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A conjecture of Smyth is discussed which says that if D and [D — D] are effectively
algebraic directed-complete partial orders with least element (cpo’s), then D is an
effectively strongly algebraic cpo, where it was not made precise what is meant by an
effectively algebraic and an effectively strongly algebraic cpo.

Notions of an effectively strongly algebraic cpo and an effective SFP domain are
introduced and shown to be (effectively) equivalent. Moreover, the conjecture is shown
to hold if instead of being effectively algebraic, [D — D] is only required to be
w-algebraic and D is forced to have a completeness test, that is a procedure which
decides for any two finite sets X and Y of compact cpo elements whether X is a
complete set of upper bounds of Y. As a consequence, the category of effective SFP
objects and continuous maps turns out to be the largest Cartesian closed full
subcategory of the category of w-algebraic cpo’s that have a completeness test.

It is then studied whether such a result also holds in a constructive framework, where
one considers categories with constructive domains as objects, that is, domains
consisting only of the constructive (computable) elements of an indexed w-algebraic cpo,
and computable maps as morphisms. This is indeed the case: the category of
constructive SFP domains is the largest constructively Cartesian closed weakly indexed
effectively full subcategory of the category of constructive domains that have a
completeness test and satisfy a further effectivity requirement.

1. Introduction

In his seminal paper (Smyth 1983) Smyth showed that the category SFP introduced by
Plotkin (Plotkin 1976) is the largest Cartesian closed category of domains, thus confirm-
ing a conjecture of Plotkin. In this paper we treat Plotkin’s conjecture for the case of

effectively given domains.

For various reasons one mostly uses the term domain to mean w-algebraic directed-

complete partial order with least element (cpo) in studies of programming language
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semantics. Unfortunately, the class of domains is not closed under an important con-
struction needed e.g. for the interpretation of higher-type procedures: the space [D — FE]
of continuous maps between two domains D and E must not be a domain again.

To circumvent this problem, people often restrict themselves to bounded-complete do-
mains, the class of which is closed under the function space construction. However, also
this class is not closed under all constructions needed in semantics: the Plotkin or convex
powerdomain of a bounded-complete domain is not bounded-complete in general. Power-
domains are used for the interpretation of nondeterministic programs. Plotkin therefore
introduced the larger class of SFP domains and showed that it is closed under the con-
struction of his powerdomain as well as the function space. Moreover, he conjectured
that if D and [D — D] are domains, then D is SFP. The conjecture, proved by Smyth,
indicates that the category SFP of SFP domains and continuous maps is the largest
category of domains closed under the constructions of interest.

The question which category has to be considered instead of SFP, if the term domain
is allowed to mean some more general kind of directed-complete partial order, has ex-
tensively been studied by Jung (Jung 1988; Jung 1989; Jung 1990; Abramsky and Jung
1994). If instead of the space of continuous maps one confines to the space of stable maps,
the corresponding problem has been dealt with by Amadio (Amadio 1991), Zhang (Zhang
1996) as well as Zhang et al. (Zhang et al. 2002).

In his paper Smyth conjectured that with respect to natural notions of effectively
algebraic and effectively strongly algebraic the following statement be true: If D and
[D — D] are effectively algebraic cpo’s, then D is an effectively strongly algebraic cpo.
The study of effectiveness is important in a theory of the foundations of programming.
“One reason”, said Smyth (Smyth 1980), “has to do with the systematic study of the
power of specification techniques. We cannot require of a general purpose programming
language that it be able to specify (define) all number-theoretic functions, but only (at
most) those which are partial recursive. A corresponding distinction must be made for
all the ‘data types’ which one may wish to handle. And the problem is not simply that
of picking out the computable functions over a given data type; we have the problem
of specifying the data types themselves, and thus of determining the ‘computable’, or
effectively given, data types (i.e. the types which should in principle be specifiable).”

We first introduce the notions of an effectively strongly algebraic domain and of an
effective SFP domain and derive their (effective) equivalence, which shows that we have
obtained a stable effectivity notion for SFP domains. Vickers has recently studied this
equivalence in a topos-theoretic setting (Vickers 2001).

Plotkin introduced SFP domains as colimits of w-chains of finite domains with em-
beddings as connecting morphisms. Then he proved that they are exactly the strongly
algebraic domains, that is, those domains for which for any finite set X of compact ele-
ments, the least set containing X and closed under the operation of taking all minimal
upper bounds of subsets of X is finite. Here, we encode the finite domains and the em-
beddings between them in a canonical way and consider effective w-chains. These are
such that for a given natural number n one can compute both the index of the nth do-
mains and the index of the nth embedding in the chain. Effective SFP domains are then
defined to be colimits of such effective chains. An effectively strongly algebraic domain is
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a strongly algebraic domain which has an indexing of its compact elements such that for
any finite set X of compact elements a canonical index of the set of its minimal upper
bounds can be computed from a canonical index of X.

Effective SFP domains have also been studied by Kanda in his dissertation (Kanda
1979b). But whereas in the present paper the effective SFP domains are the constructive
objects of the category of indexed domains, this is not the case in Kanda’s treatment.
Note that a domain is indexed if it comes with a fixed numbering of its compact elements.
An object in a concrete category is constructive if it can be obtained (constructed) in an
effective way from its finite parts. Kanda does not code the finite domains by canonical or
explicit indices, from which the domains can easily be recovered. Instead he codes finite
domains in the same way as effectively given domains in general. This coding contains
only partial information about the domain. (See also the remark of Smyth in (Smyth and
Plotkin 1982, Section 5).)

In effectivity considerations of domains it is usual to require that the domain order be
decidable on the compact elements. Here, we use a stronger requirement. A domain is
said to have a completeness test if there is a procedure which decides for any two finite
sets X and Y of compact elements whether X is a complete set of upper bounds of Y.
We show that if D and [D — D] are domains such that D has a completeness test,
then D is an effective SFP domain. It is not known, whether the condition of having a
completeness test can be weakened in this result. As in Smyth (Smyth 1983) it follows
that the category of effective SFP domains and continuous maps is the largest Cartesian
closed full subcategory of the category of domains having a completeness test.

Next, it is studied whether a result of this kind also holds in a constructive framework,
or, to be more precise, in the framework of recursive mathematics. Here, one considers
categories with constructive domains as objects, that is, domains consisting only of the
constructive (computable) elements of an indexed w-algebraic cpo, and computable maps
as morphisms. It is shown that the category of constructive SFP domains is the largest
constructively Cartesian closed weakly indexed effectively full subcategory of the category
of constructive domains having a completeness test and satisfying a further effectivity
requirement.

The effectivity requirements that have to be satisfied by the category are rather weak
compared with the conditions considered by Kanda (Kanda 1979a) and Smyth (Smyth
1980) in their approaches to effectiveness in categories. We only require that for any two
objects the corresponding morphism set is indexed in such a way that the universality
statement in the definition of a categorical product holds effectively.

