A € Mat if and only if A < A. Further, A should entail B when

ro 1
ArpueBe Vl .Vl E|1A(i,j) ~p—c B(i7jl)
i=1j=1j=

ro o1

< .\V/I vvl -31<Uij’ai.f> ~p—o <Vij’7bij’>
===

ro "1
<V V 4 (V,'j' =p UijN\ajj o b,'j/) .
i=1j'=1j=1
Clearly, it is not trivial to formulate the above formulas in matrix terms. In order to
do that we will use some extra tools, in particular, appropriate versions of “adjacency
matrices” for consistency and entailment.

Test matrices

Let I ={1,....r}, J={1,...,0}, J={1,...,I'"}, and I’ = {1,...,rl}. Consider the
blocking map b : I x J xJ' — I' x J', and the unblocking maps ug : I' x J' — I, uy :
I'xJ — J,and ug : I' x J' — J', that are defined by

b(i,j ') = (= DI+4,])
uo(i',j) = —1)NI+1,
u(i',j) = (" —1)modl)+1,
w(l',j) =7,

where m \ n and m mod n are the integer quotient and the remainder of the division of
mbyn,andiel,jel, jet, iel.

Proposition 2.4. The mappings b: I xJ xJ' —I' xJ' and u = (ug,uy,uz) : I' x J' —
I x J x J' form a bijection pair, called block coding (of indices).

Proof. One has to show that
u(b(i,j, 7)) = (i,.J) -

i€l jel,j'el’
SN (s
AN CCRO R

For the first property, leti € I, j € J, and j/ € J'. It is

u(b(i,j, /') = u((i =i+, J)
= (MO ((l_ 1)l+]>.]/) , Ul ((l_ 1)l+]a]/) s U2 ((l_ 1)l+.]a]/)) 5

with

up ((i—D)l+j,j")=((i—-1)I+j—D\I+1=i,
ur (= DI+j,7)=((i—1)l+j—1)modl+1=j,
uz ((l_l)l—’_.]a]/) j/v

sou(b(i,j,j) = (i,),j)-
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For the converse property, let i/ € I’ and j' € J'. Then

bu(',j) =b (uo(i',j),m (7, ), )
(o, j) =D+ wu (i, ), ua(i', )
(

(

(
((l/—l NI+ —=1)mod [ +1, ')
l/,j/)

where for the last step we used the identity
(m\xn)n+mmodn=m,
for m,n € N. |

If A € Arry(r,1) and B € Arry (r,1') are two arbitrary matrices, we can use this block
coding to form a block matrix with r blocks; each block will have [ rows and I’ columns,
so that it may serve as a “‘comparison table” between (positions of) elements of A and
B in their respective row; we understand b(i, j, j') as “the position (j, ;') in the i-th
block”.

In particular we need such comparison tables to test consistency and entailment
between elements of the two matrices in the same row. For an arbitrary acis p define

?
the mappings ;p, —pt Arrp (1) x Artp (r,1') — Arrg(rl,1") by

2 B<i',j'>:={t’ Aluor(i' 1)) =p Bluoa 1),

*pg , otherwise

? t A B )
A=p B(J,]) '—{ - Al 79) p Bl @)
xg , otherwise ,

2 2
where wug; := (uo,u1) and ugy = (uo,uz). We call A <, B and A -, B the consistency
and entailment test matrix respectively of A and B.

Proposition 2.5. Let A € Arry(r,1), B Arrp(r,l'), C € Arry (r,1"), and leti=1,...,r,
=1L =1, =1, 0

1. Itis A <, B if and only if their consistency test matrix is the true matrix, that is,

VVVA =p B(b(i,j,J')) =t.

l]]

2. ItisA, A(b(i,j,j)) =t forall i, j.

3 ItisA, B(b(i,j, ) = B, A(b(i, ', j)). forall i, j, }

4. It is A =p B if and only if their entailment test matrix consists of blocks with
non-blank columns, that is,

vvda "o B(b(i,j, ) = 1.

ij

?
5. ItisA=p A(b(i, j,))) =t foralli, j.
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? ? ?
6. IfA=p B(b(i. /') =tand B = C(b(i, ], }")) =t, then A =, C(b(i. . ")) =1,
foralli, j, j, j".
?
7. IfA, B(b(i,j, ') =tand B, C(b(i,j, j"))
foralli, j, j, j".

Proof. For 1:

:tt, then A ’“\?/P C(b(l7]7.]//)) :tt’

A =p B YYVA(, j) =p B(, J)@VWAAP B(b(i,j,j") =t.

ijj ijyj
Statement 2 is easy to see. For 3:

9

<:>B(i,j/) =p A(i, )

GBI A((i—)I+],)) =t

S AZ, Bb(i,j.]) =t.
For 4:

A>p3@vv3A(l J) o B(i,j) &YV 3A o B(b(i, ), /) = 1.
i ijj

Statement 5 is again easy to see, while for 6 we have

? ?
A >.P B<b(l7]7]/)) =tAB >P C(b(lvjla.]”)) =t
& A(i, ) =p B(i, /') AB(i, j') =p C(i, ")
S A(i,]) =p C(i,]")
?
S A=, Cb(i,j,j")=t.

Finally, for the propagation statement 7 we have

ALB(b(i,j, /) = AB = Clb(i, ], /")) =t
& Ali,J) =p Bi, /) AB(i, ) =p C(i, /")
<:>A(i,j) =p C(i,] )

SAS, CbG,j, ") =t. o

Overlapping and inclusion

We introduce two relations between matrices of the same dimension. Let A,B €
Arr, (1,1). Define

ro 1

A)B:=Y 3 (A(i,j)=B(i,j) %) ,

i=1j=1
ro 1

ACB:= iyl ,Zl (A(i,j) =*p VA(i, j) = B(i, ])) -

In the first case A and B overlap; in the second case A is included in B.
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Proposition 2.6 (nbr-acis). The following hold.
1. Matrix overlapping is reflexive on matrices with non-blank rows, and symmetric.
2. Matrix inclusion is reflexive and transitive.

3. If B is a matrix with non-blank rows, then
AJBABCC—A(C.

That is, overlapping (with a non-blank-row-matrix) propagates through inclu-
sion.

Proof. For reflexivity of overlapping, if A is a non-blank row matrix, that is, if
Vid;jA(i, ) # *p, then the statement follows immediately. For the symmetry of over-

lapping:
AQB(:)VEIA(i,j) =B(i,]) # *p @VEIB(i,j) =A(i,j)#£*p < BA.
i L)
Reflexivity of inclusion again is immediate, since for any A and all its i’s, j’s, it is

A(i, j) =*p or A(i,j) = A(i, ), so A C A. We show transitivity of inclusion: let A C B
and B C C, that is,

Yy( (A(i,J) = #p VA(i, j) = B(i,))) N (B(i, j) = %p VB(i, ) = C(i, })) ) :

in case A(i, j) = *p, then A(i, j) = *p VA(i, j) = C(i, j) holds; on the other hand, in
the case that A(i, j) # %, and A(i, j) = B(i, j) and B(i, j) = *p V B(i, j) = C(i, j), then
A(i, j) = B(i, j) = C(i, j) # *p holds; in both cases we get A C C.

Finally, for the propagation of overlapping through inclusion, let B be a non-blank
row matrix; then

AGYBABCC
@Y’?A(i,j) =B(i,)) # *p
AYY(B(i,j) =xp VB(i, ) =C(i, }))
= Y? (A(i,j) = B(i, j) # *p A (B(i, j) = *p VB(i, j) = C(i, ) )
:>Y§A(i,j) =B(i,j) = C(i,j) # *p
SA(C,

as we wanted. O

Atomic function spaces II

We will make use of a generalization of the transpose operation on block matrices,
where all blocks have the same dimension. Let A € Arr(r,[), with r = Mry, [ = Nlj.
Define its (inner) (M,N)-transpose by

N M
At(M,N) — Z (A(m,n))t ,

n=1m=1
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where A" is the (m,n)-th block of A:

AP (Y= A((m—)ro+i, (n— Dl + j)
form=1,... M,n=1,....N,i=1,...,r0, j=1,...,l.
Proposition 2.7. Let A € Arr(r,1). The following hold:

1A= A'LD = A1),
2. If r=Mry and | = Nly, then (A/MN) ) (MN) — 4

Proof. The properties are direct to show. For the first one we have

1
Al(l,l) — Z H(A(mJl))l _ (A(l,l))t :AI ,

n=1m=1
as well as
l r r 1 1 !
AD = Y TT @y =y Y [TA(m—1)+i,(n—1)+)
n=1m=1 n=1lm=1 \ j=1i=1

For the second statement, let r = Mry and [ = Nly. Then:

(M.N)

v MM Yo (M)
(At(M,N))t(M,N) _ ((Z HA(m,n)> _ (Z H(A(m,n))t>

We’re done. o

Let us now return to the situation where we had to figure out consistency and en-
tailment between functional matrices. Let p and o be acises. In section 1.1 we defined
what p — o is. Here we will define M(p — o).

For a functional matrix A € Mat,_,5(r,/) with

(Un,an) -+ (Uns,au)

<Urlaar1> T <Url7 arl>
define its argument part argA € Arry, (r,1) and value part valA € Arrg(r,1) by

Ui - Uy ap cc-ooay
argA = Lo and valA =
Ur - Uy an - an

respectively.



62 2. Matrices and coherent information systems

Theorem 2.8 (Matrix characterization of functional consistency and entailment). Let
A,B € Mat,_,s(r). Consistency and entailment between A and B are characterized by
inclusion and overlapping respectively of the test matrices of their parts:

1. A=y .o Bifand only if argA ;NP argB C valA ;0 val B.

9 9 t(r,1)
2. A>p o Bifand only if argB ~yp argA | (ValA > valB> .
Proof. For consistency:

? ?
argA =<yp argB C valA < val B

il 9
<V VvV <argA =p argB(i', j') = *
i=1j'=1

N
% argA =p argB(i', j') = valA <, valB(i', j') = 11)
eV v (Uum 1.7 70 Vioa(i1.77) V Gugy (.1) X0 buoz(i/».i’))

") Zp Vaga(i1,) = Qugy (i) =0 b”oz(i',/"))

SV VY Wap=e Vi = i) <o b))

For entailment:

2 ? (1)
argB - yp argA (ValA >~ valB)

rl’

t(r,1)
eV E| <argB >?-p argA(i', j) = <Va1A >?-G ValB) (i, j)= t)

i'=1j=1

rl’

< /vljzll ( ua(i'.7) =0 Uy (7.) N ug (,5) =~ buoz(i'ﬁj))
eV JV1 Jﬂl (Vi) =p Utijy Nagi) =0 biip)
SA>-p 6 B. |

2.2 Algebraic matrices

From now on we abandon the generality of abstract information systems and focus
on matrices over basic algebraic acises (see page 29). We have already used such
matrices, namely over B on page 58. A further example of a coherently consistent 4 x 3-
matrix over a basic algebraic acis o with constructorsO: o, S: ¢ > o, B: ot - o — «,
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C:a—a—a—a,and Q: (B — o) — « is the following:

C(BO0)s#q (S*¢) *a Cxoa(S0)
SBx* 4,0 SB* g%, SB(Q([tt], Q([ff], Bxa*a)) ) *a
Bxg*g B(C(S0)*g*q ) *o B (B%40)

Q([*p], SB*¢0) Q([tt], SBO+¢) Q([ff], SB(S0)*¢)

A matrix over a basic algebraic acis is called basic if it consists solely of *4’s or nullary
constructors; it is called blank if it is basic without any nullary constructors (so it
consists solely of *’s); write *" ! for the blank r x [-matrix.

Remark. Note that a blank matrix expresses “least information”, and is definitely not an
empty matrix. However, we have *Z‘f >~ Qg and @y > *Z’f for all matching dimensions.
These are redundancies that can prove quite helpful, as for example in the convention
of page 86. O

Non-atomic entailment

As we saw in the beginning of the chapter, the concept of a matrix is motivated by the
way entailment behaves in algebraic coherent information systems. In order to make
this behavior explicit, we introduce the concept of the matrix operators induced by the
constructors of an algebra.

For the most part we will be interested in finitary algebras, unless we clearly state
otherwise. Every constructor C of o with arity » > 0 (so, not a nullary one) induces a
constructor operator C : Maty (r) — Matg (1) by

ay - auy
C ::[Call"'arl Call"'arl:l;

or, in sigma-pi notation:

[ r i

C ZH“U ::ZCalj---a,j.
j=li=1 j=1

Proposition 2.9. The respective constructor operator of any constructor is well-

defined.

Proof. That the operation is single-valued is clear. One has to show further that the
result of an application of a constructor operator to a coherently consistent matrix yields
a coherently consistent matrix as well.

Let [a;5];; € Maty(r,l) and C an r-ary constructor of «; then a;; < a;; for all

J,J'=1,...,1, s0, by definition, Cay ;- --a,j <q Cayji ---a,, that is,
! . L r
Y Carjary=C | Y [laij | =laifli,
j=1 j=1i=1
is indeed an element of Matq(1,7). O

Define the blank inclusion of alist U to alist V,and write U C*Vifae U —ae€V
anda € VAa¢U — a= %; so a list is blankly included in another list if they either
contain exactly the same tokens or else the second contains a surplus of *’s. For an
algebra ¢, we define entailment as follows.
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o Itis U ¢ *q, forall U € Cong,.

e If 0 is a nullary constructor, then O+ ---+0+F 0; if Uy by ay,...,U, o a, then
C(U1 ---U,) ko Cay - - - ay, for every r-ary constructor C, r > 0.
o fUD*U ' and U’ g athen U 4 a.
We will write U F aj + - - - + a; for Vi‘:1 U - aj, as usual, and also
r r r
[Tui-[]Vi= Y UikV;
i=1 i=1 i=1
for matrices.
We show that we have indeed defined a proper entailment relation.

Theorem 2.10 (Entailment). Entailment is reflexive, transitive, and propagates con-
sistency, that is,

1. acU—Utaq,
22UV —>VEka—Utaqg,
3. Ura—Uxa.

Proof by induction. For a = x all statements follow directly from the definition, so we
assume that a # .
Reflexivity. In case x ¢ U, we have

acU=Cay-a€CU -U)
sa €U N---Na, €U,
£>U1I—a1/\-~~/\Url—a,
=C(U;---U,)FCay--ay
=Uta.

In case * € U, let U’ C* U be such that * ¢ U'; since a # *, a € U yields a € U’; by the
induction hypothesis, U’ - a, so U I a.
Transitivity. In case U and V have no *’s, we have

UFVAVEa=CU ---U)FCVi---V,)AC(Vy---V,) FCay ---a,
> U EVIAVIEa)A. AU FV AV Fa,)
22U ka A AU F a,
=C(U,---U,)FCay--a,
=Ula.

In case x € U, let U’ C* U and V/ C* V such that * ¢ U’,V’; since a # *, U’ and V'’
are nonempty, and U =V AV I a yields U’ = V' AV’ |- a; by the induction hypothesis,
Uta,soUFa.

Propagation. In case x ¢ U, we have

Uta=CU---U)+Ca-ar
=sUkraAN---NUFa,
SUr=aA---ANU =< a,
=C(U;---U,) <Cay---a,
=Uxa.
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In case * € U, let U’ C* U be such that x ¢ U’; since a # *, U - a yields U’ - a; by the
induction hypothesis, U’ < a, so U < a, since * < a. O

The two entailments have indeed the relationship that we would expect.
Proposition 2.11. The following hold.

1. U b+ Juevlal F b,

2U>b—=UFkb.

Proof. LetU = aj +---+a;. For the statement 1: If U > b, thatis, ay +---+a; > b,
then by the definition of entailment in M it is Ellj:1 aj = b; by the definition of atomic
entailment in ¢ it is

] r
_El] <b:*\/(aj:0/\b:O)\/(aj=Ca1]~~-arj/\b:Cb1---br/\'\v’la,-j>bi)> ;
j= =

but this, by the definition of (non-atomic) entailment, is Elézl laj] Fb.
For the statement 2: If U = b, that is, a; +---+a; = b, then by 1 it is Ellj:1 laj] - b;

by Proposition 2.10, this implies that 3;:1 ([ajlFbAU Faj), which in turn implies
that U I b. O

Constructor contexts

As we saw, the application of a single constructor operator to a matrix results in a
consistent list, that is, a neighborhood. Put conversely, a neighborhood is nothing but a
matrix with a coefficient consisting of one constructor>. As matrices are generalizations
of neighborhoods, we may accordingly generalize this application to the case where
the coefficient is a whole vector of constructors (Cy,...,Cy), with respective arities
r1,...,r. This vector induces a constructor operator vector (C‘ Tyeo- ,Ck) : Matg (r +
-+ 41¢) = Matg (k) in the following way:

ai ai
ar1 arl
(Cla '7Ck)
Ari+-Ar+1,1 0 Arydedr_+101
L dridtng,l Ari+otrl
Ciai---ar Ciay---ap
L Crlryotr 41,1 At l 0 GOy ey 110 Gy ety

—in sigma-pi notation:

. . I n retrg Lk
(Cl,...,Ck) Z Ha,’j H ajj | = Z Ciar|+...+ri71+]7j-~~ar1+...+ri‘j.
j=1i=1 i=r 4t +1 j=li=1

3This is not strictly true when we consider lists where some of their elements are *; but we will later
see that this is not an essential problem, as every list can be “homogenized” without altering its information
content (see from page 69 on).
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Finally in practice we will also need blank or identity operators g : Matq(1,1) —
Mat(1,1), defined by

va(U)=U |
for every list U € Maty(1,/).

Actually, in view of the following factorization properties and the resulting nor-
mal form of matrices, we will have to deal with even more general “coefficients” than
simple operators or vectors of operators. We generalize and formalize the above by
introducing the notion of a constructor context K; these, in contrast to the token terms,
can be visualized as trees that may in general be “leafless”, since nullary constructors
are kept out of the factorization we have in mind, as well as “rootless”, as we allow for
vectors of operators.

We define the terms K mutually with their left arity lar (K) and right arity rar (K),
and we write K € Kong (lar (K),rar (K)), as follows:

e if Cis a supernullary constructor of ¢, then C € Kony(1,ar (C)); moreover, %y €
Kong(1,1);

e if Kj € Kong(si,s)), ..., K € Kong(s,s.), then (K1, ...,K,) € Kong(r,s| +---+
sp);
o if K| € Kona(shs), K, € Kona(&Sz), then K K, € Kona(sl,sz).

Notice that it is lar(K) < rar(K) for every constructor context K.  Write
(Ki,....,Kn,K7,...,K}) for ((Ki,...,Kn),(K],...,K})).

Define the application of a constructor context K with right arity rar(K) =r to a
matrix A € Maty(r) inductively, as expected.

e If K = C then K(A) := C(A) as above; if K = %, then #(A) := A.

o If K= (Kj,...,Kp) and A = A; --- Ay, with A; € Maty(rar (K;)), then K(A) =
Ki(A1) - Kn(Am).

o If K = K K>, then K(A) =K (Kz(A)).

Proposition 2.12. Application of constructor contexts preserves matrix consistency
and entailment, that is, for A,B € Maty(r) and K € Kong, with rar (K) = r, the follow-
ing hold.

1. A=< B—K(A) <K(B),
2. AFB—K(A)F K(B).

Proof by induction on K. For (1). Let A< B. If K = (%,...,%) (r times), then there is
nothing to show. If K = C with ar (C) = r, then

C(A) =C(A;---A,) ZC(B,---B,) = C(B)
where A;, B; € Maty (1), foralli=1,...,r. f K = (K,...,K), s <r, then
(Ki,...,Ks)(A) =K (A1) -+ - Kg(As) QK](Bl)---KS(BS) = (Ky,...,K;)(B),
where A;, B; € Maty(rar (K;)), forall i = 1,...,s. If K = K; K>, then

(Ki1K2)(A) = K (K2(A)) = K (K2 (B)) = (K1 K2)(B) -
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For (2). Let AF B. If K = (%,...,%) (r times), then there is nothing to show. If
K = C with ar(C) = r, then
. . Fa . .
C(A)=C(A;---A,) FC(B,---B,) =C(B)

where A;,B; € Maty (1), foralli=1,...,r. f K = (K,...,K;), s <r, then

(Ki,...,Ks)(A) = K1 (Ay) - Kg(Ay) EKl(Bl)---KS(BS) = (K1,...,Ks)(B),

where A;, B; € Maty (rar (K;)), foralli=1,...,s. If K = K| K, then

(KiKa)(A) = Ki (Ka(A) F K1 (K (B)) = (K1 K2) (B) o

Remark. Notice that application of a constructor context to a matrix is not compatible
with matrix entailment > as it is with matrix consistency:

A>¢ B4 K(A) =« K(B) .

A Coquand counterexample (page 47) helps here again:

ol elolel s el ]

This comes as no surprise, since we used application exactly in order to define the more
intricate non-atomic entailment (see page 63).
On the other hand of course, it is

A>(XBP[2;_I>”2)A|_0‘B:>K(A) }—aK(B). O

The next proposition gathers some simple but quite important properties concerning
the application of a constructor context to a matrix.