The additional effectivity condition that has to be fulfilled by the domains in the
category we will consider holds trivially in the case of constructive SFP domains. It also
deals with completeness and demands for every pair x1,x2 of compact elements that if
its set U({x1,z2}) of minimal upper bounds is not complete then we must be able to
effectively find a witness for this, i.e., an upper bound of x; and x5 below which there is
no minimal upper bound of x; and 5.

The proof of the maximality result of the category of constructive SFP domains con-
sists of four main steps. The first deals with the question whether in the categories under
consideration the space of all computable maps on a constructive domain D is the expo-
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nent of D with itself. In the other steps it is shown that the set U(X) of minimal upper
bounds of a finite set X of compact elements is complete for X and finite. Due to a result
of Plotkin (cf. (Smyth 1983)) it is sufficient here to consider only sets X of cardinality
two. In addition, it is demonstrated that the process of iteratively taking minimal upper
bounds of subsets of X terminates after finitely many steps.

In the case of the last step the proofs given in (Smyth 1983; Jung 1989) use Konig’s
Lemma and/or the Heine-Borel Theorem. Both statements do not hold in recursive math-
ematics (Beeson 1985). Here, a proof is given which does not use such results. Similarly,
in the proofs of the finiteness of U(X) given in the literature, under the assumption that
U(X) is infinite a contradiction is derived by showing that [D — D] has uncountably
many compact elements. This construction is of no use in the constructive setting of the
present paper. Therefore another contradiction is derived. The general idea is to show
that if U(X) is infinite then an effective enumeration of all computable maps on U(X)
can be constructed and to use a simple diagonalization argument to show that this is
impossible.

Jung (Jung 1990) has given another proof of Smyth’s result that also makes no use of
the Axiom of Choice. But here, as in the other approaches not dealing with a constructive
version of this result, the full continuous function space is considered. In order to apply
the method to the constructive framework of the present paper one would have to derive
effective versions of his results. A closer analysis shows that in this case too one has to
restrict oneself to domains that satisfy the above mentioned witness condition for sets of
minimal upper bounds that are not complete.

Preliminary versions of the results at hand have been presented at the Dagstuhl Sem-
inar “Domain Theory and Its Applications” 1998 and the Seventh Workshop on Logic,
Language, Information and Computation 2000.

The rest of the paper is organized as follows. In Section 2 basic definitions and results
from domain theory are given. Section 3 is its effective counterpart. Here, the definition
of an effectively given SFP domain is given and some properties are derived. Smyth’s con-
jecture is treated in Section 4 and in Section 5 the corresponding question for constructive
domains is considered.

2. Domains

Let (D,C) be a partial order with smallest element L. For a subset S of D, |S ={x €
D | (3y € S)x C y} is the lower set generated by S. The subset S is called compatible
if it has an upper bound. S is directed, if it is nonempty and every pair of elements in .S
has an upper bound in S. D is a directed-complete partial order (cpo) if every directed
subset S of D has a least upper bound | | S in D.

An element z of a cpo D is compact if for any directed subset S of D the relation
x C || S always implies the existence of an element u € S with  C u. We write D°
for the set of compact elements of D. If D° is countable and for every y € D the set
Hy} N DO is directed with y = | |(|{y} N D°), the cpo D is w-algebraic or, as we prefer
to say, a domain. Standard references for domain theory are (Gunter and Scott 1990;
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Gunter 1992; Abramsky and Jung 1994; Stoltenberg-Hansen et al. 1994; Amadio and
Curien 1998).

The product D x E of two cpo’s D and F is the Cartesian product of the underlying sets
ordered coordinatewise. Obviously, D x E is a domain again with (D x E)? = D° x EY,
if D and E are domains.

Definition 2.1. A map F': D — E between cpo’s D and F is continuous if it is monotone
and for any directed subset S of D,

F( ]S =] ]Fs).

Let [D — E] denote the set of all continuous maps from D to E. Endowed with the
pointwise order, that is F C G if F(z) C G(z), for all z € D, it is a cpo again, but in
general it need not be a domain. This means that the category DOM of domains and
continuous maps is not Cartesian closed. Therefore one considers subclasses of domains
which have this property, when using domains in programming language semantics, e.g.
SEFP domains. To introduce this kind of domains we need the following definitions.

Definition 2.2. An embedding/projection (F,G) from a cpo D to a cpo E is a pair of
maps F' € [D — E] and G € [E — D] such that G o F = Id,, the identity map on D,
and F'o G C Idg. The map F' is called embedding and G projection.

Note that the map G is uniquely determined by F, and vice versa (Smyth and Plotkin
1982). Therefore, we also write F'® instead of G. Embeddings are one-to-one and preserve
compactness (Plotkin 1976).

Lemma 2.3. Let D and E be domains and F': D — E. Then F is an embedding if and
only if there is a monotone and one-to-one map Fy: D° — EY such that for all y € E
and all u,u’ € D, if Fy(u), Fo(u') C y then there exists some @ € D so that u,u’ C 4
and Fy(a) C y.

Suppose (F, FT) is an embedding/projection from C to D and (G,GF) is an embed-
ding/projection from D to E. Then the composition of (F, Ff) and (G, G®) is defined
by

(G,G®)o (F,FR®) = (Go F,FFoGR).
Let DOMES denote the category of domains and embeddings.

By an w-chain in DOM?® we understand a diagram of the form D = D, 3 D, B
(that is, a functor from w to DOM?®). As is well known, the category DOM?® is w-
cocomplete: every w-chain in DOME has a colimit. Up to isomorphism this is given by
the set

Doo - {.I S H’ITLELUD’"L | (vm S W)J?»m - Fyly?(xm-‘rl) }

endowed with the componentwise partial order, that is
rCy<s (Ymew)zm Cp,, Ym.
Note that

D% ={u€ Dy | (3Fm € wum € D A (Vn > m)unyy = Folu,) ).
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Definition 2.4. An SEFP domain is a colimit of an w-chain in DOMY®, where all domains
in the chain are finite.

In (Plotkin 1976) Plotkin gave an alternative, purely order-theoretic characterization
of SFP domains, which is quite useful in many cases.

Definition 2.5. Let D be a partial order, X be a subset of D and UB(X) be the set of
all upper bounds of X.

1 An element x of D is a minimal upper bound of X if it is an upper bound of X and
it is not strictly greater than any other upper bound of X.

2 A subset Y of UB(X) is complete for X if whenever € UB(X), then = J y for some
yeyY.

Let U(X) be the set of minimal upper bounds of X. Then U(X) is included in every
subset Y of UB(X) that is complete for X. Moreover, if D is a domain and X contains
only compact elements, the same is true for U4(X) (Jung 1989, Proposition 1.9). Define
U*(X) to be the union of all sets U™ (X), where

U (X)=X and
Ut (X) = J{U(2) | Z a finite subset of U"(X) }.

A domain D is called strongly algebraic if for each finite subset X of DY, U(X) is complete
for X and U*(X) is finite.

Theorem 2.6. A domain is an SFP domain if and only if it is strongly algebraic.