Proposition 2.13 (Factorization). Let K, K', Ki,...,K, be constructor contexts of
o, with rar(K) = r, and A,A’|Ay,...A, € Maty. The following hold whenever well-
defined:

1. K(A)+K(A)=K(A+A").

2. K(A)-K'(A) = (K,K')(A-A).

3 K(Ki(A1) -+ K (A) =K(Ki,....K) (A1 -+ Ay).

4 (K )KL K ) (A) = (LK (KK, (A).

An easy consequence of this proposition (in particular, of the fourth statement) is
that any constructor context attains a normal form, which can be stated as follows.

e Every C is in normal form; (%,..., %) is also in normal form.

e If K,Kj,...,K, are in normal form, with K and at least one K; proper (that is, not
%), then K(K1,...,K,) is in normal form.

e If Kj,...,K, are in normal form, with at least one K; proper, then (K,...,K,) is

in normal form.
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So, (B,S)(*,B,%) is not in normal form, but (B(%,B),S) is. Note also, that the only
case where we allow for a blank constructor context in a normal form, is when it is the
only constructor context present.

It turns out that constructor contexts of an acis may be organized themselves into
an acis when regarded as tokens. Write Kony, for the set of all constructor contexts of
«; define consistency between them by the following inductive clauses (we drop the
subscripts):

e for all K € Kon, it is K =< K; moreover, it is K =< % and % < K
e ifK; <Kj{,...,K, <K, then (Ki,...,K,) < (Ki,...,K,);
e if K < K| and K = K}, then K| K = K|K};

e if K < K{, then K|K = K| and K; = K|K, for all K with appropriate left arity,
that is, lar (K) = rar (K; ) = rar (K} );

define their entailment by the following ones:
e for all K € Kon, it is K = K; moreover, it is K = %;
e if K| > K{,...,K, * K], then (Ky,...,K;) > (Ki,...,K;);
e if Kj >~ K| and K, > K}, then K| K> > K|K};

e if K; > K{, then K| K * K], for all K with appropriate left arity, that is, lar (K) =
rar (K).

Proposition 2.14. The triple K(a) = (Kong, =, *) is an acis.

Proof by induction. Reflexivity of consistency. It is % =  and C = C for every con-
structor C. If K} < Kj,...,K, < K, then (Ki,...,K,) < (Ki,...,K,). If K} < K; and
K, < K> then K1 K, < K 1K>.

Symmetry of consistency. It is % = K and K = x for every K, and if C; = C, then
C) =Cy,50Cy = Cy aswell. Let (Ki,...,K,) =< (K],...,K.); then K| <K]|,....K, <K;
by the induction hypothesis, K| =< Ki,...,K} < K,; then (K],...,K]) < (Ki,...,K;).
Let K1 K> =< K|{K}; then K, < K| and K, = K}; by the induction hypothesis, K| = K;
and K} < K5, so K{K} =< K;K,. For the unequal length cases, let K;K < K]; then
K, = K{; by the induction hypothesis, K| = Kj, so K] = KK (similarly for the other
case).

Reflexivity of entailment is shown just like the reflexivity of consistency.

Transitivity of entailment. The cases involving *’s are easy; if C) > Cyand G, = G,
then C; = C; = C3, so C; = Cs. Let (Ky,....K,) = (K|,...,K]) and (K],...,K]) =
(K{,...,K}]); then K| = K| AK| > K{,...,K, > K AK] > K'; by the induction hy-
pothesis, K; = K} ..., K, = K, so (Ki,...,K;) > (K{,...,K]'). Let K; K, * K{K} and
K{K} = K{'K}); then K > K{ AK] > K{ and K, > K}, AK} > KY'; by the induction hy-
pothesis, K; > K| and K> = KY, so K1K> *= K{'K}. The only unequal length case that
makes sense is K1 K > K| and K| > K{'; then K; > K7, and by the induction hypothesis
Ky = K/, so KK 5= K.

Propagation of consistency. Again, the % cases are easy; if C, <G and G = G,
then C; = G, = C3, so C; < Cs. Let (Ky,...,K,) =< (K],...,K]) and (K],...,K]) >
(K{,...,K}]); then K| < K| AK] * K{,...,K, =< K| AK] > K]; by the induction hy-
pothesis, Ky =< K'... K, < K", so (Ki,...,K;) = (K!',...,K"). Let K1 K> = K| K} and
K|K} = K/Kj; then K| =< K| AK| * K| and K, = K) AK} > KI/; by the induction
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hypothesis, K; = K} and K, = K}/, so K1K> = K{'KY. The only unequal length case
that makes sense here is K; = K{K and K{K > K{’; then K| = K| and K| = K{'; by the
induction hypothesis K; = K. m]

Homogeneous form of algebraic neighborhoods

We will employ a notion of “homogenization” of a token a with respect to a token b,
the intuitive meaning being that a may rise up to the “structure” of b without acquiring
more information content than the latter has; as we will eventually understand, the
“structure” of a token is essentially determined by the constructor context serving as
its “coefficient”.

Define the homogenization hy(a) of a with respect to b by the following:

e if bis anullary token, that is, either x or some nullary constructor, then hy(a) == a;
o ifb=Cyby b, and a = Cyay - - ay,, rp,ry > 0, with Cp, # C,, then hy(a) = a;
o if b=Cb-- by, r>0,and a = x, then hy(x) := Chy, (%) hy (%);

o if b = Cby---b, and a = Cay---a,, r > 0, then hy(Caj---a,) =
Chbl (al)-'-hbr(ar).

The crucial clauses of the definition are the middle two. The second one expresses that
at each step of the procedure we check the head of the tokens in question, and proceed
only if consistency still holds. Call a and b head-consistent if they start with the same
constructor; two consistent tokens that are different than x*, are always head-consistent,
while the converse doesn’t hold for supernullary constructors:

B0 % B(S*)(S%) , S(S0) # SO .

The third clause is the drastic one: if @ happens to be uninformative, we “lift” it to
the “structure” of b in the least informative way and we proceed; notice also that the
“lifting” takes place only when we encounter supernullary constructors.

Proposition 2.15. For the token-mapping h : Ty, X Ty, — Ty, the following hold.

hy(a) - a 2.1)
b=a—bx<hya), 2.2)
b=a—b>hy(a), (2.3)
b= b — hy(hy(a)) = hy (hy(a)) , (2.4)
b b — hy(a) = hy(hy(a)) , 2.5)
axb—d=xb—axd — hy(a)=<hy(d), (2.6)
ax<b—axb —bxb — hy(a)<hy(a), 2.7
axb—a=d —hy(a) = h(d), (2.8)
axb—b>=b — hy(a) = hy(a), 2.9
a-b—a=c—a=hy(c). (2.10)

Proof. For (2.1). For b and a head-inconsistent or » nullary, there is nothing to show.
Let b =Cb; - - - b,; for a = * it is again immediate; for a = Cay - - - a;, it is:

H
hb(a) = thl...b,_ (Cal - -a,) = Chbl ((I]) ey, (ar) =Cay---ar=a.
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For (2.2). Let b < a. If b is nullary, then it is immediate. Let b = Cb; ---b,; for
a=xitis

hb(a) = thl"'br(*) = Cl’lb1 (*) .. 'hb,-(*) g Cb] o 'br =b ;
fora=Ca;---a,itis
hy(a) = hepy., (Cay - --ay) = Chy, (ar) -y, (a,) = Chy---b, = b .

For (2.3). Let b > a; then, by the propagation, b < a. If b is nullary, then it is
immediate. Let b = Cb; -- - b,; for a = x it is

H
hy(a) = hcp, ...b, (*) = Chp, (%) -+ hp, () < Cby by = b ;
fora=Cay---a,itis
IH
hb(a) = thl‘.‘br(Cal .. ~a,) = Chbl (al) e ~hbr(ar) <Cby---b,=b.
For (2.4). Let b < b'. If one of them has no information, say ' = *, then
hy(hy (@) = hy(a) = hy (hp(a)) -

Letb=Cb;---b,and b’ = Cb) ---b,. If b’ and a are head-inconsistent, then b and a are
also head-inconsistent, and it is

hy(hy (a)) = hy(a) = a = hy(a) = hy (hp(a)) .
For a = x it is
hy(hyy (@) = hy(hcy, ... (%))
= iyt (Chy (%) Iy ()
= Chy, (hy ) () - hp, (hp; ) (%)
= Chy (hp, (%)) -+~ by (hp, (%))
= hy (hy(a)) ,
and fora =Cay ---a, it is
hy(hyy (@) = hy(hcy,...py (Car -+ -ay))
= hcp,b, (Chy (a1) -+~ hyy (ar))
= Chy, (hy )(a1) -~ hy, (hy; ) (ar)
= Chy (hp,)(ar) -~y (hy, ) (ar)
= hy (hy(a)) -

For (2.5). For b’ and a head-inconsistent or 5’ nullary, it is h,(hy (a)) = hy(a). Let
b’ =Cb)---b. Fora= xitis

hy(hyy (@) = hy(hey, .. (%))
= by, (Chy (+) -+ Iy (+))
= Chy, (hy, ) () -~ hp, (g ) (%)
= Chy, (%) -y, (%)
= hy(a) ;
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fora=Ca;---a,itis
oy (@) = hy(heyy 1y (Car --a))
= hcp,...b, (Chy (ar) - hyy (ar))
= Chp, (hy )(a1) -~ hw, (hy; ) (ar)
= Chy, (a1) -y, (ar)
= hb(a) .
For (2.6). If b is nullary then it is immediately h,(a) =a < a’ = hy(d’). Let b =
Cby ---b,; for a = d’ = *, there is nothing to show; let a = Cay - - - a,; if @’ = *, then
hb(a) = thl"'br (Ca1 o ~ar)
= Chy,(a1) -~ hy,(ar)
= Chy, (%) -+~ hp, (%)
= thl“‘br(*)
=hy(d);
ifd =Cd ---d, then
hy(a) = hep, .., (Car -+~ ay)
= Chp, (a1) - hy,(ar)
)

= Cl’lbl (a hbr (a/r)
= hep,-1,(Cay ---a)
=hy(d') .

For (2.7). If b and b’ are nullary, then hy,(a) = a = hy(a). Let b’ = Cb) ---D... If b
is nullary, then for a = x it is immediately /4, (a) = * < hy (a), and for a = Ca; - - - a,, it
is

hy(a) =a=Cay--a, = Chy (ar) - hy () = hey .y (Car -+-ay) = hyy(a) .
Further, let b = Cb; - - - b,; if a = *, then
hy(a) = hcp,...b, (*)
— Chy, (5)- iy (+)
2 Chyy () -y (+)
= hey .y, (%)
=hy(a),
whereas, if a = Cay - - - a,, it is
hy(a) = hep,...b, (a1 -+ ay)
=Chy, (ar)---hy, (a,)
= Chy (ar) -+ hy (ar)
= th’r..b;(C‘ll )
= hy(a) .
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For (2.8). Let a = d' and b < a; by the propagation, it is also b < d’. Let b =
Cby---Cbh,. If a = *, then necessarily @’ = *, and hy(a) = hy(a’). Let further a =
Caj---ay; fora =, itis

hb(a) = th] by (Ca1 . -a,)
=Chy, (a1) - hy, (ar)
H
= Chyp, (%) -~ hp, (%)
= th]'“br(*>
= hb(a/) s

whereas, if ' = Cd) ---a, it is

hy(a) = hep,...b, (Cay ---ay)

= Chp, (a1) - hbr( r)
= Chy, (a}) - hb,< a)
:hChl (Ca )
=hy(d') .

For (2.9). Let b = b’ and b < a; by the propagation, it is also ' < a. If b is nullary,
then b’ must also be nullary, and &y,(a) = a = hy (a). Let b= Cby - - - b,. For b’ nullary,

itis hy(a) & a = hy(a). Let then b’ = Cb/---b' as well. If a = * then
hy(a) = hep, -, (%)
= Chyp, (%) -+~ hp, (*)
- Chyy, (%) -y (%)
= th’1~~~b;(*)
= hy(a);

ifa=Cay---a,,itis

hy(a) = hcp,...b,(Car -+ ay)

=Chy,(ar)---hy, (ar)
= Chy (1) -y (a)
= th’l---b’ (Cay---ay)
= hy(a) .

For (2.10). Leta > b and a > c; then it is b < c. If a is nullary then b, ¢ must also
be nullary, so we don’t have anything to do. Let a = Ca;y - - - a,. For b nullary, there is
again nothing to show, so let also b = Cb; - - - b,. Now if c is nullary we have

H
hb(C) = thl"'br(*) = Chb] (*) .. 'hb,(*) =< Ca1 edr=a,
where if c = Ccy - - - ¢,, we have

H
hb(c) = thl---b,(Ccl . 'Cr) = Chbl (C]) . 'l’lb,(cr) <Cay---ar=a. [}
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Now we gradually extend the notion of homogenization to matrices, in the follow-
ing way:

hb1+---+bl/ (Cl) = hbl’ . 'hb1 (a) s
hy(ay+---+ap) =hy(a1)+---+hv(a),
hy, ..y, (U -+ Up) = hy, (Uy) - hy, (Ur)

where U;’s and V;’s, i = 1,...,r, are lists of equal length, and we write h; ---h; for
hyo---ohy to save space. Put more bluntly, the homogenization hg(A) of A € Arrg(r,1)
with respect to B € Arry(r,l') is defined by

ro 1 ro 1
hn’rzlzy’:lbi.f/ (H;“u) a il;!jzlhb”/ P a)

it is obviously well-defined.* We will just write 2(A) for k4 (A); call A homogeneous if
it is already A = h(A).

Proposition 2.16. The mapping h : Arrg(r,l') x Arrg(r,1) — Arrg(r,1) is well-defined
and satisfies the following.

hg(A) = A, (2.11)
B=B' — hg(hg(A)) = hg (hp(A)) , (2.12)
B = B' — hp(A) = hp(hg (A)) , (2.13)

A=<B— (A <xBVA=<B)—A <P
—Ax<A" - B=<B — hg(A)<hg(A), (2.14)
A<B—A=A"—-B>B —hg(A) = hg(A'), (2.15)
A<B—AFA — hg(A) - hg(A), (2.16)
A<B—BFB — hg(A)Fhg(A), (2.17)
A h(A), (2.18)
h(K(A)) = K(h(A)) 2.19)
A=K(B) = (A=h(A) < B=h(B)) , (2.20)
(2.21)

Proof. That the mapping is well-defined is clear. For the following, let A € Mat(r,14),
B € Mat(r,Ip), A’ € Mat(r, lyr), and B ¢ Mat(r, lp).
For (2.11). 1tis

rooly on o A
h(A) =TT Xty o (aijy) =TT X aijy =4
=1 j,=1 =1 j=1

“Notice though that the value in general depends on the order of the elements in the list; for example,
hS*JrB**(*) = 8% # Bxx = hB**JrS*(*) .

This is not the case though when the list is consistent, that is, a neighborhood, as we will readily see.
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For (2.12). It is

]
s(hy (4)) =] Z By = By Py -y (aiy)
i= le 1 B

@b H Z h , 'hb§1 thB .. 'hbil (aijA)

i=1js=1 B

= hp (hs(A)) -
For (2.13). It is
-
hp (hg (A H Z hde 'hbilhb§13, "'hbh (aijA)
i=1 ja=1

r
(24 (2.5
- )H Z hbll hbtl al]A)

i=1ja=1
=hg(A) .
For 2.14). Let A< B, A’ <B,and then A <A’,and B < B'. Itis

r

H Z hhll hbl] aUA)

i= 1/A 1
ro Ly
(26)
H Z hb,]B b le/)
i=1j =1
@7, (24) (25)I£I ZAZ,
hb’ b )
i=1j =1 iy UA,
:hB/(A ) .

The assumption that A’ < B enabled us to take the second step; we would need the
alternative assumption A < B’ if we wanted to use (2.7) first, and then (2.6).
For (2.15). Let A=< B,A~A’,and B = B'. Itis

H Z hbzl hbtl a’/A)

i=1ja=1

Ly
(2.8) r A
b H Z hb”B e hhil (a;jA’)

i=1j =1

@9), <2 4,25 L
H Z hb’B b le/)

i=1j,=1
:hB/(A) .

For the following statements, since entailment between matrices works row-wise,
we restrict our arguments to lists with no loss of generality. Furthermore, because of
(2.5), we may safely assume that the lists V, V', with respect to which we homogenize,
will consist of tokens where none entails some other (we make this assumption in the
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proofs of (2.16) and (2.17)). In this case, for a non-blank list V of length I’ and a list U
of length [, such that U <V, we either have U non-blank as well, in which case

hy (U) = hp, 4., (a1 + -+ +ap)
= By oy (@) o By (@)
— Byl (ar) 4+ Py I (1)
= hCpyy by, ch, b,y (Cary -+ ar)
+ A hepyy by hCh by (Cay;---ap)
=C(hp,, -~ hp, (ar1)) -+ (hp,, -y, (ar1))
+o A+ Clhpy, by, (arr) - (hp,, - hy (@)

hpy, by (an) o hyyehy(ay)
=C : : :
hoy, -+, (an) -y, chy (an)
that is,
hc’(vl~~~v,)(C(U1 - Uy)) = C(hy, (U1) -~ hy,(Uy)) , (2.22)
or U is a blank list, U = !, in which case we similarly obtain
heway (611) = Clhy, (1) -y, (1)) (2.23)

For (2.16). We show that
U<V —-URU —=hy(U)Fhy((U'),

for U,U",V lists. Let U <V and U + U’. We proceed by induction on V (under our
assumption above). If V is a nullary (more precisely, it consists of a single nullary
token), then hy(U) =U U’ = hy(U'), so let V. = by +---+ by, = C(Vy---V,). For
U =« it must also be that U’ = «1v’, so

/’lv(U) :hv(*)+"'+hv(*) - hv(*)+"'+hv(*) :hv(U/) .

Iy times IU’ times

For U =C(U; ---U,), if U' = «Mv it is
v (U) = hey,..,) (C(UL - Ur))
= Chy, (U1) -y, (Uy))
s Ligy Ly
EC(hy, (x770") -+ hy, (V"))
E e,y ()
= hV(U/) ’
whereas if U’ = C(Uj ---U}) it is
hy (U) = heqy, .y, (C(UL -+ Uy))
= Clhy, (U1) -+ hv, (Uy))
H |
= C(hv, (U7) -+ hy,(U]))
= hc'(v, A (U/)
=hy(U").
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Finally, if U* O* U, then

hy (U ) hy
hy (%) +hy (a1) +hy (%) + - +hy () + hy (ar, ) + hy (%)

F+a+%+-- +>«<—|—alu—|—*)
(%

- hv(a )—|— +/’lv((llu)
(
(
(U

=hy(ai+---+ay,)
— hy (V)

}—hv .

For (2.17). We show that
UxV—=VEV = hy(U)Fhy(U),

for U,V,V’ appropriate lists. Let U <V and V I V'. According to our assumption,
let first V be nullary, V' must also be nullary; then iy (U) = U = hy/(U). Then let
V =C(V;---V,); if V' is still a nullary, then, by (2.11), hy (U) = U = hy/(U); if V! =
C(vy - V,), then for U = 110 it is
hy (U) = hegy, .y, (1)
Gl (1), (5140
"C(hv’(*l"lu)"'hv/(*]’lu))
= hewy v (x * Iy
= hV’(U) )
forU =C(U;---U,) itis
hy (U) = hey, .y, (C(U1 -+ Uy))
= C(hwy (U1) -+ hy, (Uy))
- Clhy; (U1) -+ hy (Uy))
g (CUL--U,)
=hy(U),
and for U* D* U it is

(2.16) IH (2.16)

hy(U*) F hy(U) by (U) b by (U) .

For (2.18). We show that
UFhU),

for any list U. If U is a nullary, then immediately #(U) = U. If U = C(Uj - --U,); then
H |
h(U) =h(C (U, - Uy)) = C(h(U) -+ h(U,) AC(U - Up) = U .

Finally, if U* O* U, then

.17 (2.16)

U* > U b h(U) = hy(U) & by (U) by (U*) = h(U") .
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For (2.19). By induction on the constructor context K. For K = #, it is immediately
h(k#(A)) =h(A) = #(A). For K =C, it is

h(C(A)) = h(C(Ur---U,)) = C(h(Ur) - h(Uy)) = C(h(A)) .

h(K(A)) = h((Ki,...,Kn) (A1 An))
:h(Kl(Al) Km(Am))
= h(Ki(A1)) - h(Kn(Am))
gKl(h(Al))"'Km(h(Am))
= (Ki,...,Kn)(h(A1)---h(An))
=K(h(A)) .

Finally, for K = K| K>, it is
h(K(A)) = h(K1K>(A))
= h(Ki(K2(A1)))
" Ky (h(K2(A1))
= K1 (Kx(h(Ay)))
=KK>(h(A))
=K(h(A)) .
For (2.20). Let A = K(B). We have
A=h(A) <= K(B) =h(K(B)) © K(B) = K(h(B)) < B=h(B) . o
Now we have the necessary means to state and prove the matrix form theorem.

Theorem 2.17 (Finitary matrix form). Let o be a finitary algebra. For every homoge-
neous matrix A € Maty (1), there exist a unique constructor context Ky € Kong/(r,r)
in normal form, ¥ > r, and a unique basic matrix M, € Matg, (r’ ,1), such that

A=Ky(My).

Call K4 (My) the matrix form of A, Ky the basic coefficient of A, and M, the basis
of A.

Proof by induction on the complexity of A. Let A € Maty(r,l). If A is already basic,
then simply K4 = (%,...,%) (r times) and My = A.

If A = K(A'), for some K € Kongy(r,r') and A’ € Mat(#,1), then, by (2.20), A’ is
also homogeneous, so by the induction hypothesis it has a matrix form Ky (My/), with
Ky € Kong (', r") and My € Maty (r”,1) (itis r < r' <r”); then

A=K(A") =K(Ky(My)) = (KKy)(My/) ;

now if Ky = (%,...,%) then ' = ¥ and K4y = K € Kong(r, "), otherwise Ky = KK,/ €
Kong (r,#"); for the basis, it is My = My, € Matg (r",1). mi
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The matrix form, the basic coefficient, and the basis of an arbitrary matrix A are
defined to be the matrix form, the basic coefficient, and the basis of its homogenization
h(A) respectively, in symbols

Ky = Kpa) ANMp = My 5

so the theorem in effect says that every matrix has a matrix form, which is unique up
to homogenization.

Example. Let o be given by a nullary constructor 0, a unary S, a binary B, and a ternary
C; we write * for *. Consider the list

U = C(BOx)xx + C(B*0) (B+0)* + Cxx(SS0) + *

Its homogenization A(U) is given by
C(BO%)(Bxx)(SS*) + C(B*0) (B+0)(SS%*) 4+ C(Bsx)(B*x)(SS0) + C(Bx ) (Bxx) (SS%) .
Exhaustive factorization proceeds as follows:

C(BO%)(Bxx)(SS*) + C(B*0) (B+0) (SS%) 4 C(Bx)(Bsx*)(SS0) + C(Bsx) (Bxx) (SS%)

= C((BO*)(B**)(SS*) + (B%0) (B0) (SSx) 4 (Bsx) (Bxx) (SS0) 4 (Bk) (Bxx ) (SSx) )
B7 %, %) (0% (Bsx) (SS*) + #0(Bx0) (SS3) 4 s (Box ) (SSO) + s (B ) (SS%) )

K, k) (k, %, B, %) (0***(5‘5*) + %0%0(SS%) + #xxx(SS0) + ****(SS*))

B, %) (%, , B, %) (k, %, %, %, S) (O (Sk) + 0%0(S) + st (SO) 4 soorr (S ) )
B %, %) (%, %, B, %) (%, %, %, %,8) (%, %, %, %, ) (0**** + *0%0% + #kxx0 + *****)
B,B,SS) (0**** + %0%0% + skx%0 + *****)

=C(B

*

C
C
C

(
(B,
(
(
(
so the matrix form of U is

U = C(B,B,5S)

¥ ¥ ¥ ¥ O
* O % O *

S ¥ % * ¥
* ¥ ¥ % %
O

Using normal forms

Here we take a break and demonstrate how useful the matrix form can be in practice.
Namely, we show that it readily provides a very clear and insightful characterization of
entailment, which in turn leads rather automatically to a simple atomic characterization.

We will use two natural notions of equivalence for matrices. Call A,B € Maty
atomically equivalent (or atomically equientailing), and write A ~* B, when A = B\
B >~ A; call them just equivalent (or equientailing), and write A ~ B, if A- BABF A.
For a consistent list U € Lsty (1), define its induced set set(U) by

aeset(U) = él U(j)=a.

Proposition 2.18. The following hold whenever well-defined.
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1. fA~A BthenA~B
2. Itis A ~ B if and only if set(A;) = set(B;), foralli=1,...,r
3. Itis

AJBHZM>MHB>M%

ANBH‘E(AFMHBFM) .

4. Itis

A~A -A<B—A' =B,
A~AA B~AB — (A+B~*A'+B NA-B~* A -B)
A~A —-B~B — (A+B~A"+B NA-B~A"-B) .

Proof. The first two statements are easy to see. As for 3, it is an immediate conse-
quence of transitivity of entailment, atomic as well as not.

For 4. The first clause is an easy consequence of propagation of consistency
through entailment. For the second clause, let A ~* A’ and B ~* B'; then for any
matrix M it is

r Iy IA Ip
A+B-M<sY V EllaUA}cl}Mv.EllbijB}CijM
JB=

i=1jy=1\ja=
r Iy Ly Lyt

sV V B a FC,]M\/ 3 b:],>cijM
i=1jy=1\ jy=1 Jg=

sA+B -M,

so A+ B ~A A’ 4 B'; similarly we have

roolyo 1 rody !
AB-M< VY Y EIa,,>c,,M<:>‘v’ V o Jay-cij oA B M,
i=1jy=1j=1 i=1jy=1j'=1

that is, A- B ~* A’ . B'. For the third clause, more swiftly, from A ~ A’ and B ~ B’ we
obtain

AFAANBHFB 2A+BHA'ANA+BFB =A+B-A'+B
and similarly A’ + B’ = A + B; moreover, if A ~ A’ AB ~ B, then AB ~ A’B’ by the
definition of entailment for matrices. O
Characterization of consistency and entailment through homogenization

Some inspection of examples leads us to acknowledge three different cases when
checking if U F a, with respective normal forms Ky (M) and K,(M,). For simplicity
(which does not harm generality, as we will show) we assume that both basic matrices
have the same row dimension.

e Itis U < aand U I g; in this case it is necessarily both Ky > K, and My > M,,.
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e Itis U =< a but U I/ a; in this case a holds more information in some positions,
either concerning some supernullary constructors or nullary ones, hence it is
either Ky # K, or My % M, (or both, of course).

e Itis U % a; in this tricky case it is possible to have both Ky = K, and My = M,,
as the following example illustrates: if U = B(C00%)(S0) + B(C00(S0))* and
a = B(C000)(Sx*), then the normal form of U is

B(C(%,%,5),5)

O * OO
* O O O

and the normal form of a is

B(C,S)

* O O O

itis Ky = K, and My > M,, but U # a, which we can see easily if we factorize
just B(C,S) out of U:

0 o0
0 0
Sx SO
0

*

U= B(C,S) £ B(C,S)

* O O O

This case indicates that we should be interested in the consistency of the aug-
mented matrix U +a.

Proposition 2.19. The following hold.
1. Itis A ~ h(A). Consequently, it is A ~ B if and only if h(A) ~ h(B).
2. IfA=A;---A; € Maty, then K4y = (KAI e 7KAS) and My = My, ---My,.

Proof. For 1. By (2.11) and (2.18). The homogeneous characterization follows from
transitivity of entailment.
For 2. Itis
P.ZE(S)

Ay Ag =Ka (Ma,) - Ka,(Ma,) =" (Kays. . Ka,) (Ma, - Ma,) - o

Theorem 2.20 (Calculus of homogeneous forms). Let U,V € Congy. The following
hold.

1. Itis U <V ifand only if
Ky oy ) = Kh oy (v) ANMiy 1y ©) = Mgy (v) -
2. ItisU FV ifand only if

Ky = KhU(V) AMy ~ MhU(V) .
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Proof. By Proposition 2.19. 1, itis U <V and U + V if and only if A(U) < h(V) and
h(U) F h(V) respectively. Based on this observation, we may assume that the lists we
consider are homogeneous, with no loss of generality.

For 1. 1f both lists are nullary, then, for W := U +V = 140",

Ky (v) = Ku = * = Kv = Ky (v)

and
UXV@M;WMU):MU:UXV:MV:th(v) .

IfU=C(U;---U,)andV = «1' for W := U +-V we have

~

1

hw (U) =" h(U)
I (V) o (V) = ey (M) 2 € (huy (61 oy (1)) 5

S

by the induction hypothesis, for W; := U; + "' i =1,... r, it is
Vg _ -
VU <% @iyl (KhWi(Ui) = Khwl-(*”') AMpy, () < MhWi(*l"'))

< (Khwl <U.>7~~-»Khw,<Ur>) = (Khwl (*U’)""’Khwr(*lwll))

*1,[’) o .MhW,-(*l'[/)

SC (K, )2+ Ky 1)) = € (Kpy (oK 1)

/\thl )" 'thr(Ur) = Mth (1 .MhWr(*”,)

/\thl (Ul) .. 'thr(Ur) XMhW](

P2.19

& Ky () = Knyy (v) N My (0) = Mgy (v) -

U=CU---U)andV=C(V;---V,),for W:=U+V and W; :=U; +V;,i=1,....r,
we have

For 2. If both lists are nullary, then
Ky =% =Ky = Ky, (v)

and
URVE&SMy=U3>»V=My :MhU(V)'
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IfU=C(U;---U,) and V = %" we have
ho (V) = ey () 2 (hy (), (1))
by the induction hypothesis, it is
r ’ r
le Ul' - *l’l <:>,'Y1 (KU,' = KhUi(*l'l/) /\MU[- - Mhl/,-(*l'l,))

@4&m~wKu)=(EMQWy~w&%@wQ
NMy, My, = My, My, o)

SC Ky, Ku) =€ (K ()oK )
AMy, ---My, = MhUl ()" .MhUr(*l'l,)

P2.19

=Ky = Ky vy NMy = My, (v) -

IfU=C(U;---U,)and V =C(V;---V,), we have

UrV&

14

Uik

<~ T<~

(KAZ&MWAMM>MMMO

=

i=1
<:>(KU1,...7KUr) = (Khul (V1)7""Khur(vr))

AMy, My, = My, (v,) My, (v,)
<:>C(KU17”'JKUr) =C (Khul (V1)7-~~7KhU,(V,))

AMy, My, > My, (v,) My, (v,)

Characterization of consistency and entailment through eigentokens

Let U € Lsty(I); a token e € Ty, is an eigentoken (or a characteristic token) of U, if it
is equivalent to U, that is, if

Unes Y (UFbrebb).
bETy

An eigenvector (or a characteristic vector) of a matrix A = U;---U, € Maty(r,) is a
vector E = e -+ - e, € Vecqy(r, 1) where ¢; is an eigenvector of U;, fori = 1,...,r.

Proposition 2.21. Let o be a finitary algebra.
1. Forevery A € Maty(r) there exists a unique eigenvector e(A) € Vecy(r).
2. IfA=K(B) then e(A) =K (e(B)).

3. The eigenvector of any A € Maty is given by Ka(e(My)).
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Proof. For 1. We show it first for a list U € Lst(/): if U is blank or U =0+ --- 40, for
some nullary 0, then obviously e(U) = x or e(U) = 0 respectively; if U = C(U; - - - U,),
then

UtboCU Uy FCh---b,

<:>‘\V/1 Ui Fb;

i=

g ‘\V/I e(U,-) [ bi
1=

&Ce(Uy)--e(U,) - Chy b, ,

soe(U)=Ce(Uy)---e(U,); finally, if U 2* U’, then clearly e(U’) - U, so e(U) = e(U’).
For a matrix A =U; ---U,, it is

AFB&U - U FVy---V,

,
<:>le,}_‘/1

i=

<~ V1 E(Ul‘) FV

i=

se(U;) -e(U)FVi---V,,

forall B=V;---V, € Mat(r), so e(A) = e(U) - - - e(Uy).
For2. LetA=K(B). By (1), A and B have eigenvectors, say ¢4 and ep respectively.
Then

2.12(2) L.137

B~ ep PH:> K(B) NK(EB) :H>€A NK(€3> = ey :K(EB) .

The statement 3 is a direct consequence of 2 and the homogeneous form theorem 2.17.
O

Example (continued). Consider the 3 x 4 matrix
A = (BOx) # %+ (B*0)(B*0) %+ % (SS0) + % % *
given in sigma-pi form, which is obviously coherently consistent. Its rows are the lists

A1 = BO0x + B0+ %+ x|
Ay =+ B0+ x4 %,
Az = x4+ S50+ x|

with respective eigentokens B00, Bx0, and SSO. It is

B00
e(A)=| Bx0 | . m]
SSO

A further use of the eigentokens is the following characterization of consistency
and entailment, which is a simple yet important application, since, in the second case,
it turns non-atomic comparisons of entailment to atomic ones.

Theorem 2.22 (Implicit atomicity at base types). Let & be a finitary algebra, and
A,B € Maty,. The following hold.
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1. Itis A< B if and only if e(A) < e(B).
2. Itis At Bifand only if e(A) > e(B).
3. Itis A~ Bifand only if e(A) = e(B).

Proof. For 1, one uses propagation twice in each direction. For 2, similarly, one uses
transitivity of entailment twice in each direction, as well as Proposition 2.11. Finally,
the eigentoken characterization 3 further needs Proposition 1.37. O

Normal forms combined

In section 1.3 we saw that neighborhoods in basic atomic coherent information systems
afford a normal form which consists of the maximal elements of the neighborhood: if
U=a)+--+a,then U is in (atomic) maximal form if

v aj-ay—j=7j).
lgj,j/gl( J V) J)

We write m(U) for the maximal form of U € Con; U is in maximal normal form if
U = m(U). A natural question is how the maximal and the homogeneous form, and
also the eigentokens combine. Notice that, in general, they may all differ: for the list

U = Bx(S*) + B(S0)* + B(S*)* ,
we have

h(U) = B(S*)(S*) + B(S0)(S*) + B(Sx)(S*) ,
m(U) = Bx(Sx) + B(S0)x ,
e(U) = B(S0)(Sx) .

Call a matrix A = Ay +--- +A; € Maty(r,1) atomically maximal if no column is
(atomically) entailed by some other, that is, if

v (Aj>'Aj/—)j:j,).

1<j,j'<l
Proposition 2.23. Let U be a neighborhood. The following hold.
1. If My is atomically maximal then U is in maximal normal form.
2. If m(U) is homogeneous, then M,y is atomically maximal.

Proof. For 1. Let U = aj + - - + a;, with My atomically maximal. Suppose that, for
J,J'=1,...,1, itis a; = ay; by 2.15, it is hy(a;) > hy(ay), which is the same as
Ky(M;) = Ky(Mj), for M; the j-th column of My; this in turn yields M; = M, which
by hypothesis gives j = j'.

For 2. Letm(U) = a; + - - - + a; be homogeneous, with homogeneous form K(M).
Suppose that, in its basis M, it is M; = M for two columns; then K(M;) = K(Mj),

J
which means a; > ay; this, by hypothesis, yields j = J. O

Remark. A further natural question would be to examine non-atomic maximal normal
forms, and their connection to the homogeneous ones—in this chapter, after all, we are
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concerned with non-atomic coherent systems in general. But here a problem of well-
definedness arises which muddles thing up, and seems to disallow for an intuitively
clear course of action.

The natural notion of a non-atomic maximal form, would require a neighborhood
U to satisfy the following:

This does not always define a single neighborhood though: consider the list
U = Cx00+ C0x0+ CO0x ;

all three of the following neighborhoods satisfy the above condition, being equivalent
to U:

U, =Cx00+C0x0 , U, = Cx00+4 C0O0% , Uz = COx0 + COOx .

Notice that, at the same time, U’s afomic maximal form exists uniquely (and here
coincides with U). m]

The lesson to be learned from this short study seems to be that the best working
normal form of a list in a basic algebraic coherent information system that we can
have, is really its eigentoken, which, as Theorem 2.22 portrays, is determined uniquely
up to equality. As it turns out, this situation can not hold for more general cases of
algebras, as we will see in the following section; still, in type systems that build on
finitary algebras—as is the case with Chapter 4, and plenty of other natural models—
this should certainly prove instrumental when breaking higher-type statements down to
base-type ones.

Infinitary algebras

To cover algebras o that feature constructors with functional recursive arguments, we
need to employ mixed matrices (see page 55). A constructor C of type () — @) —
-+ — (B — &) — o induces an operator C : Mat(p; — a,...,p, — &) — Maty(1),
where r > 1, exactly as in the finitary case (page 63). The definition is also well-
defined, as is the generalization to vectors of constructor operators and constructor
contexts, with the difference that arities are now taken on the type level (compare to
page 66):

o %y € Kong(a;a) and if C is a supernullary constructor of o, then C €
Kong (o, ar (C));

e if K; € Kong(61:6{), ..., K, € Kong(G,;6;), then (Ki,...,.K,) €
Kony(Gi,...,6,;07,...,0,);

o ifK; € Kona(61;6), K; € Kona(?r; _’2), then K, K, € Kona(c?l;&z);
notice that the vectors 6 cannot be empty. It is also direct to see that the factorization
rules of Proposition 2.13 hold.

Essential difficulties appear when we ponder the existence of homogeneous forms
and eigenvectors of mixed algebraic matrices. We will readily see that we cannot hope
for the latter, though we can have a reasonably straightforward notion of the former.



86 2. Matrices and coherent information systems

We will make use of the following convention. Let C be a constructor of arity
(P1 = a,...,0r — a). We will write [x5_,q] = @54 € Mats_,4(1,0), for every
i=1,...,r, and consequently (in multiplicative notation)

C(®ﬁ1—>a : "®,3,—>oc) = C([*ﬁl—ﬂx] e [*ﬁ,—mc]) = [C*ﬁl—nx : "*ﬁ,—nx] = [*a] -

Using this trick we can stretch the concept of homogenization between tokens (see
page 69) as follows:

e if b is either a nullary token, or an alien token, that is, a token from another
algebra, then Ay, ([a]) = [al;

o if b=Cyby-- b, and a = Chay - - ay,, 1,74 > 0, with G, # Cg, then h[b]([a]) =
[al;

e it b=Cby---b,, r >0, and a = *, then
h) ([¥a]) = [Chip (%5, —00) - B (%5 —a)] 3
e if b=Chby---b,anda=Ca,---a,, r >0, then

hp)([Car -+ -ar]) = Chy, ([a1]) -+, ([ar])

where C is a constructor of ¢ with the above arity. It is direct to see that, for finitary
algebras, we get

hip(lal) = [ (a)] -

We extend the notion to matrices by

H,rl):/ b/<HZaU> :=thb hblal/)

i=1j=

The matrix A is homogeneous if it is already A = h(A). Adopting the above generalized
notions, it is direct to see that the normal form theorem 2.17 holds for matrices over
infinitary algebras as well, with one crucial difference: the basis is no longer neces-
sarily a basic matrix, but a pseudo-basic one: a matrix is called pseudo-basic (for o)
if it consists solely of x’s, nullary constructors, or alien tokens (in which case, it is a
mixed matrix).

Theorem 2.24 (Infinitary matrix form). Let o be an infinitary algebra. For every
homogeneous matrix A € Mat(G,1), there exist a unique constructor context Ky €
Kong (G 6”) in normal form, and a unique pseudo-basic matrix My € Mat(6’,1), such
that

A=Ky (My) .

Again, call K4(My) the matrix form of A, K4 the basic coefficient of A, and My the
basis of A; the normal form, the basic coefficient, and the basis of an arbitrary matrix A
over an infinitary algebra are defined to be the normal form, the basic coefficient, and
the basis of its homogenization /(A) respectively.
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Example. Recall the matrix on page 63 (we write * for %, but keep the subscript for

*Bsa):

C(B00)x*(Sx) * Cxx(S0)
SBx0 SBix SB(Q([tt], Q([ff], Bxx)) )
Bk B(C(80)ssx) Bx(Bx0)
Q([#s],5B+0)  Q([t], SBO*) Q([f], SB(S0)+)
Its homogenization is given by
C(BOO0)+(S*) C(Brxx)#(S*) C(Bix)*(S0)
SB(Q#p_,¢)0 SB(Qxp_yq)x  SB(Q([t], Q([ff], Bxx)))* |
B(C(S%)*%)(Bxx) B(C(S0)*x%)(Bxx) B(C(S%)*x)(B*0) ’
Q([*g], SB*0) Q([tt], SBOx) Q([ff], SB(S0)x)

exhaustive factorization yields the basic coefficient
(C(B,%,S),SB(L,%), B(C(S,%,%),B),Q)

and the basis

* * O O

¥ ¥ ¥ ¥
O ¥ ¥ ¥

o *B—a <[II],Q<

ff], B*x))

*****O$
* ¥ % O
L O 3

* 0
([*p],SB+0) ([tt],SBO«)  ([ff], SB(S0)x)

As the matrix form theorem claims and the example illustrates, due to the deliberate
relativization of homogenization, the procedure halts whenever it encounters alien to-
kens, tokens that do not belong to the carrier of —in particular, functional tokens that
serve as arguments of the constructor Q. Consequently, the normal form may (as in this
example) contain alien tokens; homogenization, so to speak, is a procedure restricted
to the algebra at hand.

2.3 Algebraic function spaces

We examined earlier atomic function spaces (see page 56) which do not suffice for the
the study of the (not necessarily atomic) algebraic higher-type entailment. We further
need a notion of non-atomic “application”, tailored-made for lists, as we already saw
in the beginning of the chapter. Here we will express application through boolean tests,
in a pretty similar way as with the test matrices for the atomic function spaces.