3. Effectively given domains

In what follows, let (, ) : w? — w be a recursive pairing function with corresponding

projections m and my such that m;({(a1,a2)) = a;, and let A be a standard coding of all
finite subsets of natural numbers. We extend the pairing function in the usual way to
an n-tuple encoding. Moreover, let P(™) (R(™) denote the set of all n-ary partial (total)
recursive functions, and let W; be the domain of the ith partial recursive function ¢;
with respect to some Godel numbering ¢. In this case i is called an r.e. index of the
recursively enumerable (r.e.) set W;. We let ¢;(a)] mean that the computation of ¢;(a)
stops and ¢;(a)] € C that it stops with value in C.

Let S be a nonempty set. A (partial) numbering v of S is a partial map v: w — S
(onto) with domain dom(v). The value of v at n € dom(v) is denoted, interchangeably,
by v, and v(n). The pair (S,v) is called numbered set. Note that instead of numbering
and numbered set, respectively, we also say indezring and indexed set.

Definition 3.1. Let v and s be numberings of the set S.

1 v < &, read v is reducible to k, if there is some function ¢ € P with dom(v) C
dom(g), g(dom(v)) € dom(k), and vy, = Kg(m), for all m € dom(v).
2 v =k, read v is equivalent to k, if v < k and Kk < v.
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A map F: S — S from a numbered set (S,v) to a numbered set (S',1) is effective
if there is some function f € PW) such that f(i)| € dom(¢') and F(v;) = Vi for all
i € dom(v). The function f is said to realize f.

The following definition is essentially due to Smyth (Smyth 1980).

Definition 3.2. An effectively given category is a concrete category K together with a
total indexing o of its finite objects (i.e., those with finite underlying set) and a total
indexing ¢ of the morphisms between finite objects such that the following conditions
hold:

1 The set {(m,n) | om = on } is recursive.

2 The set {m € w | ¥, is an identity morphism } is recursive.

3 There are functions d, ¢ € R such that Qd(m) and Q¢(m), respectively, are the domain
and codomain of ¥,,.

4 There is a function comp € P® such that for all m,n € w for which the codomain
of 9, is the domain of 4,,, comp(m,n)| € dom(¥) and ¥, © ¥r, = Veomp(m,n)-

An w-chain (A, Fyn)mes of finite objects in K is effective if there is a function t € R(Y)
such that A, = 0r,(1(m)) and Fy, = U7, (1(m)), for all m € w. A constructive object A of
K is then a colimit of an effective w-chain of finite objects in K.

Note that Smyth (Smyth 1980) does not restrict his considerations to concrete cat-
egories. By mimicking the compactness definition for domain elements the notion of a
finite object in a category is introduced. Unfortunately, the thus defined finite objects of
the category DOM® are not the finite domains. The same holds if we confine ourselves
to the subcategory IDOM®® of indexed domains and computable embeddings. Here, an
indexed domain (D,¢) is a domain D with a fixed total numbering 0 of its compact
elements. Moreover, a computable embedding is the left part of an embedding/projection
pair (F, Q) such that both F' and G are computable.

Definition 3.3. Let (D,d) and (E,¢) be indexed domains. A map F € [D — E] is
computable if the set graph, with graph, = {(i,j) | ¢; T F(6;) } is r.e.

The numbering of the compact elements is used to impose certain effectivity require-
ments on these elements. A condition that we shall always use is the decidability of the
domain order.

Definition 3.4. A domain D with a total numbering § of its compact elements is effec-
tively given if the set { (4, j) | d; C ¢, } is recursive.

Note that an embedding F from an effectively given domain (D, ) into another ef-
fectively given domain (E,¢) is computable exactly if its restriction Fy to the compact
elements is effective. Moreover, a Godel number of the function witnessing effectivity can
be computed from r.e. indices of graph, and graphyr, and vice versa.

In order to see this, observe that

g, = Fo((Sj) sSe C F((SJ) A (Sj C FR(€Z').

It follows that the set {(i,j) | &; = Fo(d;) } is r.e. For n € w, let (m,n) be the first
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element (i,7) enumerated with respect to some fixed enumeration such that j = n. Set
f(n) =m. Then f € RW and Fy(6,) = €4(n).-

Conversely, if there is a computable function f € R() such that Fy(,) = E€f(n), then
graph, and graph,r are both r.e., as E is effectively given.

If (D,6) and (E,¢) are indexed domains, define the numbering 0 x € by (§ x €)(; ;) =
(0i,€;). Then (D x E, § x ) is an indexed domain again. If (D, ¢) and (E, €) are effectively
given, the same is true for (D x E,§ X ¢).

Domain elements of particular interest are those which can be approximated effectively.

Definition 3.5. Let (D, ) be an indexed domain. An element x of D is called construc-
tive if the set {i € w | §; Cz } is r.e.

Observe that computable maps map constructive elements to constructive elements.
We denote the set of constructive elements of D by D.. With respect to the restriction of
the domain order it is a partial order, which we call constructive domain. Note that such
domains no longer have least upper bounds for all directed sets S of compact elements of
D, but only for those which are completely enumerable (c.e.), i.e., for which {i | d; € S} is
r.e. Similarly, the restriction of a computable map to the constructive domain elements
preserves only least upper bounds of such directed c.e. sets. We call such restrictions
computable as well.

For two indexed domains (D, ) and (E,¢) denote the space of all computable maps
from D into E by [D —. E] and, similarly, the space of all computable maps from D, into
E. by [D. —. E.]. Since D, contains all compact elements of D, every computable map
on D, has a unique computable extension to D. Hence, there is an order-isomorphism
between both spaces.

Let us now introduce canonical indexings of the finite domains and the embeddings
between finite domains. In order not to have to deal with isomorphic copies we consider
only finite domains that have natural numbers as elements. For m € w set

E,, ={(m,a)|aecm(An)Um(Ay)}

and order it by
(m,a) C,, (m, by < (a,b) € A,,.

In case that FE,, is a partial order with smallest element, all elements are compact. We

enumerate them in the following way:

. {<m, a) if (m,a) € By,

o' = (a €w).

n, otherwise,

Here n, is the smallest element of E,,. Then (E,,,n™) is an effectively given domain.
Now, let {,, = (Em,n™), if E,, is a partial order with smallest element, and let (,, =
({0},{(0,0)}, Aa.0), otherwise. Moreover, for natural numbers (m, ¢,n) such that there is
some embedding F' € [E,, — E,] with A; = {{a,b) [ n;' = F(n;") }, define 0y, ;) = F'.
In any other case set 0, ; ) = Id {0} Then ¢ and 0, respectively, are numberings of the
finite domains and the embeddings between these such that the category IDOM®® is
effectively given.
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Definition 3.6. An effective SFP domain is a colimit of an effective w-chain in IDOM®®.

Let D = ((Dm>5m)7Fm)m€w be an effective w-chain in IDOM®®. Set F,,, = F},_1 o
o-0 Fy, for m <n, and Fy,;, =1dp, . Moreover, let in, : Dy, — Do, defined by

in_(2)(n) Fon(z) ifm<n,
in_(z)(n) =
" FI () otherwise,

for x € D,,, be the canonical embedding of D,, into D.,. For (m,a) € w set 5<°;z,a> =
in,_ (67). Then 6> is an indexing of DY, such that D is effectively given.