We first define the boolean application or (boolean) switch © : Matg(1,l) —
Mat, (1,1) = Mat,(1,7), 1 < 1, by

poa=1° p=[t]
@p otherwise ,
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for any type p, basic or otherwise. Then we define the (non-atomic) entailment test
matrix F: Mat, (1,1) — Mat, (1,1) — Matg(1,1), inductively on the height of p:

e for a basic o define

UL [a]._ m Ubtga
¢ . @p otherwise;

e for a function space p — o define

Y (Ujbj) oo (U,b) =) (UFp Uj) ©bjFoe b,

J J
where the entailment test between two neighborhoods is understood as follows:
! 1
Ubp Y aj=(QWUFpa)=UFpa)0--0UFya),
J=1 j=1
associated to the left.

With these, we may now simply define the higher-type non-atomic entailment by

It is easy to see that the list application we appealed to in the beginning of the chapter
can be expressed in our terms as follows:

<Z<Ujabj>> U=Y (URrUj)Ob;.

J J

This concludes what we set out to demonstrate: all entailments eventually break down
to entailments in basic acises, which, in turn, are determined by atomic entailments on
the level of the corresponding matrices.

Proposition 2.25. Let p and o be types built upon finitary algebras.

1. The relation \-p_. is a proper entailment relation, that is, it is reflexive, transi-
tive, and propagates consistency at p — O

(U,b) eW =Wty (U,b) ,
W e Conps AW Fp_6 (U,b) = W+ (U,b) € Cony_q

2. Application of neighborhoods is monotonic in both arguments:

UbpU WU WU',
Whpse W WU WU,

as well as consistency-preserving in both arguments:

Usp U = WU =g WU’ |
W=, 6 W = WU =<,WU.
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3. Application distributes over left appending, that is,

W+W)\U=WU+W'U .

Proof. We show the third statement. Let W = ¥;, (U} ,b} ) and Wo = ¥, (U7 ,b%.),
with Wi <, .6 W, and U € Cony,; it is

L I
(W +Wa)U = (Z (U}, ,bj,) + _Z <U227b32>>

J1=1 =1

L+
= (U),bj) |U
j=1

L+D

2Y (urul)ob + Z (UrUd)ob

J1=1 Ja=1
d 1 31 2 2 12
= Z <U117b11> U+ Z <U127b12>
j1=1 Jja=1
=WU+W,U ,
where for (x) we naturally let U; := U} for j<ljandU; = U]{ll for j > [. O

Remark. Note that in general we don’t have right distributivity, that is,

- Y V. U=pU —-WU+U)=WU+WU') .
WeConp—6 U,U’'eConp

A Coquand counterexample (page 47) can show this already for type level 1: it is
(B00,0)(B0* + Bx0) = 0 but (B00,0)B0x + (B00,0)B*0 = @. This is a situation that
easily extends to higher types: at type level 2 for example, we have

((S0, BOO), 0) ((S%, BOx) + (S, Bx0)) = 0

but
({50, B00),0)(S*, B0x) + ((S0, B00),0) (S*, Bx0) =

Consider though the following situation where right distributivity works:
(((S0,),BOx) + ((B0O, %), Bx0)) ((S*,0) 4 (Bxx,1)) = BO* + Bx0
and
(((S0,),BOx) + ((B0O, %), Bx0)) (Sx,0) = BOx ,
(((S0, ), BOx) + ((BOO, x), Bx0) ) (B*x,1) = Bx0 .

More generally, this indicates that we can hope for right distributivity when the two
appendices U and U’ are trivially consistent, meaning, when their respective arguments
are inconsistent; apparently, this is something to discuss only at type levels higher than
1. O
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Example. For clarity’s sake, let’s see in some detail how a higher type non-atomic
entailment unfolds, and eventually breaks down to basic entailments. We consider four
finitary algebras (basic acises) o, 3, v, and J, and form the function space ((oc — ) —
Y) — &; in order to save space, we also write off for ¢ — f3, so the higher space is
written ((af3)y)8. We consider the general case of an entailment in ((af3)y)d:

Y Y Wi bii) i) di) Fapyps (LAY (U b)) d'y

i j Kk i
which, by definition, is equivalent to

Y OO Uijsbijie) i) di) B (apyps <Z<Z<U}k'ab;/k/>aC;/>7d'> = [t] .

i j Kk J ok
The term on the left unfolds as follows:

Y QO Wijesbii) s i) di) Bapyps (Ui b)) d')

T Tk 7K
=Y XU b)) Fiapyy Z<Z<Uijk7bijk>7cij>> OdiPsd
N 7k

=Y ([ OX Ui b)) Fiapyy <Z<Uijk7bijk>acij>> OdiPsd

jojK k

k

= Z (Q <Z<Uijk7bijk> paﬁ Z(U;/kl’b;/k/>> @C;/ Fy C,‘j) OdiFsd
i k/
Z (QZ (@Z it bijk) Fap <U;/k/7b;’k’>> @C;/ Fy C,'j) Oditsd

il

J J

= Z (@Z (@Z (U]/"k/ Fao U,‘jk) Objk Pﬁ b/j/k/> @C/J-/ Py Cij> odiFs d
i j o7 Kok

One can see that, in order to decide the entailment in the space ((f3)y)d, one has to
successively decide entailments in «, then 3, then ¥, and finally 6 (one should also
notice how contravariance of entailment expresses itself in the zig-zag succession of
non-primed and primed indices); since all four are basic finitary acises, these entail-
ments are conducted by means of atomic entailments, as we previously saw. O

Lists and maximal neighborhoods

It is very natural that higher-type considerations may heavily rely on considerations
about lists of tokens which are not necessarily consistent: such lists may appear every
time we regard the arguments in a given neighborhood. This necessitates a careful
examination of Arr, in its own right—in the following we just write Arr, for Arr,(1,1).
As we will see, this examination unavoidably leads us to purely combinatorial grounds.

Let I € Arrp be a list, not necessarily consistent, and denote its consistent sublists
by Conr; for example, it is a € Conr (seen as a neighborhood), for every a € I', as well
as @ € Conr for every I' € Arry. Clearly, if I" € Con,, already, then Conp = 2 (I"),
while in general it is Conp C 2 (I").
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Call M € Conr a maximal neighborhood in I', and write M € Max I, if

a‘g’r(aApM—nléM) .
An easy observation is that for all V € Conp, it is U -, V for some U € Conr if
and only if M 5, V for some M € MaxI" (leftwards let U := M and rightwards use
transitivity of entailment at type p).

Moreover, the consistency of a list is characterized easily through maximal neigh-
borhoods: at base types, clearly, a list is consistent if and only if it is its own sole
maximal neighborhood, while for higher types we have the following (recall the defi-
nitions of argA and valA on page 61).

Proposition 2.26. A list © € Arrp_,s is a neighborhood if and only if for each left
maximal M € Max (arg ®) there is a right maximal N € Max (val®) with ®©M C N.

Proof. Write I" and A for arg® and val © respectively.

From left to right, let ©® € Con,HG and M € MaxI'. If U,U’ € M, it will be
U =, U', and then WU =<5 WU'; so there must be a maximal N € Max A with WU C N
for every U € Max.

From right to left, let ® € Arr, s with the property that for each left maximal M €
Max I there is a right maximal N € Max A such that ®©M C N; let (U,b),(U’,b’) € ©
with U <, U’; there will be a maximal M € MaxI" with U,U’ € I'; by hypothesis,
there will be an N € Max A such that

b+b CWU+WU COWCN,
so O is consistent. 0O

Write ¢;I" (“converging” in I') and d;I" (“diverging” in I") for the tokens in I
which are consistent and inconsistent with its j’th element respectively, that is,
ciI'={ayel|a;j=paj},
de = {aj/ el’ | aj Xp aj/} .

Itis obviously I' = ¢;I" +d;I", for all j’s.

Proposition 2.27. LetI" € Arrp and M CT'. It is M € MaxI" if and only if

M= () oI
JeIM)

Proof. From left to right, let M € MaxI; it is

a; € m er<:> Y CliECjF@ \vd aixpajgaieM,
jGI(M) j61<M) jEI(M)

where (x) holds by the maximality of M.

For the other direction, let M = jerm) © ;I; for the consistency, let a;,a; € M, that
is, a; <p ax and aj <, a, for all k € I(M); since i, j € I(M) already, we have a; <, a;;
for maximality, let a; <, M, for some i € I(I"); then a; <, aj, for all j € I(M), that is,
a; € ¢;I", for all j € I(M), so a; € (jeyu) ;I > hence a; € M by the hypothesis. o
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By the graph-theoretic intuition we appealed to in the previous remark, Proposi-
tion 2.27 expresses that a maximal clique is characterized by the intersection of the
stars induced by its nodes.

We are interested in the way maximal neighborhoods form as we move to a higher
type, so that we may in principle argue about lists in a type-inductive fashion. Introduce
the following shorthands for the sake of readability. Given a list ® € Arrp_,s, and
M € Conyp, N € Cong, write (M,N)g for all (U,b) € ® with M-, U and N -5 b. If
I' € Arry, and A € Arrg, then write (I', A) for ¥ ysemaxr Loea (M, b).

Proposition 2.28. Let © € Arrp_,s. The following hold.
1. ¢j® = (djarg®,val@)e U (arg@,c,val @)g ,
2. d;0 = (cjarg®,val@)g N (arg®,d;valO)g .
Proof. For 1:
<Uj/7bj/> €c;0 & U; )ﬁp Uj/ Vb =g bj/
< Uy edjarg®Vby €cjval®
& (Uj,bj) € (djarg®,val@)g U (arg@,c;val @)g .
Statement 2 is shown similarly:
(Uj/,bj/> €d@ U=y Uy N\bj¥ by
= Uj/ S cjargG)/\bj/ € djV&l@
< (Uj,bj) € (cjarg®,val@)g N (arg@,d;valO)g . O
The following is a characterization of higher-type maximal neighborhoods.

Proposition 2.29. Let © € Arrp 6 and P C ©. It is P € Max @ if and only if

P=|J | [)(darg®,val®@)on () (arg®,c,val®)g
KCI(P) \keK kel(P)NK

Proof. Let © € Arrp s, and write I" := arg®, A = val®@. By Proposition 2.27 we
know that P € Max @ if and only if

P= ﬂ Cj@ P m (<de,A>@ U <F,CJ'A>@) ,
JEI(P) JEI(P)
so we want to show that the following equation holds:
() (d;I,4)eU(T,ciA)e)

JEI(P)
(2.24)
= U | Naen () Tead)e

KCI(P) \keK kel(P)NK

We relax the notation even more by writing d; for (d;,I",A)e and ¢; for (I',c;jA)g, so
the equation (2.24) becomes

ﬂ (deCj): U ﬂdkﬂ m Ck

jeI(P) KCI(P) \kek kel(P)NK
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We show that the equation holds by induction on n = |I(P)| > 0. The base case is direct
to see. Let I(P) = {1,...,n,n+ 1}; then

n+1 n
() (djUcj) = (djUc;) N (dnt1Ucns1)
j=1 j=1
o LJ (rWCQFW(]Ck>(WOQ+1UCn+ﬂ
KC{l1,...n} \kek keK
= U <ﬂdkﬂﬂckﬁd”+1>u U (ﬂdkﬂﬂCkﬂcn+1>
KC{l,...n} \keK keK KC{l,...n} \keK kgK
- U (nanna).
KC{l,..,nt+1} \kek kK
where the last steps require careful but elementary set theory. O

Remark. Note that in the proof we have used the following convention: if @ € Arr,_
and QO C 0, indexed by 1(Q), then (;cp, O(k) = @ (“an intersection over the empty
index set yields the universe”). O

We need to be a bit careful with the way we use the lists of arguments in given
neighborhoods: do we mean them as lists of neighborhoods, that is, lists of type Np, or
as lists of the neighborhoods’ tokens, that is, lists of type p? For our purposes, it turns
out that, given a list in Np, we can work with its underlying “flat” list in p, and then
draw safe conclusions about it in Np again.

Define a flattening mapping fl : Arry, — Arrp in the usual way:

Ar)y=1% Y a;
vel' acU
in set-theoretical notation we may as well write fl(I") = UI" (we return to this in Chap-
ter 3, on page 108).

Proposition 2.30. Let I" € Arry,. Then

I Mty M A v d Myt M.
MeMaxI" MyeMax fi(I") MyeMaxfl(I") MeMaxI"
Proof. LetI" € Arry,. For the first conjunct, let M € MaxI; it is consistent, so U <y,
U’, for all U € M, which means that a <, @, for all a € U, d’ € U’; then there must
exist a maximal neighborhood M in fi(I"), which will contain alla € U, forany U € M,
so My Fnp M. Suppose that M}- is yet another maximal neighborhood in fi(I"), with
M;c Fnp M; then, since entailment preserves consistency, for all a € fi(I') it is

[a] =np M — a =y My Na=p M},

which yields My = M} due to their maximality with respect to consistency.

For the second conjunct, let My € Max fl(I"); since the situation is finite, we may
argue indirectly; let My,...,Mr be all maximals in I", and suppose that My ¥y, M;
for any r = 1,...,T; by the first conjunct, there is an M} € Maxfl(I"), with MY - M;,
for every ¢, and since M,’s together cover I', their corresponding M}-’s together must
cover fl(I"); on the other hand, the supposition yields M [ Xp M}, for all ¢, which would
mean that there are a € My \fl(I"), a contradiction. Assume now that M -y, M and
My tnp M, for M,M" € MaxI"; then M <y, M’, so M = M’ by maximality. O
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Eigen-neighborhoods

Let I" € Arry, be an arbitrary list. In the following we drop the maximality requirement
of the previous section and consider arbitrary neighborhoods U C I" which are still
“closed under entailment relatively to I, in a way that we describe below.
LetW € Conp_m be some neighborhood, and consider a sublist E C W which has
the property
U =p Uy \Nby <5 by,

for all (U;,b;) € E, i = 1,2. Suppose further that all these arguments U in E are part of
an ideal x € Idey; then b € W (x), for all the corresponding values b in E. Conversely,
if such an ideal x entails exactly arg E out of all arguments of W—in which case, due to
closure of x, arg E would already contain all of argW that it entails—then the elicited
value should be exactly val E; in other words, this sub-neighborhood would serve as a
pointer to all ideals like x extending its argument exclusively in W, while simultane-
ously providing the exact value that W would give out as a result by application. Let’s
try and flesh out this intuition.

Call a sublist E C W an eigen-neighborhood of W, and write E € EigW, if it is
left-consistent, that is,

\ U1 =p U2
Uy,UycargE
(so consequently b; =g by for the corresponding arguments as well), and left-closed
under entailment relatively to W, that is,

v Ebn, U— (U.B)€E) |
(U,h)eW(arg e (U.b) €E)

where Np is the corresponding information system of the neighborhoods of p°. Every
U € argW generates an eigen-neighborhood Ey of W, by

(U'\b) € Ey = (U',b) eWAU p U .

Furthermore, it is clear that W ~p_.6 Y pcgigw E-

This is not an inductively defined concept, but merely focuses on the arguments of
the higher-type neighborhood at hand. Still, we can conventionally define the eigen-
neighborhoods of a base-type neighborhood U € Cony, to be U itself and @,.

Remark. For some intuition on this convention one can think of every base type o as
being isomorphic to the function space U — «, where U is the unit type. Otherwise,
one can quite easily see that the set of eigen-neighborhoods of a given neighborhood
can indeed be defined inductively. This leads to a method of inductive proof that we
implicitly use in section 2.4. O

The eigen-neighborhoods behave as generalized tokens to some extent, enough to
reveal a quite unexpected atomic behavior that underlies the otherwise non-atomic al-
gebraic entailment.

3The neighborhood information system of p is the triple Np = (Conyp,Conyp,Fnp), where 23:1 Uj e
Conyy if and only if Ui-:, U; € Conp and 25«:1 UjFpp U if and only if U{f:] UjFp U. This is an information
system which is coherent if p is coherent and moreover the two have isomorphic domains of ideals (see
Chapter 3, page 108).
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Theorem 2.31 (Implicit atomicity at higher types). Let Wy, W, € Conp_;s. The follow-
ing hold:

Wi =p 6 Waer VY YV (argEj <yp argEy — valE| =< valEy) |
E]EEigW] EzGEing

WikpsoWos Y 3 (argEz Fnp argEp AvalEy Fo valEz) )
E,cEigW, E| €EigW,
Proof. Let W,W, € Con,_,. For consistency, let first W <, ,s W> and E; € EigW,,
i=1,2, with arg £y <y, arg E>; the latter means U <, U, for any U; € arg E;, which
by the consistency of W yields b < b, for any b; € val E;. Conversely, let

argEy Xyp argEy — valEy <q valEs

for all E; € EigW,, i = 1,2, and (U;,b;) € W; with U, =p Uz; let Ey, be the
eigen-neighborhood in W; generated by U;; by the propagation of consistency, it is
arg Ey, <Xnp arg Ey,, so the assumption yields by € val Ey, <s valEy, > bs.

For entailment, it is:

Wi l_p_>6 W, & V Wi "p—m E;
E,cEigW,

& YV WargE, b valE,

E,cEigW,
I i
& V argErbp U/AY bjtg valE,
E,cEigW, <U1 ,b1>7“u<U[,b[>€W1 j=1 j=1
gy 3 (argEx bap argEy AvalE) o valEy) |

E,cEigW, E| €EigW;

where (%) holds by setting (U,b) € E; for some (U,b) € W}, whenever 25‘:1 Ujtp U;
that this is indeed an eigen-neighborhood of W follows directly by the propagation of
consistency and transitivity of entailment at p. O

Write (U,V) for Y pey (U,b) and U ~, U’ for U -, U' AU’ -, U (equientailment
is clearly an equivalence on neighborhoods). With the use of eigen-neighborhoods we
can achieve manageable conservative extensions of a neighborhood.

Proposition 2.32. Let W € Cony,_.s, and Ei,...,E, € EigW. For any choice of
Uy,...,Un € Cong and Vy,...,V,, € Cong with the property that U; \-p argE; and
valE; Fo Vi, fori=1,...,m, it is

m
Wepe WY (ULV)
i=1

Proof. For the consistency of the extension W + Y. [ (U;,V;), leti, j=1,...,m; then
Ui=xp Uj= argk; <, argE; = valE; Xg valE; = V; X5 V; |

by the propagation of consistency and consistency of W; this suffices.
For the equientailment, leti =1,...,m;itis

Ui Fnp argE; AValE; 6 Vi = Ei -p 6 (Ui, Vi)

soW koo WY (U;,V;). The converse is trivial. O



96 2. Matrices and coherent information systems

For every E € EigW there is exactly one UF € Con, (up to equientailment) and
exactly one V£ € Cong (up to equientailment), such that E ~,_,s (UE,VE); just set

UE :=fl(argE) and VE :=valE

(for the definition of the flattening mapping see page 93). Say that W is in eigenform,
if for every E € EigW it is (UF,VE) C W. Furthermore call W monotone, if for all
<U1,V1>, <U2,V2> CWitis

U '—p U= Vit Vs.

For example, (S0,B01) + (S, Bx1) is monotone whereas (S0, Bx1) + (Sx,B01) isn’t.

Proposition 2.33. Let p, ¢ be types. For all W € Con,_;q, there is a monotone W' €
Cony_.s in eigenform, such that W ~p_.oc W'.

Proof. Let W € Conp_,s. Set I :=fl(argW), and

wi=Y (UWU).

UeConr

It is easy to see that this list is finite and consistent; that it is monotone follows from
the monotonicity of application; that it is in eigenform is obvious by construction.

We show the equientailment. Let (U,b) € W; since obviously U € Conr and b €
WU, it is immediate that W’ F5_.c W. For the other direction, let (U,V) C W', for
some U € Conr; since obviously WU 4 WU, the definition of higher-type entailment
immediately yields W -y (U,WU). mi

So the non-monotone neighborhood (S0, Bx1) 4 (S, BO1) has the equivalent mono-
tone eigenform

(2,9) + (S0,Bx1+ BO1) + (S, B01) + (SO + Sx,Bx1+ B01) ,
or, written in tokens,
(S0, Bx1) + (S0,BO1) + (S*,BO1) + (SO + S*,Bx1) + (SO + Sx,B01) .

Now let ® € Arrp_,s. We can use eigen-neighborhoods to define an eigensplitting
mapping sp : Arfp_,g — Arr,_,5 by

sp@® = Z Z (E,b) ,

(U,b)€® E€EigU
such that it commutes with the flattening mapping.
Proposition 2.34. Let W) +y---+nv W) € ArrN(pﬁ(,). Then
sp(A(W1 +n -+ +n W) = fl(spWi +n - - +n spW)) .
Proof. Ttis
sp(fi(Wi +n -+ Wy)) = sp(W1 + -+ W))

& sp(Wh) + -~ +sp(W))
=fl(sp(W1) +n - +nsp(W)))

where (%) is direct to see from the definition of eigensplitting. O
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2.4 Totality and density

In a finitary basic algebraic coherent information system a token is total when it in-
volves no stars, and a neighborhood is total when it entails a total token; write GT and
GCon for total tokens and total neighborhoods respectively. Define the fotal ideals at
type p, and write Gp, by the following: at base type a, x is total if it contains a total
token; at type p — o, f is total when, applied to a total ideal, it yields a total ideal, that
is, when

Y (xGGp = f(x) €GG) ,

xep
where b € f(x) if and only if (U,b) € f, for some U C x. A type p is called dense when
every neighborhood U € Con,, can be extended to a total ideal x € G,. The last main
result of this chapter is the density theorem (Theorem 2.37), which states that every
type is dense.

At every base type oo we demand the existence of a distinguished nullary construc-
tor Og. Noting that every type p has the form p; — --- — p, — «, for some base type
«a and some non-negative number p, write p~ for the (possibly empty) finite sequence
(p1;--.,pp) of the argument types, and Con,- for Cony, x --- x Conp,; elements of
Con,- are (possibly empty) finite sequences of neighborhoods of the corresponding

types.

Lemma 2.35 (Separation). Let p be a type. For every Uy, U, € Cony, if Uy %, U, then
there exists a separator U~ € Con,- such that UyU ™ #q UoU™.

Proof by induction on types. At a base type there is nothing to show. Let W, W, €
Conp_sg, with Wy %, Wa. There will be (U;, b;) € W, i = 1,2, with (Uy,b1) %p—s6
(Ua, b)), that is, with U; <, Us Aby %4 by. By the induction hypothesis, there is a
separator of by, by, that is, a finite sequence V~ € Cong- such that b1V~ %4 bV ™.
Set U~ = (U, +U,,V™); this is obviously a finite sequence in Con(,_,5)- and satisfies
what we need. O

Remark. Notice that the choice of U™ in the proof is not unique, since there may be
more than one inconsistency between W) and W,. O

Now we state another useful lemma without proof (see [49, §6.5]).

Lemma 2.36 (Extension). Let p be a type and f,g € |dep. If f € Gy and f C g then
g € Gp.

Theorem 2.37 (Density). Let p be a type. For every U € Con, there is an x € ldep,
such that U C x and x € Gp.

Proof by induction on types. Atbase type o, let U € Cong, and b := e(U) be its eigen-
token. Clearly, it suffices to find a total token a € GTy with a ¢ b, and then set
x:=a. If b =0, for some nullary constructor O, then set a := b; if b = %, set a := 0.
If b= Cb;---b,, then the induction hypothesis gives a; € GTy, with a; ¢ b;, for
i=1,...,r,s0setting a:=Cay---a, € GTy, gives al¢ b.

At type p — o, assume that o and all types in p~ are dense. Let W = Y.}, (U, bx)
be a neighborhood. Observe first that, if there are indices i, j = 1,...,n such that b; %4
bj, then it is also U; %, U}, by the consistency of W. Then by Lemma 2.35 there is a
separator U;; € Con,- of Uj, U;. In the following we assume that Uij =Uj;.
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For an arbitrary neighborhood U € Con,, gather its fitting values in W, if any, by
n
Vy = {by | yl (bi #6 bk — UUy o UUy ) } 5

notice that by € Vyy,. This is a neighborhood: let b;,b; € Vi, and suppose that b; %5 bj;
by the definition of Vy; it is

UU;; Fo UU;; A UU; Fo UiU; = Uil <q UU;;

which contradicts that U; is a separator. Moreover, it is monotone in U: let U,U’ €
Conp, with U -, U’; by monotonicity of application it is UU, t-¢ U'U,; ; by the defi-
nition of Vy, it is direct to check that, if by € V1, then by € Vi as well, so the desired
monotonicity follows trivially by inclusion.

By the induction hypothesis we have density at type o, so Vy will have a total
extension vy. Set

1<i,j<n

f={U.b) | ( v (b,» #obj—UU; € GCona) Abe vU> VVy Fo b} . (2.25)

Since by € Vy,, it is clear that f contains W. We show that f is an ideal, by showing
that it is an approximable mapping.

First, it is consistently defined: Let (U,V) C f; we show that V € Cons. For
arbitrary b,b’ € V, by the definition of f, it is either b,b’ € vy, or b € vy AVy b/, or
Vy Fb,b', so b <s b’ in all three cases.

Then, it is deductively closed on the right: Let (U,V) C f and V 4 b; we show
that (U,b) € f. There are two cases: either b’ € vy, for some b’ € V, or Vy b4 b/, for
all b’ € V. In the first case, we have V C vy, and since vy is deductively closed, b € vy .
In the second case, we have Vi -5 b by transitivity at .

Finally, it is deductively closed on the left: Let U -, U" and (U’,b) € f; we show
that (U,b) € f. In case U’Ul-; € GConyg, for b; %5 b;, by monotonicity of application
itis also UU;; € GCong. Moreover, since U -, U’, both U’Ui; and U’U,.; will entail
the same total token, so Vyy = Vv, and then b € vy. In case V/ - b, monotonicity of
Vuy in U yields Vi = b.

It remains to show totality. Let x € G,. We show that f(x) € G5. By the definition
of application we have

bef(x)<:>UE|C U,byef.

Foralli,j=1,...,n with b; A5 b; we have separators U;; € Con,-; by the induction
hypotheses at types in p~, for every such separator there exists a finite sequence u;;
of corresponding total extensions. By totality of x we have x(u;) € Go. Let U be
the union of all U;; C x with U,-jui; € GCony; it is also Uu[; € GCony. Then, for all
b vy, itis (U,b) € f, which means that vy C f(x). By Lemma 2.36 we have that
f(x) € Ge. m|

Now let us examine what it means for our setting that the density statement holds.
Write x <, U if U* <, U forall U* C x.

Proposition 2.38. For all x € G, and U € Con, it is effectively either x <, U or
x%p U.
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Proof by induction on types. At base type @, let x € Gy and U € Cong; let a € x be
the total token of x; then either a <y U or a #%4 U, so either x <q U or x %4 U.

At type p — 0, let f € Gy and W € Con,_5; let (U,V) € Eig(W); by The-
orem 2.37 there exists an x € G, with U C x; f is total, so f(x) € Gg, and it is ei-
ther f(x) <s V or f(x) %5 V by the induction hypothesis at ¢; so we can decide if
f =p—o (U,V) holds for all eigen-neighborhoods of W or if f %, s (U,V) for some
of them; in the first case we have f =<, _,s W, and in the second we have f %, ,c W. O

Note that there is a neighborhood at each type p, which is consistent with all total
ideals, namely @,, the empty one. Now suppose that we are given the list of argu-
ments of some higher-type neighborhood, and that it contains two inconsistent neigh-
borhoods; the following implies that we can witness their inconsistency in a minimal
way.

Proposition 2.39. For all x € G, and U,U, € Con, in eigenform, if x <p U; and
Uy ;ﬁp U, then

1. x ¥, Us, and furthermore,
2. thereisa U%! € Cony, such that Uy Fp U~S! C x and U*! ¥#p Us.

Proof by induction on types. At type &, let x € G and U;,U, € Cong, with x <4 U
and U #¢ Us; then Uy C x, and the second assumption yields x %4 Uz, so the property 1
holds. The property 2 holds as well, for U*! := Uj.

At type p — 0, let f € Gp 6 and W, W, € Con, 5, with f <, ,c Wi and
Wi %p—c Wa; by Theorem 2.31 and the fact that the neighborhoods are in eigenform,
there will be (U;,V;) CW,;, i = 1,2, such that

(Ui, V1) #po (U2, V2)

which means
U =p Uy AV Xc Vo

by Theorem 2.37 there is an x € G, with Uy + U, C x, and by the totality of f we have
f(x) € G, for which
f(x) =5 VIAV] Xo- Vo

The induction hypothesis that 1 holds at ¢ yields f(x) %5 V2, so f #4p—s (U2,V2), and
consequently f ¥, W2, so the property 1 holds at p — & as well.
The induction hypothesis that 2 holds at ¢ yields a V/ ()1 ¢ Cong, with

Vit VIO C fx) A VIO 2wy,

by the definition of application of ideals, let U/ @)1 e Con, be an argument for vl
in f, that is, be such that

<Uf(x)71’vf(x)-,1> Cf A Uf(x),l Cx:
then (U7 1 Uy + U, VM1 C £, by the deductive closure of f; it is
(U,Vi) Fpso <Uf(x)’1 +U +U2,Vf(x)’1> cf,

and
(U U+ U VIO g (Un, V) 5
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so it suffices to set

val = Z <Uf(x).,1+Ul +U27Vf(x)"1>7

Uj eConﬂ(arng)

and the property 2 holds at p — o as well. O

2.5 Notes

Non-blank-row matrices

Proposition 2.6 interestingly implies that matrices with non-blank rows together with
matrix overlapping and matrix inclusion form an acis; let us call this nbr-acis and
denote it by (Arr"®" 4, C). This acis is different from the (Mat, <, >), since the carriers
are clearly distinct: blank arrays belong to Mat but not to Arr*" and the former contains
only coherently consistent matrices. However, one can easily show that if A C B then
B > A, though no similar remark can be made for ( and =.

This last remark is nevertheless misleading as far as the nature of this structure
is concerned. The nbr-acis essentially mimics the conjunction-implication systems of
page 51: given two (decidable) formulas, suppose we induce corresponding matrices
(like the test matrices we used for the function spaces); then overlapping of the latter
mimics the conjunction of the former while inclusion of the latter mimics implication
of the former, as is portrayed by Theorem 2.8.

On normal forms

The notion of a “normal form”, as is well known, is a prime player in the context of
rewriting systems (see for example [54]). A rewriting system is just a set A with a
binary relation —, its rewrite relation. We say that an element a € A is in normal form
if it is not further rewritable, that is, if there is no b € A for which a — b. The rewriting
system is uniquely normalizing if for every a € A there is a unique normal form a’ € A
such that a —* @’ (—* being the reflexive-transitive closure of —); we say that a’ is the
normal form of a.

Under this terminology, there are three different notions of normal forms of a
given neighborhood U that we have encountered: the maximal form m(U) (pages 33
and 84), the homogeneous form A(U) (page 69) and the eigentoken, or eigenform,
e(U) (page 82). As we have seen, the only ubiquitous one is the homogeneous form,
as it makes sense for all finitary and infinitary algebras alike. On the other hand, the
eigenform exists only for finitary algebras, while the maximal form is unique only for
finitary algebras with at most unary constructors.

In the preceding sections we have studied these normal forms rather algebraically,
as functions h, e, and m—even, the “matrix form” Ky (My) of U is strictly speaking
not a normal form, since the analysis to an application of a constructor context to a
basic matrix is just a (unique) representation of the homogeneous form. An approach
to these notions as normal forms of explicit rewrite relations —h e and —™, should
shed appropriate light on the equational logic of any logical system that would attempt
to formalize our model for higher-type computability, like the system TCF" of [18].
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On general formal matrix theories

Except of course for the fully developed linear algebraic matrix theory and its wide ap-
plications and generalizations in mathematics and science in general, it seems that little
or no work has been done on matrices over non-field-like structures. Given their com-
bined intuitiveness and practicability as mathematical objects, it could be expected that
a treatment of matrices over an arbitrary mathematical structure (in the sense of mathe-
matical logic), or maybe over graphs and hypergraphs (in the sense of graph theory and
theoretical computer science) should be direct and easily attainable to a considerable
extent; still, in view of the lack of relevant literature, it seems that something like that
has hardly ever been considered worthwhile to pursue until now.

To the best knowledge of the author, this is the first time that a non-numerical,
relational structure (here, information systems) motivates a study of matrices; one can
wonder what a more general approach to a formal matrix theory could bring about.

Implicit atomicity formally

It is interesting to notice that there is a flavor of uniformity about atomic entailment.
Let U = K(A) and b = K(B) be the matrix forms of a neighborhood and a token at a
finitary base type, where A € Mat(r,/) and B € Mat(r, 1); then

ro 1
Ukb V] .EIIA(i,j) = B(i) ,
i=1j=

whereas

Il r
U~b< 3 Y A(®,j)>B(i) .
j=li=1
Furthermore, in the light of our study of eigen-neighborhoods, we may state the
implicit atomicity of non-atomic systems in a strict formal way. Say that an information
system p features implicit atomicity when for each neighborhood, there is an equivalent
atomic one, that is,

Y 3 (UENU/\‘V’ (UE}—b—> 3 {a}Hy>>.
UeCony UE cConp beT, acUE

Acises are implicitly atomic in a trivial way, since every neighborhood there is defined

to be atomic. Using Theorems 2.22 and 2.31 (in conjunction with Proposition 2.33)

one may show that all algebraic coherent information systems are implicitly atomic: at

each type, each U has an atomic eigenform U~ .

The maximal clique problem

In page 90 we start a short study of maximal neighborhoods in arbitrary lists. We
should note that the notion of a maximal neighborhood has a clear graph-theoretic
nature, which can give us a good intuition about its behavior. A listI" € Arr, (n) induces
an undirected graph G with all loops, where the nodes are (the indices of) its elements
and an edge appears whenever two nodes are consistent. A maximal neighborhood in
I' corresponds then simply to a maximal clique in Gr.

The problem of determining all maximal cliques in a given graph is a well-known
subject in the related literature (see for example in [19]). An algorithm which solves
the problem is the following:
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1. set MaxI" == {I'};
2. for all pairs (i, j) ¢ Gr do the following:
(a) let INC be the set of the current M € Max I, for which i, j € M; reset

MaxI':= | (MaxI'\M)U{M~i, M~ j})
MeINC

so that the inconsistency between a; and a; is lifted by separating M into
two subsets, one including the former, the other the latter;

(b) reset

MaxI''={MeMaxI'| V (MCM —->M=M)},
M'eMaxI”

so that only the (set-theoretically) maximal sets are kept.

It is not hard to see that the algorithm in the end yields the maximal cliques: the
for-loop (2a) ensures that all inconsistencies are raised from each possible maximal
neighborhoods, while maximality is ensured by step (2b); that no element is forgotten
in the process is ensured by the initial value at step (1).

As an example, consider a list I" € Arr,(8), with inconsistency pairs (1,4), (2,6),
(4,6), and (5,6). The algorithm proceeds as follows:

F=(1+42+34+4454+6+7+8)

(19)

= (142+34+5+6+7+8)+(2+3+4+5+6+7+8)

2 (142+34+54+7+8)+(1+3+54+6+7+8)
+(2434+445+7+8)+(34+4+5+6+7+8)

L4243 454+T+8)+(14+34+5+64+7+8)+(2+3+4+5+7+8)

+(3+ F8)+(3+ +8)
(14243 4+54+7+8)+(1+ F3)+
+(1+34+6+7+8)+(2+3+4+5+7+8),

where the canceled lists are proper subsets of preexisting lists each time; the resulting
maximal cliques are the remaining three.

Complexity lies beyond our current scope, but we should notice that in the worst-
case scenario, where I" consists of pairwise inconsistent elements, thus inducing a
so-called totally disconnected graph—to be precise, “totally” up to the loops—the
algorithm terminates in 23n(n=1) steps (taking both symmetry and reflexivity into
account)—in which case, naturally, the maximal neighborhoods would consist of one
element of I" each.® What is particular in the above algorithm to our approach, is that
it employs a recurring idea: “an inconsistency may serve as a pivot”.

On density

The density theorem was first proved by Stephen Kleene in [21] and Georg Kreisel
in [24], and since the development of domain theory, and after Yuri Ershov’s [10], it

Thanks to Mihalis Yannakakis for the enlightening private correspondence on this issue.
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has been studied a number of times, notably in Ulrich Berger’s [4] and [5]—see [52],
[45], [25], and also [32].

The proof of our density theorem (page 97) follows closely the corresponding proof
in [18] (where it was also formalized in TCF™). It differs in the following points: (a) it
is “linear”, in that it does not employ a mutual induction anymore, where each type was
shown to be both dense and separating, but breaks down to a lemma for separation and
a single induction for density; (b) the separators are not infinite objects (total ideals)
any more, but mere finite lists (neighborhoods). A third difference is that we restrict
here attention to types over finitary algebras, but it is easy to see that this does not really
harm generality.

Outlook

There are at least two directions to pursue. On the one hand, the matrix theory which
we developed in the first half of the chapter could afford a lot of streamlining, in partic-
ular on such a proof assistant as MINLOG (see http://www.math.lmu.de/~1logik/
minlog/index.php as well as [3], [48], and [6]). On the other hand, the higher-type
notion of an eigen-neighborhood suggests novel techniques that we could use to obtain
native proofs of definability, density, and other deep results which up to now could have
been available only as adaptations of much more general arguments.






Chapter 3

Connections to point-free
structures

In this chapter we seek to establish direct connections between information systems
and well-known point-free topological structures. This should be viewed as a step in
the spirit of Giovanni Sambin’s abstract of [38]:

[... ] how much of domain theory can be generalized to formal topology?
My impression is that some open problems in one of the two fields could
already have a solution in the other, and that is why an intensification of
contact should be rewarding.

Preview

In contrast to the previous chapters, we adopt here a traditional and general view, where
no algebras are considered. In section 3.1 we state basic facts and observations con-
cerning Scott information systems, and in section 3.2 we introduce the notions of atom-
icity and coherence in the traditional top-down way, where among other things we point
to the fact that atomic and coherent versions of Scott information systems feature more
ideals than the generic version (Theorem 3.7).

In section 3.3 we consider well-known point-free structures, like domains and for-
mal topologies, and impose appropriate coherence properties on them to show that they
correspond to coherent information systems.

3.1 Scott information systems

A (Scott) information system is a triple p = (T,Con,F) where T is a countable set of
tokens, Con C Z¢(T) is a collection of (formal) neighborhoods and = C Con x T is
an entailment relation, which obey the following:

1. consistency is reflexive, in the sense that a token suffices to form a formal neigh-
borhood:
{a} € Con;

2. consistency is closed under subsets:

UeConANVCU—VeCon;
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3. entailment is reflexive, in the sense that a neighborhood entails its elements:

aclU—Utlta,;

4. entailment is transitive:

UFVAVEc—=Ukltc;

5. consistency propagates through entailment:

UeConANUFb—UU{b}€Con,

where U -V is a shorthand for V,cy U I b.

The following follow directly from the definition of an information system.
Proposition 3.1. In every information system the following hold:

1. @ €Con,

22 UFV —=UUV eCon,

3. UFU,

4 UFVAVEW SURW,

5. UDUANURVAVIOV U RV,

6. UFVAURV -UFVUV.

An ideal in p is a set u C T which is consistent and closed under entailment in the
following sense:

V UeConA V (Uka—acu).
UCfu UCfu

Denote the empty ideal by L and the collection of all ideals of p by Ide,. Define the
deductive closure of a neighborhood U € Con by
clpy(U):={acT|Uta}.

When p is clear from the context we just write U. Write Con, for the collection of all
such closures.

Proposition 3.2. IfU € Con then U € |de,.

Proof. Let U € Con, and V Cf U; itis UV, so UUV & Con and so V € Con. If,
further, V C/ UAV Fa,then U FV F a, so a € U by definition. O

Two examples

We give two examples of finite information systems that we will use later. Consider
the alphabet Q = {I,r,m}, and denote the empty word of Q* by €. The first one, the
Coquand information system €, offers a formal version of Coquand’s counterexample
to atomicity (see page 47), and is defined by

Iy = {8,1,}"} ;
Cong = ,@f(T(g) ,
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{l,e,r} Im Ir mr

/TN

{l,¢} {l,r} {e,r}

XX

{y {e} {r} €

3
~

Figure 3.1: Entailments in Cong \ @ and T¢.

and its entailment by (see Figure 3.1)

{hFet, {r}rer, {et e e,
{Lir}Fe e, {re}Fgre, {lLLe} byl e,
{lre} g lire.

It is easy to check that % indeed satisfies the axioms of an information system. Fur-
thermore, understanding that {/,r} -4 € is the only nontrivial entailment at hand, it is
easy to see that

Idey = ng(T%)) AN {l,r} .

The Plotkin information system £ is defined by

{e,l,m,r,lm,lr,mr} |

Ty
UeCong:

3 V asuperword of b,

acTy beU

Uty b= 1 asuperword of b .
acU

Again, it is easy to check that £ satisfies the axioms of an information system. Its
ideals, Ide &, are the following:

L. {e},

{l.e}, {m,e}, {re},

{l,m,e}, {l,r,e}, {m,re},
{lm,I,m, e}, {ir,l,r,e} , {mr,m,r,e} .

Approximable maps

Let p and o be two information systems. A relation r C Con, x T is called an ap-
proximable map from p to o if

e it is consistently defined, that is,

VY (U,b)er—V €Cong ,
bev

for U € Con,, V c/ Ty, and
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e itis deductively closed, that is,

UFyUAY (Ub)erAVEgY — (U V) er,
beVv

for U,U’ € Cong, V € Cong and b’ € T.