If D is a colimit of D there is a computable isomorphism H € [D — D]. Isomorphisms
are embeddings and as we have seen in Lemma 2.3, these are determined by their values
on the compact elements. Moreover, they are computable just if their restriction to the
compact elements is effective. Let ¢; and ¢; witness that the restrictions of H and H*,
respectively, to D? and DY, are effective. Moreover, let ¢, witness that the w-chain D is
effective. Then (i, j,¢) is an index of D. This defines a partial indexing o of the effective
SFP domains.

As we shall see next, Plotkin’s order-theoretic characterization of the SFP domains
also holds in the effective setting.

Definition 3.7. A domain D with total numbering § of its compact elements is effectively
strongly algebraic if it is strongly algebraic and the operation U is effective, that is, there
is some function g € R such that U(5(A;)) = (D)), for all i € w.

As we know that for any finite X, U*(X) is finite, we can iterate U a finite number of
times until this process gets stable. This shows that in an effectively strongly algebraic
domain also the operation U* is effective. Moreover, since §,, C 4, if and only if ¢, €
U({0m,0n}), we have that every such domain (D, ) is effectively given. If ¢ is a Godel
number of the function g witnessing the effectivity of U, then i is called an index of D.
Let 7 denote the indexing of the effectively strongly algebraic domains thus obtained.

Theorem 3.8. Every effective SFP domain is an effectively strongly algebraic domain,
and vice versa. Moreover, this equivalence holds effectively, that is, o = 7.

Proof. Let (D, ™), F™)me, be an effective w-chain in IDOM®® and let this be
witnessed by ¢. € R, Moreover, let U, and U, respectively, denote the operation U
in D, (m > 0) and D.

Now, assume that X is a finite subset of DY and let a € w such that X = §°(A,).
Then X = in (X,), where r = maxm(A,) and X, = { Fnr(677) | (m, i) € Ay} As is
pointed out in (Plotkin 1976), U (X) = in.(U,(X,)). Obviously, r can be computed
from a. Moreover, an index b can be computed from a and ¢ such that X, = §"(Ay).

Similarly, since X, is contained in the finite domain D,. an index e can be computed from
b and ¢ with U, (6" (Ap)) = 0" (A.). Hence,

Use (X) = in, (U (X)) = in, U (57(Ay)) = in, (85.(A)) = 6 ({ (i) | i € A }).

Therefore, there is some function h € R so that Us (6% (Ag)) = 6%(Ap(a,c))-
Let (D, d) be a colimit of ((Dy, ™), F™)mew, with index (i, j, ¢), then there exists a
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computable isomorphism H € [D — D] so that ¢; and ¢;, respectively, realize the
restriction of H and H~' to D° and DY, . Thus, there are functions f,g € R such that
for any a € w, H(3(Aq)) = 6%(Af(iq) and H1(0%(Ag)) = 8(Ay(ja))- Let & € RY
with @r((ij.e)(a) = g(j, h(f(i,a),c)). Then U(0(Aq)) = (Ag, (.0 (a))s Which shows
that o < 7.

The converse implication follows as in Plotkin’s proof (Plotkin 1976, Theorem 5(i)).
Canonical indices of the finite domains as well as of the embeddings can be computed
since the operation U* is effective and the domain order is decidable. Realizers of both,
the operation and the decision procedure, are recursive in any realizer for ¢/. This shows
that also 7 < 0. |

In the introduction it has already been mentioned that in his dissertation (Kanda
1979b) Kanda studied SFP domains in an effective setting. But he does not work with
canonical indexings of the finite domains and embeddings. As a consequence of this, the
numbering of his effective SFP domains is weaker than the one used here. He has no
equivalence between the numberings of the effective SFP domains and the effectively
strongly algebraic domains, respectively, as above.

As is well known, the category SFP of SFP domains and continuous maps is Cartesian
closed: the one-point domain {Ll} is the terminal object, the domain product is the
categorical product and the space of continuous maps between two SFP domains is the
categorical exponent. Note that for two SFP domain D and E, [D — E] is an SFP
domain again.

Definition 3.9. Let D and E be SFP domains. A finite subset T of D° x E° is called
joinable if

(VT' C T)[(Vu € UP (pr,(T")))(Bv € UF (pry(T"))) (u, ) € T.
Here pr; is the projection onto the ith component.

For elements v € DY and v € E° define the step function (u \, v): D — E by

v ifuCx,

(U\v)(x)={ (z € D).

1 otherwise,
Then the compact elements of [D — E] are exactly the maps of the form | |{ (u; \, v;) |
i € I'}, where u; € D% and v; € E, for i € I, so that { (u;,v;) | i € I} is joinable.

If (D,6) and (E,¢) are effective SFP domains, then it follows with Theorem 3.8 that
the set {i € w | {(0m,en) | (m,n) € A, } is joinable } is recursive. Thus we can define a
numbering v of [D — E]° by setting

UG Neen) [ (mon) € A} i { (6, En) | (m,m) € A } is joinable,
"l (Wp N\ L) otherwise,

for i € w. Then it is easily verified that ([D — E]J,~) is effectively given. It is even an
effective SFP domain. In addition, we have the important property that an element F'
of [D — E] is constructive exactly if it is a computable map. Note that F' is uniquely
determined by its values on the computable elements.
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Define a constructive SFP domain to be the constructive domain obtained from an
effective SFP domain, then we achieve the following result.

Theorem 3.10. The categories ESFP of effective SFP domains and continuous maps
and CSFP of constructive SFP domains and computable maps are both Cartesian closed.

4. The conjecture

In his paper (Smyth 1983) Smyth conjectured that the proof of his Theorem 1 may be
used to show that with respect to appropriate effectivity notions the following statement
be true:

If D and [D — D] are effectively algebraic domains, then D is an effectively strongly algebraic
domain.

In effectivity considerations of domains these usually have to be effectively given. The
effectivity requirement in the definition of effectively given domains is quite weak. It is
not clear to us how the set of minimal upper bounds of a finite set of compact elements
can be computed in the case of such domains. We therefore strengthen this condition.

Definition 4.1. A domain D with a total numbering ¢ of its compact elements has a
completeness test if the set

{(i,7) | 6(A;) CUB(6(A;)) A(A;) is complete for 6(A;) }
is recursive.

Lemma 4.2. Let (D, J) be an indexed domain that has a completeness test. Then the

following three statements hold:

1 (D,9) is effectively given.

2 The set {i | d(A;)) is compatible } is recursive.

3 If for any finite set X of compact elements of D, U(X) is finite and complete for X,
then U is effective.

Proof. (1). Observe that ¢; C ¢, if and only if {d,} is complete for {d;,d;}.

(2). Note that §(A;) is compatible exactly if the empty set is not complete for 6(A;).
This is obvious if §(4;) is not empty. In the other case every domain element is an upper
bound and hence a set that is complete for §(4A;) must contain the least domain element.