Let us stress the fact that an approximable map need not be a single-valued mapping in
general. Write Apx,_,; for all approximable maps from p to 0. One can easily gener-
alize Proposition 1.16 and show that the ideals of p — ¢ are exactly the approximable
maps from p to o, that is, that Ide, 5 = AppoG.

As already remarked in Scott’s seminal paper [51, §5] (where actually the converse
route was taken), any approximable map r from p to ¢ induces a relation # C Conp x
Cong by letting

U,v)yer=V (Ub)er.
bev

Proposition 3.3. Let r be an approximable map from p to ©. For the relation 7 the
following hold:

1. (2,0) €@
2. (U,V)€rN(U V) €F— (U VUV EFR,
33U FpUANUV)EFNV gV — (U, V) EFR

Conversely, if R C Con, x Cong satisfies the above, then the relation RC Conp x Ty

defined by
(Ub)eR:= 3 (h€VA(U,V)ER)

VeCong

is an approximable map from p to ©.

In what follows we will identify r with # and R with R.

Ideal-wise equality

Call two information systems p and o ideal-wise equal or just equal, and write p ~ G,
if they give rise to the same ideals up to isomorphism, that is, if Ide, ~ Ides. Ideal-
wise equal information systems define isomorphic domains (see section 3.3), hence the
overload on the isomorphism symbol “~”. Call p ideal-wise smaller or just smaller
than o, and write p <X o, if the ideals of the former can be embedded into the ideals of
the latter, that is, if Ide, — ldes. Notice that, in general, itisp <cAG <p A p~o0C.

Let p = (T,Con,}) be an information system. Its neighborhood information sys-
tem Np = (NT,NCon, ") is defined by

NT :=Con,
% € NCon:=|_J% € Con,
wNv=Jutrv.

Proposition 3.4. If p is an information system then Np is an information system, and
itis p =~ Np.
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Proof. For reflexivity of consistency: Let U € Con; then obviously {U} € NCon by
definition. For closure under subsets: Let %, 7 € Z2;(Con); then

% € NCon\NYV Cu
= J# eConn| Jv c| %
= | J7 €Con
& ¥ e NCon.
For reflexivity of entailment: Let % € &?y(Con) and U € Con; then
vew=vcJrw"="JurveswU.
For transitivity of entailment: Let % ,% € &;(Con) and W € Con; then
UN VNV ENW
eV u"varEiw
vey
s V| JzrvalJvEw
Ve“//U U
sUzrUralyrrw
2Jzrw
suUHw.

For propagation of consistency through entailment: Let % € &?¢(Con) and V € Con;
then

% € NConAN% FN'v
s|J# eConnlJw Hv
Z|J# uv eCon
< % J{V}eNCon.

To show that the classes of ideals in the two information systems are isomorphic,
take the correspondence defined by the two mappings & : Ide, — ldey, and |J :

Idey, — Ide,. Itis direct to see that both of them are well-defined injections, as well
as that they are mutually inverse. O

Consider now the quotient information system Qp = (QT, QCon, FQ), defined by

QT =Con/ ~,
{[Ui]}i<n € QCon := | JU; € Con ,
i<n

{[Ui]}i<n H2 [V] = U Uutv,
i<n
where
U~V =UFVAVEU

is the equientailment or equivalence of formal neighborhoods. An easy characteriza-
tion of equientailment in terms of closures is given by the following.
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Proposition 3.5. Itis U ~V ifand only ifU = V.

Proof. The right direction follows from transitivity and the left one from reflexivity
and transitivity of entailment. O

Proposition 3.6. Equientailment is compatible with QCon and 2. Furthermore, if p
is an information system then Qp is an information system, and it is p ~ Qp.

Proof. For compatibility with QCon: Let {Uj,...,U,} € QCon and U; ~ V;, for all i =
1,...,n; by definition | J_; U; € Con and U; - V; AV; = U, for all i’s; then U, U; - Vi,
for all i’s, so |Ji_; V; € Con, and by definition {V1,...,V,} € QCon.

For compatibility with F¢: Let {U,...,U,} Fe U and U; ~ V;, for i = 1,...,n,
as well as U ~ V; by definition i, U; - U and U; - V; AV; = U, for all i’s, as well
as Uk VAV EU; then U, Vi F UL, Ui - U F V, so by transitivity and definition
..., Vu}FeV.

For reflexivity of consistency: Let [U] € QT that is, [U] € Con/ ~; from U € Con,
we immediately have {[U]} € QCon by definition. For closure under subsets: Let
{[UI}i<n {[Vil} j<m € 24(QT); then

{[Ul}i<n € QCON A{[Vj]} j<m € {[Uil}icn
@UU{ECOH/\ U V; C UU,‘
i<n j<m i<n
= U Vj € Con
Jj<m
= {[Vj}}j<m € QCon .
For reflexivity of entailment: Let {[U;]}i<, € #;(QT) and [U] € QT then
U] € {[Ul}ien = 3[U] =[]
= El UtrU
<n
2 Juru
i<n

~ {[Ui]}i<n }_Q [U] )

where at (x) we used reflexivity and transitivity at p. For transitivity of entailment: Let
{[U}i<n {Vil}j<m € Z¢(QT) and [W] € QT; then

{0} icn =2 AVi1} jam AV} jm F W)
< J.Ym{[Ui]}Kn R VAA{VT} jem € W)

<V JureviaJvirew

j<m

i<n j<m
2 Jure JvianJvirew
i<n Jj<m Jj<m
2 {Uitica bW

& {[U}icn FC W],
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where the step (%) we got by Proposition 3.1(6). For propagation of consistency through
entailment: Let {[Uj|}i<, € Z;(QT) and [V] € QT; then

{[U]}i<n € QCon A{[U]}icn H2 [V]
& JuieCona UitV

i<n i<n
2 JU:;uV € Con
i<n

< {[Ui]}icn U{[V]} € OCon .

We show that Qp ~ Np, so that Qp ~ p will follow from Proposition 3.4. For
Idegp — Idey, take u — {V € NT | Jyccon ([U] €uAV € [U])}, and for Idey, —
Ideg, take u — {[U] € QT | U C u}. It is direct to see that these mappings are well-
defined injections, as well as that they are mutually inverse. O

3.2 Atomicity and coherence in information systems

For an arbitrary information system p = (7,Con,}F), define atomic entailment and
coherent neighborhoods respectively by

Urtb:= 3 {a}+b,
acU

UcHCon:= VY {a,d}ecCon,

a,a' el
where U € Z4(T).
Theorem 3.7. The following hold:
1. It is FACF and Con C HCon.

2. The triples Ap = (T,Con,*) and Hp = (T,HCon,") are both information
systems, where, in Hp, entailment is extended to coherent neighborhoods U &
HCon trivially, that is, by inductively adding all reflections and transitions of
HCon on -:

UH'b:=UrbvbeUv I (UH'VAVETD).
VeHCon

3. Itisclap(U) Ccly(U) and Yyecon clup (U) = clp (U).
4. Itisp RAp and p X Hp.

5. Atomicity and coherence are idempotent, in the sense that A(Ap) ~ Ap and
H(Hp) ~ Hp.

Proof. For the first statement: we have FACl directly by definition, and reflexivity
and transitivity of -, while for every U € Con, by closure under subsets, we have
Vaaeu{a,a'} € Con,soU € HCon.

For the second statement. For Ap we have to check the laws of the definition
concerning entailment. For reflexivity, if U € Con then {a} I~ a for all a € U, so
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U F afor all a € U. For transitivity:

U VAV c& Y J {ap}FbA T {b}Fc
U beV

beV ape

= J{a}tc
aclU
def

Evuttc
Finally, consistency propagates through atomic entailment, since it does so through
entailment in general (see previous statement).

For Hp: Reflexivity for coherent consistency follows from the previous state-
ment, since all singletons are already in Con. For closure of coherent consistency
under subsets, let U € HCon, V C U; by closure under subsets for neighborhoods,
it is V € Con, so it is a finite set; for a,a’ € V, since V C U, it is {a,a'} € Con, so
V € HCon. Reflexivity of coherent entailment follows directly from the definition. For
the transitivity of coherent entailment let’s consider the most complicated case, where
U,V € HCon~ Con with

v < 3 (U wy AWy H%)) A3 (VvEIW AW H )
beV \WyeHCon Wy €HCon

By applying the induction hypothesis first for Wy via V to Wy and then for Wy via
Wy to ¢, we get Wy H ¢, so by definition it is U F ¢. For propagation of coherent
consistency through coherent entailment, let U 7 b for some U € HCon: if U - b
then U U {b} € Con C HCon; if b € U, then UU {b} = U € HCon; if U 1 V and
V H b for some V € HCon, then, by the induction hypothesis, it is U UV € HCon and
U UV I b; by the induction hypothesis again, U UV U {b} € HCon; by closure under
subsets, U U{b} € HCon.

The third statement is direct to show.

For the fourth statement: We show that Ide, C ldesp; let u € Idep; if U C/ u, then
U € Con by the consistency in p; if further U FA b, then U - b since FACH, so b € u
by deductive closure in p.

We now show that Ide, C ldey,: let u € Idep; if U C/ u, then U € Con C HCon
by the consistency in p; if further U F4 b, then U - b since U € Con again, so b € u by
deductive closure in p.

For the fifth statement: For the idempotence of A, the only thing we have to show
is that FA" =4

U be 3 {a}-b

acU

< 3 3 {d}rb

acl d e{a}

< d{a}tkb.

aclU

Soitis A(Ap) ~ Ap, actually with the trivial isomorphism. For the idempotence of H,
we have Cong, = HCon,, so:

U € H(HCon,) < VY {a,d'} €HCon,

a,d €U

& VU{a,a'} € Conp

ade

< U e HCon, ,
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and U € Congp; step () holds since two-element sets that are consistent are also
coherently consistent and vice versa. Finally, let U FH b:ifitisUF{ borbe U,
then we’re done; if there is a V € H(HCon) such that U FHT 7 and v HHT b, then, as

we just saw, it is V € HCon, which means that U 7 V and V F¥ b, so by transitivity,
UH p. m]

Notice that we cannot do better than Theorem 3.7(4) in general. Indeed, both atom-
icity and coherence may provide “extra” ideals that are absent in the original informa-
tion system. For example, consider the information systems ¢ and .Z (page 106); it is
direct to check that

Idey ? {l,r} € ldesy

(follows by the Coquand counterexample) and also that
ldey 2 {l,m,r,e} € ldeg ¢ .

So atomic and coherent information systems are generally ideal-wise richer. Notice,
moreover, that they are the richest we can get in this manner, a fact that is expressed by
Theorem 3.7(5).

3.3 Coherent point-free structures

Formal topology is point-free topology from a predicative and constructive viewpoint
([401, [39], [42], [9]). Links between domain theory and formal topology have been
noticed and studied by several people already (see [41], [38], [30], [33], [52]). The
main objective of this section is to match coherent information systems to respective
“coherent” point-free structures, domains included.

The basic problem that one faces in such an endeavor lies, not surprisingly, in the
very nature of coherence. By its definition (page 111), coherence involves comparisons
between tokens, but tokens are unobservable in any point-free setting; everything there
starts with neighborhoods. Luckily, we have the following easy characterization.

Proposition 3.8. A finite set of tokens is a coherent neighborhood if and only if every
two of its subsets have a coherent union.: it is U € HCon if and only if U € Z¢(T) and
U,UU, € HCon, for any U;,U, C U.

Notice that we could equivalently say “Uy € HCon for any Uy C U” instead of “U; U
U, € HCon for any U;,U, C U”; we choose the latter to stress that the issue of validity
of a neighborhood in a coherent system is raised from comparisons of its tokens, to
comparisons of its subsets. The coherence conditions (3.1), (3.2), and (3.4), that we
pose in the following are all modeled after Proposition 3.8.

In this section we restrict ourselves to the case where we have countable carrier
sets.

Domains

We start with the known correspondence of arbitrary Scott information systems and
domains (of countable base), which we quickly recount here without proofs, to set the
mood for what comes next (see Appendix A for relevant basic notions and facts that
we may refer to but omit here).
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Let D= (D,C, L, lub) be a domain and define I(D) := (T,Con,}F) by

T =D,
{ui},’g € Con = {u,-}iel gf D, /\lub{u,-},-el eD,
{Mi}ig[ Fu=u E lub{ui}iel .

Notice that, by Fact A.8.1, if {u;};c; € Con then lub{u; };c; € D.. Conversely, for an
information system p = (7,Con, ), define D(p) := (Ide,, <, L, ).
The following comprises Propositions 6.1.6, 6.1.8, and Theorem 6.1.9' of [52].

Proposition 3.9. If D is a domain and p an information system, then I(D) is an in-
formation system and D(p) a domain, where compact elements are given by deductive
closures, that is, where D(p). = Con,.

Furthermore, if D is a domain then \depy ~ D, through the isomorphism pair
u — lubu and u — apx(u), where apx(u) is the set of the compact approximations of u.

Let now r be an approximable map from p to ¢. Define a mapping D(r) : D(p) —
D(c) by
D(r)(u) = J{V € Cong | U S un(U,V)er}.
Conversely, let f be a continuous mapping from a domain D to a domain E. Define a
relation I(f) C Cony(p) x Conyg) by
(U,V)el(f) =lubV < f(lubl) .

These establish a bijective correspondence, as the following statement expresses (The-
orem 6.1.12 of [52]).

Proposition 3.10. If r is an approximable map from p to o then D(r) : D(p) — D(0)
is a continuous mapping. Conversely, if f : D — E is a continuous mapping then I(f)
is an approximable map from 1(D) to 1(E). Furthermore, the collection of continuous
mappings from D to E is in a bijective correspondence with the collection of approx-
imable maps between I(D) and I(E).

Coherent domains

Let D = (D,C, 1) be a domain and {u;};c; C/ D, an arbitrary finite set of compact
elements. Call D a coherent domain if

lub{u;}ics € De ¢+ ¥ lub{uj,u;} € D, . 3.1)
ijel

Note that the choice of D, instead of the more modest D is justified by Fact A.8(1).

Theorem 3.11. Let D be a coherent domain and p a coherent information system.
Then I(D) is a coherent information system and D(p) is a coherent domain.

Proof. Let D be a coherent domain and {u; }ies € Cony(p). By the definition of / (D),
{u;}ic; €/ D, and lub{u;};c; € D. By Fact A.8(1), lub{u;}ic; € D,. By the coherence,
Vi jerlub{u;, u;} € D, and we’re done.

I'This is called second representation theorem in [52], besides the first representation theorem (“a domain
is represented by its compact elements”, see Fact A.9) and the third representation theorem (“a domain is
represented by its induced Scott space”).
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Let now p be a coherent information system and {U; };e; C/ Con,. By the coher-
ence and Proposition 3.8, it is

JU: € Con,, » ¥ U;UU; € Con, ,
i,jel

icl
so also
(JU: € Con, <+ V T;UT; € Con, . o
icl hjel
Precusl’s

A preordered conditional upper semilattice with a distinguished least element, or just
precusl, is a ‘consistently complete preordered set with a distinguished least element’,
that is, a quadruple P = (N,C, L, | ) where C is a preorder on N, L is a (distinguished)
least element and L! is a partial binary operation on N which is defined only on con-
sistent pairs, that is, on pairs having an upper bound, and then yields a (distinguished)
least upper bound:

UuveN= 4 (UCWAVLCW),
WEN

UUVEN=ULCUUVAVCUUV
ANY UCWAVCW UUVLEW).
WeN

We think of N as “a set of formal basic opens”, C as “formal inclusion”, L as “a
formal empty set” and U as “a formal union”. Call a subset u C N a precusl ideal when
it satisfies
leun VYV UUVeunN ¥V (VEU—=SVEY).
UVeu Ucu
Write Idep for the class of all precusl ideas of P. Observe that the second of the three
requirements for a precusl ideal expresses the property of being upward directed, so
it follows that any finite subset in a precusl ideal will have a least upper bound in the
ideal (for details on the relation of precusl’s and information systems that are not given
here, one should consult [52, § 6.3]).
Let now P = (N,C,LJ, L) be a precusl and define /(P) = (T,Con,) by

T =N,
U eCon=%C'NA| |% €N,
wrU=UC| |7 .

Conversely, let p = (7,Con,t) be an information system and define P(p) =
(N,C, L,U) by

N :=Con,
UCV:=VFU,
l=2,

vuv:=UuUVifuUuUV eCon.

The following is Theorem 6.3.4 of [52].
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Proposition 3.12. If P is a precusl and p an information system, then I(P) is an
information system and P(p) is a precusl. Furthermore, it is |dep = |deyp) and
Idep ~ Idep(p).

Proof. We just show the existence of isomorphisms between corresponding informa-
tion system ideals and precusl ideals, as the proof is omitted in the above reference.

For Idep C Ide;(p), let u € Idep and % C/ u. Since uis anideal in P, | |% € u CN,
so % € Conyp) by definition. If further % t;p) U, itis U C | |% by definition, so
U € u, again because u is an ideal in P.

For Ide;p) C Idep, let u € Ide;(p). That L := @ € u, follows from downward closure
inI(P). LetU,V € u; since uis anideal in I(P), itis {U,V} € Conyp), and then U LIV €
N by definition; since {U,V'} F;py ULV and u is an ideal in I(P), itis ULV € u. If
nowU €uandV C U, then {U} Fy(p) V by definition, and V € u follows again because
u is an ideal in I(P).

For Ide, ~ Idep,) take the following isomorphism pair:

ldey, > u @f(u) S Idep(p) ,
Idep<p) DU Uu S Idep .

These mappings are well-defined. For the right embedding, it is obviously | := @ €
P(u); for every U,V € Py(u) itis also UUV T/ u, soitis ULV € Py(u) by
definition; if U € Zf(u) and V C U, then J{U } = U I V by definition, so since u is an
ideal in p, itis V C/ u, thatis, V € 2;(u). For the left embedding, if {a;}i<, </ Uu,
then V<, Ju,cua; € Uj; since u is an ideal in P(p), itis | |;.,U; € u cf Np(p)> $0, by
definition, ;., U; € Con; by closure of consistency under subsets in p, it is {a;}i<n €
Con. If now U C/ Ju and U F a, then {a} C U by definition; since u is an ideal in
P(p), we have {a} € u,s0a € Ju.

It remains to show that the two embeddings are indeed mutually inverse. Let u €
Ide,; we have

aEU,@f(u)c)UglfuangaEu,

where (x) holds leftwards for U := {a}, and

{aiticn € P (Uu> & {aitica & Ju
<V 4 a; € U;

i<nU;cu

&Y JF gl U

i<nU;€u
v J{gyc| |u
iYn U,Eu{al} - !Z[ !
& {ai}icn €u,

where (x) hold leftwards for U; := {a;}, i < n. mi

A precusl approximable map from P to P’ is a relation Z C N x N’ which satisfies
the following:

o (L,1Ne,
e (UV)eZNUVYeZ— (U VUV e,
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« UCU'AUV)EZANV' TV — U,V €R,

where (U,V UV') € Z naturally implies that V LUV’ is defined. Write Apxp_, p/ for all
precusl approximable maps from P to P’. For every % € ApXp_,p define a relation
I(:@) g Con](P) X COn](Pl) by

X, V) € (R) = (|_|62/,|_|~y) €.

Conversely, let r be an approximable map from p to ¢. Define a relation P(r) C
Np(p) X Ne(c) by
(U,vyep(r)=U,V)er.

One can show (see [52, pp. 151-2]) that these establish a bijective correspondence.

Proposition 3.13. If r is an approximable map from p to o then P(r) is a precusl
approximable map from P(p) to P(c). Conversely, if Z is a precusl approximable
map from P to P’ then 1(Z) is an approximable map from I(P) to I(P"). Furthermore,

it is APXy 5 = APXp(p),p(c) @nd APXp_,pr = ADXy(p) s 1(pr)-

Coherent precusl’s

Call a precusl coherent if it satisfies the following property for a finite collection % C/
N:
| |#eN+ ¥V ULVEN. (3.2)
uyvew
Theorem 3.14. If P is a coherent precusl then I(P) is a coherent information system.
Conversely, if p is a coherent information system then P(p) is a coherent precusl.

Proof. Suppose first that P is coherent, that is, such that (3.2) holds for all % C/ N.
Let % € Conyp); by the definition,

U INAN | eNEU% NN YV UUVEN

uvew
Eu ng/\ \ {U7V} S COI"I](p) R
uvew

so I(P) is a coherent information system.
Now suppose that p is a coherent information system, that is, such that

UeCon« VYV {a,b}eCon, (3.3)
a,beU

foralU C/ T. Let % C/ Np(p)» that is, % CJ Con; we have

| |% € Nppy & J% € Con
U S Ta V¥V UUVEeCon
uvcy#
def
EllwdTan VY ULVEN,
Jzcdrn v, P(p)

= Y UuVeN,
Uvew Plp) >
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where at (x) we used (3.3) and Proposition 3.8. Conversely, we have

%ngp(p)/\ Y UUVENP(p)g%g'}[COﬂ/\ Y UuV eCon

uvew uvew

By Conn ¥V YV {a,b} € Con
UVeWU abcULV

=% </ Conn YV {a,b} €Con
a,be U

& J < Con

SUZ €Npgy)

so P(p) is indeed a coherent precusl. m]

Scott—-Ershov formal topologies

The structure of a “formal topology” was defined by Giovanni Sambin as early as
1987 in [37], and as the area has developed a number of alternative definitions has
appeared. Suitable for our purposes is a version of the definition in [30], whose main
difference from Sambin’s original is the disposal of the “positivity predicate”—see [30,
§2.4 ] or [39, Footnote 13] for a justification of this. In fact, we depart a bit from this
definition as well, in that we require the presence of a top element among the formal
basic opens, this is however an inessential difference (see Exercise 6.5.21 of [52]). For
a list of nomenclature discrepancies between our exposition and the literature, see notes
in 3.4.

We will use order-theoretic notions which are dual to notions appearing before,
namely a greatest or top element and greatest lower bounds of sets of elements; all
these are to be understood in the usual order-theoretic way.

Define a formal topology as a triple J = (N,C, <) where N is the collection of
formal basic opens, T C N x N is a preorder with a top element T, which formal-
izes inclusion between basic opens, and < C N x Z(N), called covering, formalizes
inclusion between arbitrary opens, and satisfies the following:

1. it is reflexive,
Uew -U<%,

2. it is transitive,
UUNU <V U<V,

3. itis localizing,
U<UNU<YV =U<ULV,

and
4. it extends formal inclusion between formal basic opens,

VOCUANU<U =V U,

where % <V =Vyeq U < ¥ and

w |V ={WeN| 4 4 (WCUAWLV)}.
vewvey

A formal point in 7 is a subset u C N such that
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1. T Eu,
2. YVoveuIweu WCTUAW V),
3. Voeu (U X% — Fyea V € u).

Dually to the case of precusl ideals, the second of the three requirements for a formal
point expresses the preperty of being downward directed, so it follows that any finite
subset in a formal point will have a greatest lower bound in the ideal. Denote the
collection of formal points of .7 by Pt .

Call a formal topology 7 unary if

U<%— 4 U<V,
Ve

where we write U <V for U < {V}, and consistently complete if

\4 ( 4 WCUAWLV)— WzUI‘IV) ,

UVeN \WeN WeN
where [|% denotes the greatest lower bound of % . Finally, call .7 a Scott—Ershov
formal topology if it is both unary and consistently complete.

One can prove that every domain can be represented by the collection of formal
points of a certain Scott—Ershov formal topology (see Theorem 4.35 of [30] and Theo-
rem 6.2.15 of [52]). Here we proceed to link formal topologies directly to information
systems.

Let 7 = (N,C, <) be a Scott—Ershov formal topology. Define I(.7) = (T,Con, )
by

T =N,
%eCon::%g-fNAﬂ%eN,
%FU::H%EU.

Conversely, let p = (7, Con, ) be an information system. Define F(p) = (N,C, <)
by

N :=Con,
UCV=UFV,
U<%= J UFV.

Vew

Note that the definition is independent from the choice of representatives—see Propo-
sition 3.5.

Proposition 3.15. If .7 is a Scott—Ershov formal topology and p an information sys-
tem, then 1(.7) is an information system and F (p) is a Scott—Ershov formal topology.
Furthermore, it is Pt = lde; 7 and Idep ~ Pty ().

Proof. First let J be a Scott—Ershov formal topology. We check the defining prop-
erties of an information system for I(.7). For reflexivity of consistency, let U € N it
isUCU,so[{U} € N and {U} € Con by definition. For closure under subsets, let
% cConand ¥ C%;then[|% € NandVycy [ % CV,so[ ¥ € Nand ¥ € Con
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by definition. For reflexivity of entailment, let %7 € Con and U € % ; then [ (% C U,
so % + U by definition. For transitivity of entailment, let 7 - ¥ and ¥ - W, then
[1% T and [ ¥ C W; by transitivity we get [ 1% C W, so % F W by definition.
Finally, for propagation of consistency through entailment, let %7 € Con and Z + V;
by definition, [1% € Nand [1% CV,so [|(%Z U{V}) € N and % U{V} € Con by
definition.

Now let p be an information system. We check the defining properties of a Scott—
Ershov formal topology for F(p). That C is a preorder with T := @ is direct to see.
For reflexivity of covering, let U € % ; since U - U, it is U < % by definition. For
transitivity of covering, we have

U vey

=2 I WkrV
Vey

eW<7.

W<UNU <YV = 3 (WI—U/\EI UI—V>

For localization, we have

WU W<V o 3 (wuma ka>

Uew vey
& 3 (wzm ] wzv)
Uew Vey
sWewlv
EW<uwlv.

To show that the covering extends formal inclusion between formal basic opens, we
have:

WCUANU<Y <WHEUA JURV
vey
=2 I wWrvV
Vey
SW<Y.

So F(p) is indeed a formal topology. To show that it is unary is easy: let U < % ; by
definition there is a V € %, for which U I~ V, that is, U C V; by reflexivity and exten-
sion, we get U < {V}. To show, finally, that it is consistently complete, let U,V,W € N,
with W C U and W C U, that is, W - U and W F V; by Proposition 3.1(6), we get
WHUUV, and so, W CUUV; let UMV = UUV; that this does the job is direct to
see.

We now show the bijective correspondence between information system ideals and
formal points. For Pty C Ide;7), let u € Pty and % </ u. Since u is downward
directed in 7, itis [ |% €, and so % € Cony(7) by definition. If further % +;7) U,
itis [1% C U by definition, and [ 1% < {U}; hence U € u by the third formal point
property.

For Ide,(g) CPty, let u € Ide,<y). That T = @ € u, follows from downward
closure in /(7). Let U,V € u; by the consistency in I(.7), {U,V} € Cony( ), and then
UMV € N by definition; since {U,V} k) UMV, itis UMV € u by the deductive



3.3 Coherent point-free structures 121

closure in I(.7). If now U € uand U < % , then, since .7 is unary, we have Jycq U C
V, and dyey {U} Fy(7) V by the definition, so that Jycs V € u follows from the
deductive closure in I(P).

For Idep ~ Ptr(,) take the following isomorphism pair:

Idep SuUt—r Wc(u) S Pt]:(p)
Pir(p) durs | Ju € lde,

where Z.(u) := {U}cr, contains the closures of subsets of u.

Indeed, for the right embedding, since @ C/ u, itis T € P, (u); forevery U,V C/ u,
since UUV C/ u, itisalso UMV € P.(u);if U Cf uand U < %, then pery ULV,
that is, 3y, U b V by definition; then 3y, V </ u by deductive closure in p.

For the left embedding, if {a;};, € Ju, then V-, EIU,-eu U; - a;; since u is down-

ward directed in F(p) we have that Jy, Vic, W C U;; by definition, Jye, Vic, W
U; - a;, so {a;}i<, € Con by transitivity of entailment and Proposition 3.1(6). If now
U €/ Ju and U I a, then, by definition, U C @, that is U < {a}; by the third formal
point property in F(p), we have @ € u, so a € Ju.

That the two embeddings are mutually inverse is also quite direct. Indeed, let u €
Ide,. We have

an@C(u)ﬁuglqu}—agaEM

where (x) holds leftwards for U = {a}, and

{aiticn € P (UM) & {aitica & Ju
= V El U,' l—a,'

i<nUi€M

&Y 3 bcCq

i<n Uigu

v 3[|uca

i<nUeu i<n

£V 3 HUI-<{E}

<nUicujy
& 'V a, cu
<n
& {aiticn €u
= m cu
where (x) hold leftwards for U; := {q;}, i < n. ]

An approximable map of Scott—Ershov formal topologies from 7 to 7' is a rela-
tion Z C N x N’ which satisfies the following:

o (T,T e,
e (UV)eZNUNVYeZ— (U, VNV e,

e UCUNAU,V)ERNVEV — (U V') € Z.
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Write ApX o _, o+ for all approximable maps of Scott—Ershov formal topologies from
T to 7. For every # € ApX z_, 7+ define a relation I(#) C Cony( 4 x Cony( 7+ by

X, V) € (R) = (ﬂ@/ﬂ”/) €.

Conversely, let r be an approximable map from p to 6. Define a relation F(r) C
Nr(p) X NF(s) by
(U,V)eF(r)=U,V)er.

Again, it is easy to see that the definition does not rely on the choice of the representa-
tives, due to deductive closure of r.
We show that these establish a bijective correspondence.

Proposition 3.16. If r is an approximable map from p to ¢ then F(r) is an approx-
imable map of Scott—Ershov formal topologies from F(p) to F(o). Conversely, if % is
an approximable map of Scott—Ershov formal topologies from T to T then I(%) is an
approximable map from 1(T) to I(T"). Furthermore, it is APXp_s5 = APXE (p) - F (o)
and ApX 7, 71 =~ ADXy(7) - 1(77)-

Proof. Let r be an approximable map from p to ¢. Since, by Proposition 3.3, (@,2) €
r,itis (T, T') € F(r). If (U,V),(U,V’) € F(r), then, by definitions, (U,VUV’) € r,
so (U,VUV')€F(r),and (U, VOV € F(r). fU'CU, (U,V)€F(r)and VLV,
then, by definitions, U’ + U, (U,V) € r and V I V' respectively, so, (U’,V’) € r and
(U, V') € F(r).

Conversely, let Z be an approximable map of Scott—Ershov formal topologies from
T to I’ . Since (T, T e R,itis (0,0) € (Z). Xt (%,V),(%,?V") € (Z), then, by
definition, ([%,[17),([%,[1?’) € #, since Z is an approximable map of Scott—
Ershov formal topologies, (1%, )N (M¥")) € %, or, (N%,[ (¥ NV")) € X,
that is, (%, 7 NY") e (X). lfnow %'+ U, (% ,V) € [(Z) and ¥ = ¥, by defini-
tion we obtain [ (%' C[%, ((M%,[ 1Y) €Zand [V T then ((%',[ V') €
R,s0 (U, V') € I(R).

We show that F : ApX,_,; — APXp(p)F(s) is bijective. To show injectivity, let
F(r)=F(r); then

def.F

UV)er&EUV)eF(r)e UV)eF(YEW,v)er,
so r = r. To show surjectivity, let Z € APXE (p)—sF (o) Set
U,Vyer=U,V)eZ,

itis straightforward to check that r € Apx,,_,; and F(r) = Z%.

We show finally that 7 : ApX 7_, 7» — APX;(7)_,1(7+) is bijective. To show in-
jectivity, let I(Z) = I(#') and (U,V) € &, then, by the definition of I, there are
% € Conyzyand ¥ € Cony( g, such that U =%,V =1V and (%, V) € (%);
by the assumption we get equivalently that (%,7") € I(#), so (U,V) € %, and
R =R . To show surjectivity, let r € ADPX;(7)1( 713 set

U,V)e#= 3 3 (UZH%AV:’_IV/\(%,"//)er);

% €Cony( gV €Cony 1y
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itis Z € Apxz_, g, since (i) by r € APX;(7)_,(71) We get (2,@) € r, which yields
(T, T e %, (i) it is

UWV)eZNUWV)eZ
s 3 (U:ﬂ%mvl =% A, ") er)

nN

A%EIV2 (U:H%AVZ:H“I/ZA(%,%) €r>

®)
.3 w=[lzrvi=]1rnrn=]]%
NU ) €rn(WU,¥5) €r)

o <U:|_|%V' =[ Pinve=[|nn@@ nun) Er)

9 _ —
=3 (U_H%Avmvz_ﬂw(%;/) Er)
S UMW) eZ,
where (x) holds for % = {U}, and (xx) for ¥ := ¥ U ¥, and (iii) it is
UCUANU,V)eERNV V'

@U’gUAOEV(U:ﬂ%AV:ﬂ“i/A(%,"//)er)Avgv’

§’>E|<U': U'NN U bz U>
7 [ %A Y 2 bz
Aq/ﬁy(uzﬂ%Av:HWA(%,%)er)
/\4//|—1((7/)V/
(%) ! ! ! /! ! !
é%%ﬂ(U—H% /\V7|_|"V/\(?/,”I/)Er)
s U \VYez,
where (x) holds for %' := {U} and because
VQV’:|_|7/;V’:>7/F,(9/)V’,

and (*x) holds for ¥/ := {V} and because r is an approximable map; finally, direct
application of the definitions gives

%, V) e (%) & (ﬂ%ﬂ%) eRs (U V)er,

which means that (%) =r. m]

Coherent Scott—Ershov formal topologies

Call a Scott—Ershov formal topology coherent if it satisfies the following property for
a finite collection % C/ N:

I_I%ENH Y UNVEN. (3.4)
uvew
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Theorem 3.17. If 7 is a coherent Scott—Ershov formal topology then I(7) is a co-
herent information system. Conversely, if p is a coherent information system then F(p)
is a coherent Scott—Ershov formal topology.

Proof. Suppose first that .7 is coherent, that is, such that (3.4) holds for all % C/ N.
Let % € Cony(7y; by definition,

%ngAﬂ%eN@%ng/\ VY UNVeEN
Uvew
g%ng/\ \4 {U,V}eCon,(y),
uvew

so I(.7) is a coherent information system.
Now suppose that p is a coherent information system, that is, such that

UeCon«+ V {a,b}eCon, (3.3)
a,belU

foralU Cf T. Let % C/ Np(p), that is,  C/ Con; we have

I_I% ENF(p)gU% € Con
& vy UV € Con
uyvoiyu

g v
vyvciyw

= Y ﬁﬂVGNF(p)7
Uvew

<

=

nv e NF(p)

where at (x) we used (3.3) and Proposition 3.8. Conversely, we have
U S NepyN_ N UNV E€Ngpy &% </ Conn ¥V TNV e Con
uvew uvew

% S Conn ¥V V¥V {ab}eCon
UVeY a,bcUIV

=% c/Conn YV {a,b} €Con
a,bel%

& J# e Con
<d§§>|_|% ENF(p),

so F(p) is indeed a coherent Scott—Ershov formal topology. O

3.4 Notes

On the notion of atomicity

The defining property of a unary formal topology (page 119) looks similar to the atom-
icity property for an information system (page 111)—in fact, unary formal topologies
are called “atomic” by Erik Palmgren in a preliminary version of [33]—but the two are
not essentially related from our viewpoint.

The property of being unary for a formal topology expresses atomicity of compact
covering, whereas in information systems we have atomicity of information flow: in the



3.4 Notes 125

first case, an “atom” would be a formal basic open while in the second case, an atom
(that is, a token) represents a simple piece of data.

In order to avoid confusions, one should notice how the transition from an infor-
mation system to a point-free structure—domains included—involves jumping from
the level of atomic pieces of data to (finitely determined) sets of atomic pieces of data:
atomicity of information appears in the presence of atomic pieces of data, which be-
come indiscernible when one moves to a point-free setting (see however the last note).

On the notion of coherence

Coherence in domain theory is in no way considered here for the first time. Coherent
cpo’s appear already in Gordon Plotkin’s [36], where he attributes the notion to George
Markowsky and Barry Rosen [29]. In the handbook chapter of Samson Abramsky and
Achim Jung [1], coherence is studied in the more general setting of continuous do-
mains. Viggo Stoltenberg-Hansen et al [52] introduce the notion too in an exercise. We
should also mention Jean-Yves Girard’s coherence spaces [14], which he uses alter-
natively to Scott—Ershov domains. On the other hand, coherence has been considered
in point-free topology as well, at least since Peter Johnstone’s [20], where coherent
locales are discussed.

Featuring Coquand and Plotkin

Both of the finite Scott information systems ¢ and .Z of section 3.1 are elaborations
of existing counterexamples.

The first one, due to Thierry Coquand, was first given as a counterexample to atom-
icity in algebraic information systems (see page 47). In Chapter 2 however, we have
shown that atomicity remains a concept worth exploring, since it lies in the very fun-
daments of the more general algebraic entailment, and at the same time gives rise to
surprising and utilizable notions, namely, matrices on the base-type case, and eigen-
neighborhoods in the higher-type case. And of course, it is a perfectly sufficient prop-
erty for algebras like natural numbers N or boolean numbers B, which have at most
unary constructors (see Chapter 1).

The second Scott information system stems from Plotkin’s [36], where he uses the
entailment graph of .Z as an example of a “consistently complete” but not “coher-
ent” complete partial order. It is indeed Plotkin’s counterexample to coherence: in the
entailment diagramme of ¢ in Figure 3.1, one has {/,m},{/,r},{m,r} € Cong but
{l,m,r} ¢ Cong.

Notice also that % is non-atomic but coherent, and that .# is incoherent but atomic.

Dues and nomenclature discrepancies

The questions answered in sections 3.2 and 3.3 occurred to the author at the 3WFTop
workshop; the results were presented for the first time in a Forschungstutorium held at
LMU during the winter semester of 2007—-8 and led by Peter Schuster.

Giovanni Sambin et al [41] call consistently complete ordered sets coherent. Sara
Negri [30] says Scott formal topology for a unary formal topology and consistently
complete Scott formal topology for a Scott—Ershov formal topology (modulo the pres-
ence of a top formal basic open). Viggo Stoltenberg-Hansen et al [52] say formal space
for a consistently complete formal topology and Scott space for a Scott—Ershov formal

topology.
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Outlook

The issue of linking the theory of information systems and formal topology has many
facets, at least as many as the various point-free structures that are currently studied by
the community. Apart from the ones that we have covered in this chapter, further links
should be attainable in various other settings, from the event structures of [57] to the
apartness spaces of [7], by imposing an appropriate coherence property on the structure
every time, one that would reflect Proposition 3.8; this suggests a rather straightforward
cartographic endeavor, but still quite important, as Sambin described (see page 105).

Moreover, as we now know (see the note on page 101) that atomicity is a notion
that implicitly permeates much more than non-superunary algebras, particularly one
that may leave traces in terms of eigen-neighborhoods, one may expect that it could be
feasible to describe it in point-free topological settings after all. The question would
be to understand if and how it may manifest in point-free structures, and what would
its presence ensue for the latter.



Chapter 4

Elimination of extensionality

The previous chapters focus on coherent information systems as a model for higher-
type computability; the main motivation for this is a desire to devise an appropriate
constructive logical theory of higher-type computability, one that will lend itself as
painlessly as possible to implementation on a proof assistant. The leading idea in such
a theory should be to provide the necessary means to talk not only about objects (ideals,
that is, numbers, functions, and functionals) but also about their finite approximations
(tokens, formal neighborhoods). First steps in this direction were presented in [18]
under the name Theory of Partial Computable Functionals, or TCFT, extending the
Theory of Computable Functionals TCF of [49], which covers just objects.

Pertaining to the objects in TCF and TCF™, partial and total alike, is the notion
of extensionality, which roughly posits that two equal arguments draw equal values
from the same function—a version of Leibniz’ indiscernibility of identicals (for ob-
jects rather than predicates). This is a natural demand that nevertheless presents well
known proof-theoretical problems (see William Howard’s counterexample to Dialec-
tica realizability in [17]). Dealing with the axiom of extensionality has since become a
reasonable first challenge to pose to a proposed logical theory.

Preview

In this chapter we concentrate on the part of TCF™ that will encompass arithmetic. In
the style of [55], we present the generic Heyting arithmetic and its extensional version,
and then show how extensionality can be eliminated.

4.1 Heyting arithmetic in all finite types

We introduce the theories HA® and E-HA®, of Heyting arithmetic and extensional
Heyting arithmetic in finite types respectively. Denote by N the base type, prototypi-
cally denoting natural numbers; if p and o are types then p — ¢ is also a type.

Language of E-HA®

We have the logical symbols A, V, —, as well as VP, 3P quantifier symbols for every
type (but we just write ¥, 3J); the lambda operator A. - and application parentheses
(++); object variables x,y,z,..., f,&,h, ..., for any type (write xP for an object x of type
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p); an object constant O for zero; the function constants SN~ for the successor, and
R,()p —N=p)p =P for recursors, for all types; relation variables; a nullary relation
constant L for falsum; a relation constant =, for a generic equality for all types p.

Every object variable xP is a term; if tP~° and sP are terms, then the application
(15)° is a term; if xP is a variable and ¢° is a term, then the A-abstraction (A, 1)P7° is
a term; especially for the constants, if z, s, r are terms of appropriate types, then St and
Rtsr are terms as well.

If P and sP are terms then 1P =, sP is a (prime) formula; if A and B are formulas
then so are AAB, AV B, A — B; if xP is an object variable and A is a formula then V,» A
and J,p A are formulas.

For negation, classical disjgnction and classical existence write —A for A — L,

AVB for -A — —-B — 1, and HXA for =V, —A. For reasons of readability we write
f,g,hfor objects that we use as functions and x, y, z for objects that we use as arguments
or values.

Calculus of E-HA®

We require the following inference rules: arbitrary assumptions
u:A,

arrow introduction and arrow elimination (or modus ponens) rules

[u:A] | |
1|5’ A— B A -
+ B )
A—B o

as well as forall introduction and forall elimination rules

| |

A VY, A r
—= v -
VA 7 Alx:=r] v

where for ‘v’;, x should be fresh.
Further, we require the following axioms. Disjunction introduction and disjunction
elimination axioms:

V§:A—AVB,
Vi:B—AVB,
V' :AVB— (A—P)—>(B—P)—P.