(3). Let g be the function computed by the following algorithm:

mput: 1,
n := 0;
Z := 0(Ay);

while not[Z C UB(§(A;)) and Z complete for d(A;)] do
Z := if §, € UB(6(A;)) then Z U {4,} else Z;
n+1

od;
find the set 0(A;) of all minimal elements of Z;

output: j
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Since U(0(4,;)) is finite as well as complete for §(A;) and any set of upper bounds of 6(4;)
that includes U(5(A;)) is also complete for §(A;), the while-loop always terminates.
Hence g is total and realizes U. ]

Let D and F be two indexed domains with completeness test. We have already seen
that D x FE is an indexed domain as well. Moreover, it is the categorical product of D
and F in the category of indexed domains with continuous maps. As follows from the
next lemma, it also has a completeness test.

Lemma 4.3. Let X be a finite compatible set of compact elements of D x E. Then a
finite subset Z of upper bounds of X is complete for X if and only if the following three
conditions hold:

1 prp(Z) is complete for pr,(X).

2 prp(Z) is complete for pr(X).

3 For all (21,22) € prp(Z) x prg(Z) there is some z € Z with z T (21, 22).

Proof. Obviously, a subset S of D x E is compatible just if both pr,(S) and pry(S)
are compatible. Now, assume that Z is complete for X and let 1 € UB(pr(X)). Since
pr(X) compatible there is some x5 € UB(pr(X)). It follows for all (y1,y2) € pry(X) X
prp(X) that (y1,y2) C (x1,22), which implies (z1,2z2) € UB(X). Thus, there is some
(21,22) € Z with (z1,22) C (21, 22). This shows that for all z; € UB(pr,(X)) there is
some z1 € prp(Z) so that z; C @1, i.e., pry(Z2) is complete for pr,(X). In the same way
the second condition follows. For the third requirement note that pr,(Z) x pry(Z2) is a
set of upper bounds of X.

The converse implication is easily shown. If (21, z2) € UB(X), then 21 € UB(pr, (X))
and z2 € UB(pryz(X)). Hence, there are z1 € pry(Z) and zs € prg(Z2) so that (21, 22) C
(21, 2), which implies that z T (21, 22), for some z € Z. Ul

If X is not compatible, only the empty set is complete for X. It follows that the
category IDOMC of indexed domains with completeness test and continuous maps is
Cartesian.

Proposition 4.4. ESFP is a proper full subcategory of IDOMC.
Proof. Let (D, ) be an effective SFP domain and note that
d(A;) CUB(6(A;)) Ad(A;) is complete for §(A;)
& UB(A)) S 3(A;) Ao(A;) S UB(6(A)).

Since D is effectively strongly algebraic and hence also effectively given, the right hand
side of this equivalence is recursive in ¢ and j. Thus, D has a completeness test. ]

Now, we can state our version of Smyth’s conjecture.

Theorem 4.5. If D and [D — D] are indexed domains such that D has a completeness
test, then D is effectively strongly algebraic.

By Smyth’s result D is an SFP domain and hence, by Lemma 4.2(3), it is effectively
strongly algebraic.
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The second important result in Smyth’s paper says that SFP is the largest Cartesian
closed full subcategory of DOM. For the proof he needed the next result.

Lemma 4.6. Let K be a full subcategory of the category CPO of cpo’s and continuous
maps. Then the following three statements hold:

1 If K has a terminal object T, then T is the one-point cpo.

2 If K has a terminal object and the product A xg B of objects A and B exists, then
A Xk B is isomorphic in CPO to the usual product A x B.

3 If K has a terminal object and all products of pairs, and the exponent EP of objects
D and FE exists, then EP is isomorphic in CPO to the usual function space [D — E|.

Now note that if D is an indexed domain with a completeness test and D is isomorphic
to a cpo F, then also F is an indexed domain with a completeness test. With Theorem 4.5
we therefore obtain the following analogue of Smyth’s result.

Theorem 4.7. ESFP is the largest Cartesian closed full subcategory of IDOMC.

5. The constructive case

In the rest of this paper we deal with the question whether a similar statement is true
with respect to CSFP and a suitable category of constructive domains. We shall see that
such a statement holds, but only under an additional effectivity assumption. Note that
now, since we are working in a category with computable maps as morphisms, one has to
consider the space of all computable maps instead of the space of all continuous maps,
i.e., the assumptions about the domain used in the verification of the requirements for a
strongly algebraic domain are weaker than in the classical case.

Let X be a finite set of compact elements. As long as we do not know that U(X) is
finite, we cannot use the completeness test to find out whether it is complete for X. To
the contrary, in the case that U(X) is not complete we must have an effective witness
for this. As we will see it is sufficient here to consider only sets X of cardinality two.

Definition 5.1. We say that an indexed domain (D, 0) provides incompleteness realizers
if for any two compact elements x1, x5 of D the set

NC{zl,m} = {Z | _|(E|j € W)(Sj € L{({xl,xg}) A 5j C 62}
is r.e.

Here, 0; C 6; means that §; C d;, but d; # 6;.

Note that this condition is less restrictive than it might seem. We will use it to show
that for the domains we are interested in, U ({1, x2}) is always finite. Since these domains
are also effectively given, NC (21,02} is even recursive.

Lemma 5.2. Let (D,§) be an effectively given domain and z1,z2 € D such that
U({z1, 22}) is complete for {xy1, 2} and NC,  yisr.e. Then {i|d; € U({z1,22}) } is

recursive.
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Proof. We have for i € w that
0; ¢U({x1,x2}) S a1 L6 Vay L6V [(3] S w)éj CoANx E (Sj Nxo (Sj]

and
0; € U({l'hl‘g}) S CoHANx T NTE NC{I17I2} .

Note that in the last line the right hand side follows from the left one by the minimality
of ¢; and the converse implication holds because of the completeness of U ({z1,x2}). [

In the remainder of this paper let IDOMCI be the category with indexed domains that
have a completeness test and provide incompleteness realizers as objects and continuous
maps as morphisms. Moreover, let CDOMCI be the category of constructive domains
obtained from domains in IDOMCI and computable maps. Obviously, both categories
are Cartesian. The domain product is the categorical product. Note that for two indexed
domains D and F and compact elements (z1,¥1), (z2,y2) of D X E, NCﬁzfyl)’(mm)} =
(NCL,, 4y @) U (w,NCF, ).

The proof of the analogue of Theorem 4.7 we are going to present consists of four main
steps. First we show that in the Cartesian closed full subcategories we will consider the
space [D —. D] can be taken as exponential object. Then we show that for any finite set
X of compact elements of a domain in such a category, U(X) is finite and complete for
X and U*(X) is finite as well.

5.1. Exponents

In addition to the above effectivity assumptions on domains we require that also the
categorical setting we are using satisfies certain effectivity conditions. But, whereas in
the definition of effective SFP domains we used rather strong, though absolutely natural,
requirements, we shall now employ only very weak conditions.

Definition 5.3. Let K be a category and for any two objects A and B, a®f be a
partial indexing of the morphism set K[A, B]. Then (K, (aA’B)A’BE()bK) is called weakly
indezed.