Conjunction introduction and conjunction elimination axioms:

AT:A—B—>AAB,
AN :AAB—(A—B—P)—P.

Exists introduction and exists elimination axioms:
IF:A—- A,
X

I7:9A—-> VA—P) =P,
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for x ¢ FV(P). The falsum elimination axiom:
171 —=A.
Concerning equality, we require the following well-known (generic) axioms of

equality, restricted to the base type:

X=NX,

X=NY?Y=NX,

X=NY ?Y=NZ >X=NZ,
and define (point-wise) equality for higher types by

f=pscg= fo =g 8%,

for x of type p and f, g of type p — o©. Further, take the following defining axioms for
the constants:

Sx#n 0,
SX=nSycrx=ny,
RprO =p 7,

Rpfz(Sx) =p f(Rpfz,x)x )

where z is of type p, f is of type p = N — p, and x is of type N. We also require
B-reduction conversion rules:

(A 1)s? =g tlx:=1+],

where t[x := 5], or just #(s), means ‘¢, with s substituted for x”; to anticipate a substi-
tution of x by some other term in #, we also write 7(x) (not to be confused with the
application parentheses).

Finally, we have an induction axiom scheme:

A(0) /\Y(A(x) —A(Sx)) = VA(x)

X

for arbitrary formulas A and x of type N, and the extensionality axioms:
X1 =p X2 = fx1 =¢ fx2 ,

for f of type p — o and both x;’s of type p.
The resulting system is denoted here by E-HA®. If we drop the extensionality
axioms, we denote it by HA®.

4.2 Elimination of extensionality in E-HA?

Extensionality is quite a natural property to have in a system designed for mathematics,
so intuitively there is plenty of reason to demand it. As it turns out, it is also an axiom
that doesn’t really cumber the theory: with an appropriate translation, one can make
without the axioms of extensionality and just work within HA®.
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Define the extensionality predicate, or just extensionality, and the extensional
equality by mutual induction:

Exnx=x=nx,
e .
X] =NX2 =X] =NX2,

Epof =V (xl ‘=px2 = fx1 ‘=6 fXZ) )

X1:X2

S e:pac S =Ep 6 i NEpsofa /\Y (pr — fix‘=¢ fzx) .

When E f holds, call f extensional. Intuitively, an element is “extensional” when it
is, so to speak, right-compatible, that is, stable under application. Furthermore, to talk
about “extensionality of equality”, is to stress equality’s left-compatibility on stable
elements. It should also be clear that extensional equality is in fact point-wise equality
restricted to extensional elements.

Proposition 4.1. Extensional equality is symmetric and transitive. Furthermore, it is
reflexive on extensional elements, i.e., Epx — x “=p x.

Proof. Symmetry and transitivity are direct. For reflexivity on extensional elements,
by induction on the type. The base case is direct. For the step case, let E; s f and Epx;
by the induction hypothesis we have E, ;s f and x =, x; by the definition of E, .4
we have fx ®=¢ fx; since Ef and x is arbitrary, by the definition of =, . we have

fe:p—m S O

Proposition 4.2. Extensional equality can is characterized as follows:
S e:pac Hhe ¥V (xl e:p x2 = fix) ‘=¢ f2x2) .
X1%2

Proof. For the right direction: Let fi =5 5 f2 and x1 *=p x2; by the definition of
*=p_6 We have Ey . fi AEp_6f2 AVx (Epx — fix “=¢ fox) and x| “=p x; by the
definition of Ep g we get Vy, x, (X1 “=p X2 = fix1 °=¢ fix2) for i = 1,2 and we still
have V, (pr — fixf=¢ fzx) and x| “=p x2; by the definition of =, and modus po-
nens we have le-,Xz (x1 C=p X3 = fix1 °=¢ ﬁxz) and f1x; °=¢ fox; fori =1,2 and we
still have x| °=; x2; by modus ponens now we get f1x; =¢ f1x2 and we still have
f1x2 ¢=¢ faxo; by transitivity of =4 (Proposition 4.1) we finally get fix; =¢ f2x2.
For the left direction: Let Vy, v, (X1 “=p x2 = fix| =¢ f2x2); we have to show
that (i) Ep_,¢ f; for i = 1,2 and that (i) V/, (pr - fix=¢ fzx). For (i): Let x; °=; x2
and we still have Vxl x (x1 ¢=p X3 = f1x1 °=¢ fzxz) ; by the definition of =, we have
Epxy and Epx;, which by Proposition 4.1 yield x; =, x; and x =) x;, while we still
have x| “=p x; and Vy, v, (x1 “=p x2 = fix1 “=¢ f2x2); by three different applications
of modus ponens we get fix| ‘=¢ fox2, fix1 ‘=¢ fox1, fixz ‘=¢ fox2 and we still have
X1 ®=p x2; by transitivity and reflexivity of ‘=5 we get fix| *=¢ fix2 and fox| *=¢
f2x2 and we still have x; ®=p x2; by the definition of E, ,5 we get Ep ¢ f;, for i =
1,2. For (ii): Let Epx, which by Proposition 4.1 yields x =, x and we still have
Ve 0 (%1 “=p x2 = fix1 “=¢ f2x2); by modus ponens we immediately get fix ‘=4
fox. ]

Proposition 4.3. Term formation preserves both extensional equality and extensional-
ity, that is, if r(X) is a well-formed term, with free variables among X, it is

55] €= 552 — r(:f]) €= r(fc’z)
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and
EX — Er(X)

respectively.

Proof by mutual induction on the term. Base for E. For variables it is clear. For con-
stant 0 we have it by the definition of Ey (and forall elimination). For constant S, we
want to know that Vy, v, (x1 “=w xo — Sx; *=y Sx2), which is provided by the axioms
for the successor. For constant R: we need to show that

fo ZVZ xvx (fi “=ptisp fo = 21 “=p 22 = X1 ‘=5 X2 — Rfiz1x) “=n Rf222%2)
1, f2 21,22 X%

so let f1 = f2, z1 °= 22, X1 = x7; by the definition of Ey, the latter is x| =y x =n X;
we use the axioms for the recursor (that is, we perform a side induction on x); firstly,
since Rf;z;0 = z; for i = 1,2, and z; = z» by the induction hypothesis, it is Rf;z,0 =
Rf>250; secondly, since R f;z;(Sx) = fi(Rfizix)x and fi(Rf1z1x)x °= f2(Rf2z2x)x by the
induction and the side induction hypotheses, we obtain Rz (Sx) °= R f2z2(Sx).

Base for °=. For variables, it is clear. For constant 0, we have it by the definition
of ¢=y and the fact that Ex0 from above. For constant S, it is clear by the definition of
¢=n_n that we just need that Ey_,nS, which we showed above. For constant R, again
we just need ER which we have from above.

Step for °=. For application: let X| = X; by the induction hypothesis we have
r(X1) ¢=r(%,) and s(X;) °= s(X»); by Proposition 4.2 we immediately get r(¥;)s(X}) ‘=
r(X2)s(¥%y), that is, (rs)(X;) = (rs)(¥2). For A-abstraction: we have to show that
X=X = (A r)(0,X)) = (A r)(x,X%2); let X; °= Xp; by the characterization of
Proposition 4.2, if x is of type p and r is of type o, it is enough to show that
Vo (21 °=p x2 = (A 1) (x,%1)x1 “=¢ (Ar r)(x,%2)x2); by B-reduction this is equiv-
alent to Vi, x, (x1 ‘=p x2 = r(x1,X1) ‘=5 r(xz,fc’z)); this is immediately provided by
the induction hypothesis.

Step for E. For application: let E, .sf and Epx; by Proposition 4.1 we get
x °=p x and we still have E, ,sf; by the definition of E, ,; we have fx ®=¢
fx; by the definition of ‘=; we have Esfx. For A-abstraction: let Epx and
r be of type o; we want to show that E, ,5A, r, which by the definition of
Epo is Vi x, (X1 °=p x2 = (Ax r)x1 “=g (Ac r)x2); by B-reduction this becomes
Vs (X1 =p X2 = r(x1) °=¢ r(x2)), which is immediate by preservation of *= for
r. O

Now let A be a formula. Write AE for the extensional translation of the formula A,
that is, the formula which results from A after relativizing each of its quantifiers to E:

AF = A , for A prime,
(Ao B)E = AF & BE | for o€ {V,A,—1,

(;IA)E:;I(E)C/\AE) :
(YA)E =V (Ex — AF) .

Proposition 4.4. It is (Epx)E < Epx and (x °=p x2)F < x1 =p x2.
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Proof by mutual induction on the type. Base: Immediate from the definition of
Ey and °=y.  Step for E: Let (Ep_sf)f, which by definition means

(Va0 (21 9=p 12 = fx1 “=¢ fxz))E; by the definition of the extensional translation,
this is equivalent to Vy, , (prl NEpxy — (x1 =p 0)E = (fx =6 fxz)E), where
the first two clauses are redundant; the induction hypothesis for = yields equiva-
lently Vs, x, (X1 =p x2 = fx1 “=¢ fx2), which, by the definition of Ep_.s, is Ep_o [
Step for °=: Let (fi “=p—o f2)E; by the definition of “=p_0, this is equivalent to
(Epﬁafl NEp 56 f2 AVy (pr = fix°=¢ fzx))E; by the definition of the extensional
translation, this is equivalent to (Ep%(,f[)E A (Epﬁgfz)E AV, (pr = fix=¢ fzx);
by the step for E, we get the equivalent Ep_,6 fi A Ep—o f2 AVx (Epx — f1x =0 f2x),
which is by definition equivalent to f *=p_.¢ f2. O

Proposition 4.5. Point-wise equality is equivalent to extensional equality up to exten-
sional translation, that is,

(prl — Epxy — (x1 =5 xz)E) > X1 e=p X .

Proof by induction on the type. Base: Immediate. Step: Let Ep .6f1 A Epsofa A
(fi =p—o f>)E; by the definition of =p_o We have Ep 6 fi NEpofo A (Vs fix =6
fzx)E ; by the definition of the extensional translation we have E, .5 fi AEp_of2 A
Ve (pr — (fix=¢ frx)F ); by preservation of extensionality (Proposition 4.3) we can
write Ep 6 fi NEp—ofo AV (pr — Es fixANEs foax A (fix =6 fzx)E); by the induc-
tion hypothesis for type 6 we get Ep 5 f1 AEp—6 /> AVx (Epx — fix °=¢ fox), which
by the definition of =,_, is precisely fi ‘=p_¢ f2. O

Theorem 4.6 (Elimination of extensionality). The formula A(X) is derivable within
E-HA® from assumptions u; : A;(%;) if and only if the formula E(X) — AE (¥) is deriv-
able within HA® from assumptions uf : EX; — AE ().

Proof by induction on the calculus. We argue informally for the right (“only-if”) di-
rection, which is the most important.

Leaf cases. For assumptions it is trivial. Moreover, since extensional translation af-
fects only those formulas where quantification appears, it is trivial to prove the axioms
VT, V7, AT, AT, L7, as well as the ones for the recursor and B-reduction. Then, the
axioms of equality and the successor deal with prime formulas and are also trivial.

For exists introduction: For a formula A(x,X), we have to show that Ex A EX —
(A— 3,A4)F; use 3" for the formula Ex A AE.

For exists elimination: For formulas A(x,¥) and B(¥) with x not among ¥, we have
to show that Ex A EX AEY — ((VxA — B) — 3,A — B)*; use 3~ for the formulas
ExN\AE, BE.

For induction axioms: For a formula A(x,X), we have to show that Ex A EX —
(A(0,X) = V. (A(x,X) = A(Sx,X)) = V. A(x,%))"; use Indy for the formula Ex —
A(x,X).

For extensionality axioms: We have to show that Eyx; A Epxy A Ep o f1 A
Ep ofo — (x1 =p X2 = f1x1 =¢ fzxz)E, thatis, Epx1 AEpxo NEp o6 I NEp 6 f2 —
(x1 =p x)E — (fix; = fox2)E; by preservation of extensionality (Proposition 4.3)
we get Ex; ANExy AEgfixi ANEsfaxo — ()C1 ) )CQ)E — (f1X1 =g fz)Cz)E; by Propo-
sition 4.5, we get x| °=p x2 — fix1 *=¢ f2x2, or, equivalently by Proposition 4.2,
f1 “=p—c f2, which is an atomic formula within HA?.
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Step cases. For arrow introduction: Let EY — BE(¥), derived from assumption
Ex — AE (%), be the premise; we want to derive EXAEY — AE (X) — BE(¥); so suppose
EX, EY, AE and show BE; use —1 for the formulas AF and BE.

For arrow elimination: Let EX A EY¥ — AE(%) — BE(¥) and Ex — AE (%) be the
premise; we want to derive Ey — B (¥); so suppose EY and show BE (¥); use —~ for
the formulas A — BE and AF.

For forall introduction: Let Ex A EX — AF (x,X) be the premise; we want to derive
EX—V, (Ex — AE); so suppose EX and show Yy (Ex — AE); use V" for the formula
Ex — AE(x,%).

For forall elimination: Let EX¥ — V, (Ex — AF(x,%)) and r(¥) be the premise,
where 7 is a term of the same type as x; we want to derive EX A Ey — AF[x := r];
so suppose EX and EY and show AE[x := r]; use V= for the formula AZ(x,¥) and the
variable x, where extensionality is preserved by Proposition 4.3. O

4.3 Notes

Dues

The arguments of this chapter were devised under the guidance of Helmut Schwichten-
berg in 2006, and carried through in juxtaposition to the exposition of Horst Luckhardt
in [28] and its simplification by Ulrich Kohlenbach in an earlier draft of [22]; both of
these are based on Robin Gandy’s [12], while Luckhardt further reports that elimina-
tion of extensionality by relativization is to be found in Gaisi Takeuti’s [53] (earlier
than Gandy’s seemingly independent effort) as well as in Kurt Schiitte’s [43]. In an-
other direction, elimination of extensionality in Martin-Lof type theory is the subject
of Martin Hofmann’s [15] (see also [16]).

Outlook

Elimination of extensionality as we presented it will find its place within TCF™ as soon
as the latter matures enough to formally encompass Heyting arithmetic; an embedding
of Heyting arithmetic into TCF™ is a straightforward and early question to pursue while
developing TCF*.






Appendix A

Some domain theory

We collect here notions and statements from elementary domain theory which are used
in the text as known facts. For details one can look into [52, 1, 2].

Preordered and ordered sets

Let T be a set with equality' and > a binary relation on 7. The relation > is well-
founded if there is no infinite sequence of the sort xo > x; > --- in T. It is finitely
branching if the class {y € T | x >y} is finite for every x € T. Say that y € T is an
immediate successor of x € T if it is

X>yA VT((x2w—>y2w)/\(w2y—>w2x)) )
we
and write x >! y (note that it is also x >! x). The relation > is finitarily branching (or
locally finitely branching) if the set of immediate successors x-1 := {y € T | x >! y} is
finite forevery x € T. N
The couple (7, >) is a preordered set if > is reflexive and transitive and a (partially)
ordered set (or poset) if > is reflexive, transitive and antisymmetric.

Fact A.1. A preordered set (T,>) induces an ordered set (T | ~,>), where
a~bsa>bAb>a

A maximal element a in a preordered set (7, >) is such that Vyer (b > a — b = a);
dually, a minimal element a is such that Vyc7 (a > b — a = b). Denote the set of max-
imal elements of T by mx1 7. A least element (or minimum) L is such that V,era > L.
An upper bound of a subset {a;} is an element a € T such that V;a > a;; a is a least
upper bound (or supremum) if

VYa>a; NYb>a;i—b>a;
write a = lub;{a;}. Call a,b € T consistent if they have a common upper bound. We
remark the following:

1. Least elements of T or least upper bounds of an arbitrary subset of 7', don’t have
to exist, but, in case T is an ordered set, if they do, they are unique.

!Say that a set T is a set with equality if it is equipped with an equivalence relation =r.
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2. Let S C T, where T is an ordered set. Concerning the cardinality of the set mx1S,
we have the following possible cases:
(a) It may be empty; for example, consider S being an infinite ascending chain.

(b) It may be finite; this is the case with S being a singleton, or a discrete
subset (that is, consisting of mutually incomparable elements), or, say, a
finite (therefore finitely branching) tree.

(c) It may be infinite; for example, take S to be an infinitely branching flat tree.
Fact A.2. Let (T,>) be an ordered set, U C T a subset and U' C U such that
YV 3 d>a.

acUd el’
The least upper bound of U exists if and only if the least upper bound of U’ exists and,
if it does, lubU = lubU'.

Let (T,>) be an ordered set. A subset U C T is (upwards) directed when every
two of its elements have a common upper bound in U, that is,

V d@>aha>a).
ay,arelU aclU

Write U € 224(T) and U C? T. Further, U is closed (under the order) when
acUNa>d —-d eU.
Fact A.3. Let (T,>) be an ordered set.

1. LetU CT. Theclosure U :={a € T | Jyey d > a} is the smallest closed set in
(T,>) that contains U.

2. Foreverya €T, the closure a is a directed set.

A pre-ordered set (T,>) is complete when every subset has a least upper bound,
d-complete if every directed subset has a least upper bound, ®-complete when it has
a least element and every denumerable directed subset has a least upper bound, and
consistently complete when every consistent pair has a least upper bound; note that, in
the case of an ordered set, all of these least upper bounds are unique. Call the relation
> well-ordered if it yields no infinite descending chains in T, that is,

<\V/ ap>ap1— 3V an:an0> .

{an}nenCT \nEN noeNn>nno

Fact A.4. An ordered set (T,>) with a least element is w-complete if and only if every
increasing sequence in it has a least upper bound.

An order-preserving mapping f from an ordered set (7,>) to an ordered set
(T',>"), is a mapping f : T — T’ for which

a>b— f(a)='f(b)

If both (T,>), (T',>') are complete, §-complete or @-complete then an order-
preserving mapping from one to the other is continuous, §-continuous or ®-continuous
if it commutes with supremums of subsets, directed subsets or denumerable directed

subsets respectively:
f(ublU) =1lub f(U)

where f(U) ={f(a) €eT'|acU}.
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Fact A.5. Let (T,>), (T',>') be w-complete ordered sets. An order-preserving map-
ping f: T — T is w-complete if and only if it commutes with supremums of increasing
sequences in T.

Domains

We restrict our attention to 6-complete ordered sets with least element, which we just
call complete ordered sets, or cpo’s, and we interpret a > b as “a is approximated by
b”. For a detailed exposition we refer to [52, §§3.1-2].

Let D= (T,>, 1) be a cpo. Define its compact (or finite) elements by

aeD.= VY (lubUZa% = bza> .
vcir beU

So compact elements are those which, whenever they approximate the least upper

bound of a directed set U, they do so with a witness b € U. Let apx(a) denote the

set of compact approximations of a, that is, apx(a) := {b € D, | a > b}. The cpo D is

called algebraic if every element a € T can be characterized by its compact approxi-

mations, that is, if

Y (apx(a) € 24(T) Aa = lubapx(a)) .

acT

Finally, an algebraic cpo D = (T,>, 1) is called a (Scott-Ershov) domain when every
pair of consistent compact elements has a least upper bound (not necessarily compact
itself), that is, when

v <E| (c>a/\c>b)—>lub{a,b}€T> .

a,beDe \c€T
Fact A.6. Let D = (T,>, 1) be an algebraic cpo. The following hold.
1. Forall a,b €T itisa>bif and only if apx(a) > apx(b).
2. IfU C4 T then apx(lubU) = ey apx(a).

Fact A.7. Let D = (T,>, L) be an algebraic cpo and D' = (T',>', L") a cpo. The
following hold.

1. A mapping f: D — D' is continuous if and only if f(a) = 1ub{f(b)}peapx(a)
for all a € T. Moreover, every monotone function f : D. — D' has a unique
continuous extension f : D — D' given by f(a) = lub{ f(b)}pcapx(a)-

2. Let D' be algebraic as well and f : D — D'. Then f is continuous if and only if
it is monotone and it satisfies the principle of finite support, that is,

\ (beapx(f(a))—> 3 f(c)Zb).

aeD ceapx(a)

Fact A.8. Let D be a domain.

1. IfU C/ D, is consistent, that is, if it has an upper bound, then it has a compact
least upper bound lubU € D..
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2. Every domain is consistently complete, that is, every upper bounded set has a
least upper bound.

An ideal u in a domain D = (T,>, 1) is a set u C D, which contains the least ele-
ment, is downwards closed and consistently complete, that is, it satisfies the following:

o lcu
eacuhNa>b—>bcu
o Vipeulub{a,b} cu
Leta = {b € D, | a > b} and write Idep to denote the set of ideals in D.

Fact A.9 (First Representation Theorem). The triple D, := (Idep, D, 1) constitutes a
domain. Moreover, it is D. = D, through the mapping u — lubu.

The domain D, is called the ideal completion of D..
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