Definition 5.4. Let (K, (aA’B)A’BGObK), (K, (ﬁA’B)A’BGObK,) be weakly indexed cat-

egories.

1 The categorical product (A x B, pr 4, prg) of two objects A and B of K is constructive
if for any object C' of K there is a function prod, € P® guch that for all a €
dom(a®4) and all b € dom(a®P), prod,(a,b)| € dom(a®4*E) and agr’;zx?a p) 18

c\a;
the unique morphism in K[C, A x B] with
CA _ C,AxB C,B _ C,AxB
Ay =PIy Oaprodi(a,b) and @ =Prp Oozprodz (a,b)*

2 (K, (aA’B)ABeobK) is an effectively full subcategory of (K, (/BA’B)A,BEObK,) if K is

a full subcategory of K’ and for all objects A, B of K, a*8 = 4B,
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Definition 5.5. A weakly indexed category K is constructively Cartesian closed if K
contains a terminal object and for every pair of objects there is a constructive categorical
product and a categorical exponent.

We now have to verify that CSFP and CDOMCI are weakly effective categories. Let
(D, ) and (E, ) be both effective SFP domains or both domains that have a completeness
test and provide incompleteness realizers. If F': D — FE is computable, then we call any

r.e. index of graph . an index of the restriction of F' to D.. This defines partial indexings
YpPF and pPF | respectively, of CSFP[D, E] and CDOMCI[D, E].

Proposition 5.6.

1 The category CDOMCI is weakly indexed.
2 The category CSFP is a weakly indexed constructively Cartesian closed effectively
full subcategory of CDOMCI.

For a constructive SFP domain (D, d) such that g € R™") witnesses the effectivity of
U, the effectivity conditions that objects in CDOMCI have to satisfy are easily verified.
In this case NC is the set of all indices ¢ such that §; is either in /(X) or not among
the upper bounds of X. Moreover, for the completeness test one only has to see whether
dq is an upper bound of 6(A;), for every a € Aj, and whether for every b € Ay, there
is some e € A; with &, = Je, i.e., whether U(6(A;)) C I(Ay)).

In the framework of weakly effective categories Lemma 4.6 can be strengthened.

Lemma 5.7. Let (K, (OZA’B)A,BeObK) be a weakly indexed effectively full subcategory
of CDOMCI. Then the following three statements hold:

1 If K has a terminal object T', then T is the one-point domain.

2 Let K have a terminal object. If the product A Xk B of objects A and B exists and is
constructive, then A Xk B is isomorphic in CDOMCI to the usual product A x B.

3 Let K have a terminal object and constructive products for all pairs. If the exponent
B of objects A and B exists in K, then the function space [A —. B] is an object of
CDOMCI and isomorphic to B4.

Proof. The proof is a refinement of Smyth’s proof of Lemma 4.6 (cf. (Smyth 1983,
Lemma 5)). Statement (1) follows by the same argument. As is readily verified, the
functions constructed there are computable.

(2). Let (A, 64), (B, 05) be objects of K and F': A xx B — A x B be the computable
map with

prI: =pryoF and prg =pryof.
Smyth shows that there is a continuous map G: A x B — A Xk B such that G o ' and
F oG, respectively, are the identity maps on A X B and A x B. It remains to show that
G is also computable.

For (z,y) € A x B, G(x,y) = H(, (L), where H,,) € K[T, A xk B] is the unique
morphism such that

Az.x = prI: OH(x7y) and )\Zy = prg OH(;C,y)~
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Let f € R with Wy, = {(m,n) [m,n€wAS} T} Then f(i) is an index of
the map \z.07' € K|T, A] with respect to CDOMCI. Since K is an effectively full
subcategory of CDOMCI, there is also a function f' € R(Y) so that f'(i) is an index of
this map with respect to K, i.e., a?}é) = A\z.6{*. Similarly, there is a function ¢’ € RM

such that ozT,’B = A\z.65. Hence,
g'(5) J

_ T,AXKB
H5.57) = Yorody (10" ()"
Using again that K is an effectively full subcategory it follows that there is also a function
h € R® so that h(i,j) is an index of Hsa 55y with respect to CDOMCI, i.e.,
i 777

Wh(i,j) == { (a, b> | a, bewA 52;4><KB E H(51A76JB)(J_) }
Thus

5 x<P T G52, 67) & (Fa € w)(a,b) € W),
which shows that G is computable.

(3). Let (A,6%), (B,63) be objects of K such that the exponent (B4,§8") exists in
K. For y € B4 and = € A set

F(y)(z) = eval y p(y, ).

Then
57 C Fy)(54) & 68 C eval, 5 (y,02) & (3a € )65 Ty AP Ceval, ,(65",62).

Since B is also an object of CDOMCI, we have that y is constructive, i.e., {i | 51;3“ cC
y } is r.e. Therefore the right hand side in the last line is r.e. in m,n. It follows that
F(y) € [A —. BJ], which means that F(y) € K[A, B], as K is a full subcategory of
CDOMCI.

For any F € KJ[A, B] there is a unique F’ € K[T' x A, B] with F(z) = F'(L,z) and
for any such F’ there is, by the universal property of B4, a unique Lr € K[T, B4] with
Lp(L) = F'. 1t follows that for all z € A

evaly p(Lp(Ll),2) = F'(L,z) = F(z).

Define G: K[A, B] — BA by G(F) = Lr(L). Then we obtain as in (Smyth 1983) that G
and F are inverse to each other and order preserving.

Next, note that since A, B, B4 are objects in CDOMCI, there are domains A, B, BA
in IDOMCI such that A = A., B = B, and B4 = (BA)., and observe that (B4)° C
BA. Let K4 p be the ideal completion of F((B#)") with respect to the partial order
in K[A, B]. Note here that K[A, B] is order-isomorphic to a subset of K4 5. Without
restriction we identify both sets. Now, let kK = F o 68" Then (Ka,B, k) is an indexed
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domain. Since B4 = (BA),, we moreover have that

HcK[A,B] < G(H) € BA
e {i|6B" TG(H)} re.
s {i|FEEYCT HY re.
<{i|x CH}re.
< H e (KaB)e.

Both, F and G have unique continuous extensions F and G, respectively, to BA and
K4 p. As is easily verified, they are inverse to each other. As a consequence we obtain
that (K 4, B, k) has a completeness test and provides incompleteness verifiers. Thus, it is
an object in IDOMCI and hence (K[A, B], k) is an object in CDOMCI. It remains to
show that F and G are computable. For m,n € w we have that

2 CF(03") & F(6B") T F(68") < 68" C 68"

and
58" CG(rm) & 65" CG(F(E") & 68" C 68"

Since B4 has a completeness test and is therefore effectively given, it follows that both
maps are indeed computable. L]

5.2. Completeness

For the remainder of this paper let (K, (aD’E)DEeObK) be a constructively Cartesian
closed effectively full subcategory of CDOMCI. Moreover, assume that (D,d) is an
object of K with exponent ([D —. D],v). In this and the next two sections we will
show that such a D must be a constructive domain that is obtained from an effectively
strongly algebraic domain. As above we have that since (D,d) is in CDOMCI, it is
obtained from an indexed domain (D, d) in IDOMCI.

Lemma 5.8. U({z1,x2}) is complete for {1, x5}, for all z1, 29 € D°.

Proof. The proof is a modification of Smyth’s proof of his analogous result. Assume to
the contrary, that there are elements 1,72 € DY such that U({z1,z2}) is not complete
for {21, 22}. Moreover, let C' = {i € NC;, . |6 € UB({z1,22})}. Then C is ree. As
in (Smyth 1983, Lemma 1) a function ¢ € R with range(g) € C can be constructed
such that (dg(;))ic. is strictly decreasing with respect to the domain order and for any
a€w

(Vi € w)dy E 0gsy = a € C (and hence ¢, ¢ UB({z1,22})).

Let 0 € R be an increasing function with n < o(n), for all n, and let the continuous
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map ¢: D — D be defined by

L ifxy ZxAxy Lz,
T1 ifey CaxAxs L,
To ifey LxAxo C

5g(0) ifx e UB({CEl,.’L'Q}) Nz L 5g(0),
dg(o(n)) Where n is the greatest k such that z E 94y,
if z € UB({z1,72}) Aw £ d400).-

Note that by what we have just seen there must be some m € w with @ [Z d,(,,) in the
last case. Since

8, C6(0) = [x1 Lo ANz L5 No; T 1]
Vit C o Aag L6 AOj T aq]
Vet Lo Axa T 6 NG, T ol
V [0; € UB({z1,22}) A d; I 0g(0) A 05 E dg(0)]
V [6; € UB({z1,22}) A di E bg¢0) A (In € w)ds £ Sg(nt1) A s E Sg(o(n)))s

¢ is computable.
For each such map ¢ we can find an increasing sequence 6o C 61 C --- which has &

as its least upper bound. Define o,, € R™") by

(i) = {a(i) ifi<n,

o(i+1) ifi>n.

Now, let ¢(n) = n, then 7 € [D —. D]. Since [D —. D] is a constructive domain, the
set of all compact functions below 7 must be directed. We will show that this is not the
case and thus derive a contradiction.

By construction (z, \, z,) C i, for v = 1,2. Hence, there is some compact function
F € [D —. D] with (z, \y2,) CFC7 (v=1,2). As we will verify now, FF C io F.

In case that both 1 £ z and 29 £ z, 1 T z but 29 £ =, or z1 £ = but z2 C z, we
have that F(xz) = L, F(z) = z1 and F(z) = x4, respectively, i.e., F(z) = I(F(x)). If
r1, 22 C 2, but © £ 6400y, F(x) E d4¢0). Hence i(F(z)) = 64(m), where m is the greatest
k with F'(z) C dg(x). It follows that F'(x) C i(F'(x)), similarly in the remaining case.

By the remark above we obtain that F' T | | 7, o F. Because F' is compact, there is
some 7 such that ' C 7 o F. Thus F(Sg(n)) E In(F(dg(n))). Since z1,22 & F(dg(n)) C
dg(m), we have for m = max{k | F(dg4(n)) C 04k } that m > n. Hence in(F(0g4(n))) =
dg(m+1), which implies that F'(6g(n)) E 6g(m+1)- This is impossible by the definition of
m. Consequently, the set of compact functions below 7 cannot be directed. ]

5.3. Minimal upper bounds

In the next step we will show that U({x1,x2}) is finite. Here, the proofs in (Smyth 1983;
Jung 1989) proceed in such a way that under the assumption that U ({z1,x2}) is infinite
it is shown that [D — D] has uncountably many compact elements, which implies that
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it is not w-algebraic. This construction is of no use in our constructive setting. Thus,
another contradiction is derived.

The general idea is to show that if U({z1,22}) is infinite then an effective enumera-
tion of all computable functions on U ({z1,22}) can be constructed and to use a simple
diagonalization argument to show that this is impossible.

Lemma 5.9. Let 21,20 € D°. If U({z1,22}) is not finite, then it has no compatible
subset with at least two elements.

Proof. The proof uses an idea of Jung (Jung 1989, Lemma 2.13). Assume there exist
distinct y1,y2 € U({z1,72}) and z € UB({x1,22}) with y1,y2 C 2. Define G: D — D by

1L ifxy LAz L,
Glx) = ry, fx1CaxAxs L,

xo faxy ZLaxAaxy C o,

y1 fxi CaxAzs C .
Then G is computable. Moreover, it is a minimal upper bound of (z1 \, 1) and (z2 \,
x2). Hence, it is also compact.

By Lemma 5.2 the set A of all indices 7 such that §(A;) is contained in U ({x1,z2}) is
r.e. For any such 4 define a map F;: D — D as follows

1 ifxy LAz L,
zy fxy Eaxnz Eu,
Fi(x)=R 2y ifx; ZaxAzy C 2,
y2 iz el({xr,z2})\d(A,),

z  otherwise.

Then also Fj is computable and there is some function h € RY) with graph = Whi-

Let F be the least upper bound in [D — D] of all F;. Then graph, = {(m,n) | (3i €
A){m,n) € graphy }, which shows that F' € [D —. D]. Moreover, we have for x €
U({z1,22}) that F(z) = z. Thus, G C F. On the other hand, for no i € A, G C F;. Since

A is infinite, this contradicts the compactness of G. ]

Lemma 5.10. Let z; and x2 be compact elements of D such that U({x1,22}) is not
finite. Moreover, let F: U({x1,22}) — U({x1,22}). Then there is a map F' € U({(x1 \,
x1), (2 \, x2)}) which coincides with F' on U({z1,22}). Moreover, if there is some
p € PW so that for i € w with &; € U({z1,22}), p(i)| and F(§;) = (), then Fis
computable.

Proof. Define F by

L ifos ZxNag L x,
. x ifeiCoxAx x,
Py = 1™ o L 2 £

o ifxy ZxAxy C o,

F(the uniquely determined y € U({z1,x2}) withy Cz) iz Cx Axe C .



D. Spreen 20

Note that in the last case there is always some y € U({z1,z2}) with y C z, by
Lemma 5.8, and there is at most one such y, by Lemma 5.9. As is readily verified, Fis
monotone and commutes with existing least upper bounds. Observe that for z C 2’ and
v,y € U({x1,22}) with y C 2 and 3’ C 2’ we have that y = y’. The remaining properties
follow quite easily. ]

As a minimal upper bound of finitely many compact elements, F is also compact.
With the preceding results we can now derive that U ({x1,z2}) must be finite, for all
compact elements x1, xo of D.

Lemma 5.11. U({z1,x2}) is finite, for all z;, x5 € D°.

Proof. Assume to the contrary that there are elements 1,22 € D° so that U({z1, z2})
is infinite. Then D° is infinite as well. Since the equality between compact elements is
decidable with respect to §, we can thus construct a total indexing ¢’ of D° which is
equivalent to § and one-to-one. Without restriction we therefore assume that ¢ is one-to-
one.

By Lemma 5.2 there are functions h, k € R™)| respectively, which enumerate the sets

{i]0; eU({x1,22}) } and {ilv, eU{(z1 \yx1), (2 \\x2)}) }.

Here, h can be taken as one-to-one, because U({x1,x2}) is infinite. Since the application
map eval, , is a morphism in our category K, we obtain that the set

E={(a,i,7) | on(j) € U({z1,22}) A Sy T evaly b (Vi(a), Oniy) }

is r.e. Because of the completeness of U({x1,2z2}) and as the function h is one-to-one,
we obtain with Lemma 5.9 that for any a,i € w there is exactly one j € w such that
(a,i,7) € E. For a,i € w define g(a,?) to be this uniquely determined index j. It follows
that ¢ € R®. Let f € RM with 9y (1) = g(a,i). Then ) € RW | for any a € w.
Now, note that any function ¢t € R(Y) determines a map F'in U({(z1 \, 1), (2 \, 22)})
such that for any a € w with F' = Vi(a) We have that o) = t. Set F(Sn(:)) = One(s))-
Then F is well defined, as § is one-to-one, and maps U ({x1,z2}) into itself. Define F
as in Lemma 5.10. This shows that Aa.¢y(,) is an effective enumeration of RM . Such
enumerations do not exist.

In order to see this, let s(n) = g(n,n) + 1. Then s € R(. Hence, there is an index m
with () = s. It follows that

g(m,m) + 1= s(m) = @ram)(m) = g(m,m),
which is impossible, since g is a total function. ]

Up to now we have proved completeness and finiteness of U(X) only for sets X of
cardinality two. The following lemma of Plotkin says that it was sufficient to do so.
Define to this end that a subset S of a partial order has property M if U(S) is finite and
complete for S.

Lemma 5.12. If every pair of elements of a partial order has property M then each of
its finite subsets has property M.
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A proof of this lemma can be found in (Smyth 1983).
Proposition 5.13. Any finite set X of compact elements of D has property M.

Because D has a completeness test, we obtain as in Lemma 4.2(3) that U is effective.

5.4. Iterated minimal upper bounds

It remains to show that also U*(X) is finite. In the proofs given in Jung (Jung 1989) and
Smyth (Smyth 1983), respectively, either the Heine-Borel Theorem or Konig’s Lemma is
used. Both results are not valid in recursive mathematics (Beeson 1985). Here, another
approach is presented.

For z € DY define G.: D — D by

Gz(x):{x ifz C 2z,

z otherwise.
Then G, is computable.
Lemma 5.14. For 2,2/ € D°, G, C G, if and only if z C 2’ and for all x € D
xCZ=>z2zCxValz.

Now, for any n € w, assume that 4" T!(X) and 4" (X) do not coincide. By Proposi-
tion 5.13, U"T(X) is finite. Let 2, be maximal in Y"1 (X) \U"(X) and set G,, = G,,.
Then z,, # 2z, for all m,n € w with m # n.

Lemma 5.15. For all m,n € w with m # n, G,,, and G,, are incomparable with respect
to the domain order.

Proof. Without restriction let m < n. Assume first that G,, C G,,. Then z, C 2z,
and for all z € D with x C z,,, either x C z, or z, C x. Because of the maximality
of z, we obtain from the last property that z C z,, for all z € U"1(X) \ U™(X) with
2 C zy,. Now, let 2 € U™ (X) with z C z,,. Since 2z, € U"TH(X) \ U™ (X), there is some
y € U™(X)\U"1(X) with y C z,. Then, both y, z C z,,. By completeness there is hence
some z € U({y, z}) with z C z,,. It follows that z € U™+ (X) \ U"(X) and therefore, by
what we have just seen, that z C z C z,. Since 2, € U™ (X) and U™ (X) CU™(X),
we obtain that z,, C z,. Thus z,, = z,, in contradiction to the choice of the z,.

Assume next that G,, C G,. Then z,, C z, and for all z € D with z C z,, either
2 C 2, or 2, C x. As above it follows for all z € U™T1(X) with 2z C 2, that z C z,,.
Now, let m +1 < i < n and assume that z C z,,, for all 2 € U*(X) with 2z C z,.
Moreover, let Z C U*(X) and z € U(Z) with z C z,. Then either z C 2, or 2, C Z.
Since z,, € UB(Z), by our hypothesis, the last case contradicts the minimality of Z.
Therefore Z C z,,. This shows that for all z € Y*™1(X) with 2z C z, also 2z C z,,. By
induction we thus obtain for all z € L{"H(X) with z C z, that z C z,,. But as we have
already seen, z,, C z,. L]

Set X,, ={zxeX|2Cz,}, forn € w. Then G, € UB({ (u\ u)|ue€ X, }). Since
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[D —. D] is also an object of our category K, it follows from Proposition 5.13 that there
isan F, e U({ (u \ u) |u € X, }) below G,,.

Lemma 5.16. Let m,n € w so that m # n, but X,, = X,,. Then there is no F €
U{(u N u) |uwe Xy }) with FFC G, Gy

Proof. Assume there is some F' € U({(u \, u) | v € X, }) with F C G, G,,. Then
we can show, by induction on all levels i < m + 1, that F(z) = x, for all z € U™ (X,,)
with & C z,,. At level 0 this is trivial. For the induction step, suppose that F(z) = x, for
all v € UY(X,,) with x C z,,. If 2 € UTH(X,,) \U(X,,) with 2 C z,,, then z € U(Y), for
some Y C U'(X,,). By induction hypothesis and monotonicity of F', y = F(y) C F(z)
for each y € Y, so that F(z) € UB(Y). But F(z) C z since F' C Gy, so by minimality of
z, F(z) = 2.

Since z,, € U™ (X,,,) we have that z,, = F(2,,) C G, (2m) C 2,. In the same way it
follows that also z,, C z,,. Hence z,, = z,, which is impossible by the choice of the z,. []

As a consequence of this lemma we obtain that there exist two different maps F,, F}, €
U{ (u\u) | ue Xy, }) with B, C G,,, and F,, C G,,.

Proposition 5.17. For any finite set X of compact elements of D, U*(X) is finite.

Proof. Assume to the contrary that there is some finite subset X of D so that U*(X) is
infinite. Then U™ (X) is a proper subset of U1 (X), for all n € w. Thus, a family (2,)new
of compact elements can be chosen as described above. Since X is finite, (X,,)new is an
enumeration of finitely many objects. It follows that there is a subfamily (z,,),e. and
a subset M of X such that X,,, = M, for all v € w. As we have just seen, this implies
that U({ (w \, w) | w € M }) is infinite, which is impossible by Proposition 5.13. Ul

5.5. The result

From what we have shown in the preceding sections it follows that if K is a weakly
indexed constructively Cartesian closed effectively full subcategory of CDOMCI, then
any of its objects must be a constructive domain that is derived from an effectively
strongly algebraic domain. This gives us our constructive analogue of Smyth’s second
result.

Theorem 5.18. CSFP is the largest constructively Cartesian closed weakly indexed
effectively full subcategory of CDOMCI.
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